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So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

The box diagram is:

16

�
d4⇤

(2⇥)4
�1 · ⇤ �2 · (⇤+ k1) �3 · (⇤� k4) �4 · ⇤

(⇤2 �m2)((⇤+ k1)2 �m2)((⇤+ k1 + k2)2 �m2)((⇤� k4)2 �m2)
. (2)

Consider the m ⇥ ⇤ limit, in which we can expand the denominators, e.g.:

1

(⇤+ k1)2 �m2
=

1

⇤2 �m2
� 2⇤ · k1

(⇤2 �m2)2
+ · · · (3)

The leading term by ⇤,m power counting has ⇤µ⇤⇥⇤⇤⇤⌅ in the numerator and (⇤2 �m2)4 in the denominator,
leading to terms proportional to (�i · �j)(�k · �l) = 0 after integrating. (Here we have 4 ⇤’s and a d4⇤ in the
numerator, and (⇤2 �m2)4 in the denominator, so the overall dimension is 8-8 = 0. Thus, it’s clear at this
point that the whole integral goes to zero as m ⇥ ⇤.) At subleading orders, we can use the (�2 · k1)(�3 · k4)
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FIG. 1: A depiction of flavor mediation where SUSY breaking is communicated to the SSM by both SM and flavor gauge
groups. SUSY breaking in a hidden sector is communicated by messenger superfields at one loop to the GSM ⇥ SU(3)F ⌘
SU(3)C ⇥ SU(2)L ⇥ U(1)Y ⇥ SU(3)F gauge superfields, and at two loops to the SSM chiral superfields charged under these
symmetries. This generates standard gauge-mediated soft masses for the SM gauginos and approximately diagonal soft masses
for all SSM scalars. Sfermions of the first two generations obtain large, degenerate soft masses from flavor mediation with
small, generation-independent splittings due to gauge mediation from the SM gauge groups. Third-generation sfermions obtain
comparable soft mass contributions from all gauge groups.

symmetry, of which the SU(2) subgroup is gauged, which shields first-two-generation scalars from the hierarchy in
first-two-generation Yukawas. In this way, flavor mediation can deliver all the desired features of natural SUSY.

A complete model of flavor mediation is shown in Fig. 1, where both the flavor gauge group and SM gauge groups
participate in (Higgsed) gauge mediation to the supersymmetric standard model (SSM). Since the SM Higgs multiplets
do not carry flavor quantum numbers, they are naturally lighter than the flavored sfermions, as needed to minimize
fine-tuning. Since SM gauginos only get their masses from SM gauge mediation, they are also typically light. After
accounting for renormalization group (RG) e↵ects, the gluinos end up being a bit heavier than the third-generation
squarks, perfect for a natural SUSY spectrum.

The uniqueness of the anomaly-free SU(3)F leads to a number of interesting predictions. First, because the flavor
gauge group is broken by SM Yukawa matrices, the hierarchy between the third-generation squarks and the first- and
second-generation squarks cannot be made arbitrarily large. Thus, a discovery of light stops and sbottoms would yield
an upper bound for the masses of the remaining squarks. Second, in order for SU(3)F to be anomaly-free, both leptons
and quarks must be charged under the flavor symmetry, so one expects light staus and third-generation sneutrinos to
be accessible at LHC energies. Third, while generic natural SUSY models do not require a right-handed sbottom in
the spectrum, flavor mediation treats right-handed stops and sbottoms democratically, with the only splitting arising
from SM gauge mediation and RG e↵ects. Finally, flavor mediation preserves many of the desired features of SUSY
grand unified theories (GUTs). Since the anomaly-free SU(3)F does not require any new SM-charged chiral matter
and treats all matter multiplets equally, SUSY gauge coupling unification is preserved. Assuming gauge mediation is
the dominant source for gaugino masses, then SM gaugino masses also unify.

The outline for the remainder of this paper is as follows. In Sec. II, we introduce the anomaly-free SU(3)F flavor
gauge group and describe how it is broken. In Sec. III, we describe the physics of flavor mediation, and how the
massive flavor gauge bosons contribute to the sfermion spectra via Higgsed gauge mediation. We outline a complete
model in Sec. IV, detailing the generation of gaugino masses in Sec. IVA, the Higgs sector in Sec. IVB, and typical
sparticle spectra in Sec. IVC. We verify in Sec. V that flavor bounds are satisfied in this model. We sketch the key
predictions of our model in Sec. VI and conclude in Sec. VII.

II. THE GAUGED FLAVOR SYMMETRY

A. Motivating SU(3)F

A wide range of flavor symmetries have been proposed to explain some or all features of the quark and lepton mass
matrices and mixings. As our goal is to link SM flavor structures with a natural SUSY soft mass spectrum, we must
employ some additional guiding (or at least simplifying) principles to select a preferred gauged flavor symmetry.

First, the flavor symmetry should act equally on all three generations. There are SUSY models employing additional
gauged U(1), SU(2), or U(2) flavor symmetries that can achieve a natural SUSY spectrum [5, 6, 8, 10, 11, 13, 14, 26].
However, it is somewhat ad hoc to treat the first two generations separately from the third without some underlying
reason. By treating all generations on an equal footing, one can more easily obtain the SM mass and mixing structure.

Second, the flavor symmetry should act equally on lepton and quark multiplets in order to allow for a GUT
structure in the ultraviolet (UV). This is further motivation to treat all three generations equally, since U(1), SU(2),

Gauge Mediation

GSM = SU(3)⇥ SU(2)⇥ U(1)

GSM

see e.g. Giudice/Rattazzi review

Degenerate quarks at the messenger
scale, no flavor problem. 
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Gauge mediation (loop induced)

Figure 7.4: Contributions to the MSSM gaugino masses
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti-
cles.

B̃, W̃ , g̃

⟨FS⟩

⟨S⟩

with squared mass eigenvalues |y2⟨S⟩|2 ± |y2⟨FS⟩|. In just the same way, the scalars q, q get squared
masses |y3⟨S⟩|2 ± |y3⟨FS⟩|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

ℓ, ℓ : m2
fermions = |y2⟨S⟩|2 , m2

scalars = |y2⟨S⟩|2 ± |y2⟨FS⟩| , (7.7.10)

q, q : m2
fermions = |y3⟨S⟩|2 , m2

scalars = |y3⟨S⟩|2 ± |y3⟨FS⟩| . (7.7.11)

The supersymmetry violation apparent in this messenger spectrum for ⟨FS⟩ ≠ 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 7.4. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 7.4 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and ℓ, ℓ messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [162] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (7.7.12)

in the normalization for αa discussed in section 6.4, where we have introduced a mass parameter

Λ ≡ ⟨FS⟩/⟨S⟩ . (7.7.13)

(Note that if ⟨FS⟩ were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (7.7.12) holds for the running gaugino masses at an
RG scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly
of order Mmess ∼ yI⟨S⟩ for I = 2, 3. The running mass parameters can then be RG-evolved down to
the electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 7.5, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
φi

= 2Λ2

[(
α3

4π

)2

C3(i) +
(
α2

4π

)2

C2(i) +
(
α1

4π

)2

C1(i)

]

, (7.7.14)

with the quadratic Casimir invariants Ca(i) as in eqs. (6.5.5)-(6.5.8). The squared masses in eq. (7.7.14)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (7.7.15)
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S: messengers which feels SUSY breaking, with SM gauge couplings.
FS≈(ΛS = SUSY breaking scale)2 ⇒ SUSY breaking order parameter.
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Figure 7.5: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

a significantly stronger condition than eq. (6.4.5). Again, eqs. (7.7.14) and (7.7.15) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 6.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (6.1.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 8.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (7.7.12) and (7.7.14) correspond to the estimate eq. (7.4.3) for
msoft, with Mmess ∼ yI⟨S⟩. Equations (7.7.12) and (7.7.14) hold in the limit of small ⟨FS⟩/yI⟨S⟩2,
corresponding to mass splittings within each messenger supermultiplet that are small compared to the
overall messenger mass scale. The sub-leading corrections in an expansion in ⟨FS⟩/yI⟨S⟩2 turn out
[163]-[165] to be quite small unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q
and ℓ, ℓ are replaced by a collection of messengers ΦI ,ΦI with a superpotential

Wmess =
∑

I

yISΦIΦI . (7.7.16)

The bar is used to indicate that the left-handed chiral superfields ΦI transform as the complex conjugate
representations of the left-handed chiral superfields ΦI . Together they are said to form a “vector-like”
(real) representation of the Standard Model gauge group. As before, the fermionic components of each
pair ΦI and ΦI pair up to get squared masses |yI⟨S⟩|2 and their scalar partners mix to get squared
masses |yI⟨S⟩|2 ± |yI⟨FS⟩|. The MSSM gaugino mass parameters induced are now

Ma =
αa

4π
Λ
∑

I

na(I) (a = 1, 2, 3) (7.7.17)

where na(I) is the Dynkin index for each ΦI+ΦI , in a normalization where n3 = 1 for a 3+3 of SU(3)C
and n2 = 1 for a pair of doublets of SU(2)L. For U(1)Y , one has n1 = 6Y 2/5 for each messenger pair
with weak hypercharges ±Y . In computing n1 one must remember to add up the contributions for each
component of an SU(3)C or SU(2)L multiplet. So, for example, (n1, n2, n3) = (2/5, 0, 1) for q + q and
(n1, n2, n3) = (3/5, 1, 0) for ℓ + ℓ. Thus the total is

∑
I(n1, n2, n3) = (1, 1, 1) for the minimal model,
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Figure 7.4: Contributions to the MSSM gaugino masses
in gauge-mediated supersymmetry breaking models come
from one-loop graphs involving virtual messenger parti-
cles.
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with squared mass eigenvalues |y2⟨S⟩|2 ± |y2⟨FS⟩|. In just the same way, the scalars q, q get squared
masses |y3⟨S⟩|2 ± |y3⟨FS⟩|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

ℓ, ℓ : m2
fermions = |y2⟨S⟩|2 , m2

scalars = |y2⟨S⟩|2 ± |y2⟨FS⟩| , (7.7.10)

q, q : m2
fermions = |y3⟨S⟩|2 , m2

scalars = |y3⟨S⟩|2 ± |y3⟨FS⟩| . (7.7.11)

The supersymmetry violation apparent in this messenger spectrum for ⟨FS⟩ ≠ 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 7.4. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 7.4 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and ℓ, ℓ messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [162] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (7.7.12)

in the normalization for αa discussed in section 6.4, where we have introduced a mass parameter

Λ ≡ ⟨FS⟩/⟨S⟩ . (7.7.13)

(Note that if ⟨FS⟩ were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (7.7.12) holds for the running gaugino masses at an
RG scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly
of order Mmess ∼ yI⟨S⟩ for I = 2, 3. The running mass parameters can then be RG-evolved down to
the electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 7.5, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
φi

= 2Λ2

[(
α3

4π

)2

C3(i) +
(
α2

4π

)2

C2(i) +
(
α1

4π

)2

C1(i)

]

, (7.7.14)

with the quadratic Casimir invariants Ca(i) as in eqs. (6.5.5)-(6.5.8). The squared masses in eq. (7.7.14)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (7.7.15)
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Figure 7.5: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
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a significantly stronger condition than eq. (6.4.5). Again, eqs. (7.7.14) and (7.7.15) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 6.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (6.1.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 8.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (7.7.12) and (7.7.14) correspond to the estimate eq. (7.4.3) for
msoft, with Mmess ∼ yI⟨S⟩. Equations (7.7.12) and (7.7.14) hold in the limit of small ⟨FS⟩/yI⟨S⟩2,
corresponding to mass splittings within each messenger supermultiplet that are small compared to the
overall messenger mass scale. The sub-leading corrections in an expansion in ⟨FS⟩/yI⟨S⟩2 turn out
[163]-[165] to be quite small unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q
and ℓ, ℓ are replaced by a collection of messengers ΦI ,ΦI with a superpotential

Wmess =
∑

I

yISΦIΦI . (7.7.16)

The bar is used to indicate that the left-handed chiral superfields ΦI transform as the complex conjugate
representations of the left-handed chiral superfields ΦI . Together they are said to form a “vector-like”
(real) representation of the Standard Model gauge group. As before, the fermionic components of each
pair ΦI and ΦI pair up to get squared masses |yI⟨S⟩|2 and their scalar partners mix to get squared
masses |yI⟨S⟩|2 ± |yI⟨FS⟩|. The MSSM gaugino mass parameters induced are now
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∑
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where na(I) is the Dynkin index for each ΦI+ΦI , in a normalization where n3 = 1 for a 3+3 of SU(3)C
and n2 = 1 for a pair of doublets of SU(2)L. For U(1)Y , one has n1 = 6Y 2/5 for each messenger pair
with weak hypercharges ±Y . In computing n1 one must remember to add up the contributions for each
component of an SU(3)C or SU(2)L multiplet. So, for example, (n1, n2, n3) = (2/5, 0, 1) for q + q and
(n1, n2, n3) = (3/5, 1, 0) for ℓ + ℓ. Thus the total is

∑
I(n1, n2, n3) = (1, 1, 1) for the minimal model,
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with squared mass eigenvalues |y2⟨S⟩|2 ± |y2⟨FS⟩|. In just the same way, the scalars q, q get squared
masses |y3⟨S⟩|2 ± |y3⟨FS⟩|.

So far, we have found that the effect of supersymmetry breaking is to split each messenger super-
multiplet pair apart:

ℓ, ℓ : m2
fermions = |y2⟨S⟩|2 , m2

scalars = |y2⟨S⟩|2 ± |y2⟨FS⟩| , (7.7.10)

q, q : m2
fermions = |y3⟨S⟩|2 , m2

scalars = |y3⟨S⟩|2 ± |y3⟨FS⟩| . (7.7.11)

The supersymmetry violation apparent in this messenger spectrum for ⟨FS⟩ ≠ 0 is communicated to
the MSSM sparticles through radiative corrections. The MSSM gauginos obtain masses from the 1-loop
Feynman diagram shown in Figure 7.4. The scalar and fermion lines in the loop are messenger fields.
Recall that the interaction vertices in Figure 7.4 are of gauge coupling strength even though they do not
involve gauge bosons; compare Figure 3.3g. In this way, gauge-mediation provides that q, q messenger
loops give masses to the gluino and the bino, and ℓ, ℓ messenger loops give masses to the wino and
bino fields. Computing the 1-loop diagrams, one finds [162] that the resulting MSSM gaugino masses
are given by

Ma =
αa

4π
Λ, (a = 1, 2, 3), (7.7.12)

in the normalization for αa discussed in section 6.4, where we have introduced a mass parameter

Λ ≡ ⟨FS⟩/⟨S⟩ . (7.7.13)

(Note that if ⟨FS⟩ were 0, then Λ = 0 and the messenger scalars would be degenerate with their
fermionic superpartners and there would be no contribution to the MSSM gaugino masses.) In contrast,
the corresponding MSSM gauge bosons cannot get a corresponding mass shift, since they are protected
by gauge invariance. So supersymmetry breaking has been successfully communicated to the MSSM
(“visible sector”). To a good approximation, eq. (7.7.12) holds for the running gaugino masses at an
RG scale Q0 corresponding to the average characteristic mass of the heavy messenger particles, roughly
of order Mmess ∼ yI⟨S⟩ for I = 2, 3. The running mass parameters can then be RG-evolved down to
the electroweak scale to predict the physical masses to be measured by future experiments.

The scalars of the MSSM do not get any radiative corrections to their masses at one-loop order.
The leading contribution to their masses comes from the two-loop graphs shown in Figure 7.5, with
the messenger fermions (heavy solid lines) and messenger scalars (heavy dashed lines) and ordinary
gauge bosons and gauginos running around the loops. By computing these graphs, one finds that each
MSSM scalar φi gets a squared mass given by:

m2
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= 2Λ2

[(
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C3(i) +
(
α2

4π

)2

C2(i) +
(
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4π

)2

C1(i)
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, (7.7.14)

with the quadratic Casimir invariants Ca(i) as in eqs. (6.5.5)-(6.5.8). The squared masses in eq. (7.7.14)
are positive (fortunately!).

The terms au, ad, ae arise first at two-loop order, and are suppressed by an extra factor of αa/4π
compared to the gaugino masses. So, to a very good approximation one has, at the messenger scale,

au = ad = ae = 0, (7.7.15)
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Figure 7.5: MSSM scalar squared masses in gauge-mediated supersymmetry breaking models arise in
leading order from these two-loop Feynman graphs. The heavy dashed lines are messenger scalars, the
solid lines are messenger fermions, the wavy lines are ordinary Standard Model gauge bosons, and the
solid lines with wavy lines superimposed are the MSSM gauginos.

a significantly stronger condition than eq. (6.4.5). Again, eqs. (7.7.14) and (7.7.15) should be applied at
an RG scale equal to the average mass of the messenger fields running in the loops. However, evolving
the RG equations down to the electroweak scale generates non-zero au, ad, and ae proportional to the
corresponding Yukawa matrices and the non-zero gaugino masses, as indicated in section 6.5. These
will only be large for the third-family squarks and sleptons, in the approximation of eq. (6.1.2). The
parameter b may also be taken to vanish near the messenger scale, but this is quite model-dependent,
and in any case b will be non-zero when it is RG-evolved to the electroweak scale. In practice, b can be
fixed in terms of the other parameters by the requirement of correct electroweak symmetry breaking,
as discussed below in section 8.1.

Because the gaugino masses arise at one-loop order and the scalar squared-mass contributions
appear at two-loop order, both eq. (7.7.12) and (7.7.14) correspond to the estimate eq. (7.4.3) for
msoft, with Mmess ∼ yI⟨S⟩. Equations (7.7.12) and (7.7.14) hold in the limit of small ⟨FS⟩/yI⟨S⟩2,
corresponding to mass splittings within each messenger supermultiplet that are small compared to the
overall messenger mass scale. The sub-leading corrections in an expansion in ⟨FS⟩/yI⟨S⟩2 turn out
[163]-[165] to be quite small unless there are very large messenger mass splittings.

The model we have described so far is often called the minimal model of gauge-mediated supersym-
metry breaking. Let us now generalize it to a more complicated messenger sector. Suppose that q, q
and ℓ, ℓ are replaced by a collection of messengers ΦI ,ΦI with a superpotential

Wmess =
∑

I

yISΦIΦI . (7.7.16)

The bar is used to indicate that the left-handed chiral superfields ΦI transform as the complex conjugate
representations of the left-handed chiral superfields ΦI . Together they are said to form a “vector-like”
(real) representation of the Standard Model gauge group. As before, the fermionic components of each
pair ΦI and ΦI pair up to get squared masses |yI⟨S⟩|2 and their scalar partners mix to get squared
masses |yI⟨S⟩|2 ± |yI⟨FS⟩|. The MSSM gaugino mass parameters induced are now

Ma =
αa

4π
Λ
∑

I

na(I) (a = 1, 2, 3) (7.7.17)

where na(I) is the Dynkin index for each ΦI+ΦI , in a normalization where n3 = 1 for a 3+3 of SU(3)C
and n2 = 1 for a pair of doublets of SU(2)L. For U(1)Y , one has n1 = 6Y 2/5 for each messenger pair
with weak hypercharges ±Y . In computing n1 one must remember to add up the contributions for each
component of an SU(3)C or SU(2)L multiplet. So, for example, (n1, n2, n3) = (2/5, 0, 1) for q + q and
(n1, n2, n3) = (3/5, 1, 0) for ℓ + ℓ. Thus the total is

∑
I(n1, n2, n3) = (1, 1, 1) for the minimal model,
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Gravitino
• SUSY spontaneously broken: goldstino

• Fermionic component of super-field w/ vev

• Becomes longitudinal component of 
gravitino (spin 3/2)

• If <F> << Mpl (e.g gauge med., gravitino LSP): 
gravitino LSP & NLSP can be long lived

In the Planck scale mediated supersymmetry breaking case, the gravitino mass is com-

parable to the masses of the MSSM sparticles. Therefore m3/2 is expected to be at least

of order 100 GeV or so. Its interactions will be of gravitational strength, so the gravitino

will not play any role in collider physics, but it can be important in cosmology. If it is

the LSP, then it is stable and its primordial density could easily exceed the critical density,

causing the universe to become matter-dominated too early. Even if it is not the LSP, the

gravitino can cause problems unless its density is diluted by inflation at late times, or it

decays sufficiently rapidly.

In contrast, GMSB models predict that the gravitino is mush lighter than the MSSM

sparticles as long as Mmess ≪ MP . The gravitino is (almost certainly) the LSP, and all the

MSSM sparticles will eventually decay into final states that include it. Naively, one might

expect that these decays are extremely slow. This, however, is not necessarily true, because

the gravitino inherits the non-gravitational interactions of the goldstino it has absorbed.

This means that the gravitino or, more precisely, its longitudinal (goldstino) components

can play an important role in collider experiments. The mass of the gravitino can be ignored

for kinematical purposes, as can its transverse (helicity ±3/2) components, which really do

have only gravitational interactions. Therefore, in collider phenomenology discussions, one

may interchangeably use the same symbol G̃ for the goldstino and for the gravitino of which

it is the longitudinal (helicity ±1/2) part. By using the effective Lagrangian of Eq. (13),

one can compute that the decay rate of any sparticle X̃ into its standard model partner X

plus a goldstino/gravitino G̃ is

Γ(X̃ → XG̃) =
m5

X̃

16π⟨F ⟩2

(

1 −
m2

X

m2
X̃

)4

. (17)

One factor of (1−m2
X/m2

X̃
)2 comes from the derivatives in the interaction term in Eq. (13)

evaluated for on-shell final states, and another such factor from the kinematic phase space

integral with m3/2 ≪ mX̃ , mX .

If the supermultiplet containing the goldstino and ⟨F ⟩ has canonically normalized kinetic

terms, and the tree level vacuum energy is required to vanish, then the estimate of Eq. (16)

is sharpened to

m3/2 = ⟨F ⟩/(
√

3MP ). (18)
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Gauge mediation
GMSB Phenomenology

• Gravitino LSP is a universal prediction of gauge mediation 
models:

• Lightest MSSM sparticle becomes the next-to-lightest 
superpartner (NLSP).  

m3/2 =
Fp
3Mpl

(⇠ eV �GeV)

..
.{MSSM

gravitino LSP

NLSP
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Two views of the 
SUSY-breaking Scale

Anomaly 
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Gravity 
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Gauge 
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It also determines the behavior of the lightest MSSM superpartner. 

The scale of SUSY breaking determines the mediation mechanism. 
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RGE evolution
RG evolution

- RGE evolution down ⇒ physical masses we 
measure.

- Colored particles “run”s more. 
Large,  O(several), corrections.
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary
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Higgs potential
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Neutral Higgs potential

quartic fixed by gauge interactions!

short digression → 
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Super YM
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Neutral Higgs potential

quartic fixed by gauge interactions!
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Higgs spectrum

Electroweak symmetry breaking
SU(2)L gauge transformation can set ⌘H+

u ✓ = 0. If we look for a

stable minimum along the charged directions we find

�V
�H+

u
|⌃H+

u ⌥=0 = bH�
d +

g2

2 H0⇥
d H�

d H0⇥
u

will not vanish for nonzero H�
d for generic values of the parameters.

V (H0
u, H0

d) = (|µ|2 + m2
Hu

)|H0
u|2 + (|µ|2 + m2

Hd
)|H0

d |2 � (b H0
uH0

d + h.c.)
+

1
8 (g2

+ g⌅2)(|H0
u|2 � |H0

d |2)2.

origin is not a stable minimum requires:

b2 > (|µ|2 + m2
Hu

)(|µ|2 + m2
Hd

).

stabilizing D-flat direction H0
u = H0

d where the b term is arbitrarily

negative requires

2b < 2|µ|2 + m2
Hu

+ m2
Hd

.

MSSM HIGGS MASS

• Just as in the Standard Model, Higgs mass is related to quartic 
coupling.

• Supersymmetry: gauge interactions always come with quartic 
scalar interactions (D-term potential)

• Implication: Higgs quartic related to gauge couplings, which 
also determine W, Z masses: tree-level bound

1

8

�
g
2 + g

02�
⇣��H0

u

��2 �
��H0

d

��2
⌘2

mh  mZ cos(2�)
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125 GEV HIGGS AND SUSY

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.

Many options to fit it, but most feel a little contrived.

MSSM:

Implications of a 125 GeV Higgs for the MSSM and Low-Scale SUSY Breaking

Patrick Draper1, Patrick Meade2, Matthew Reece3, and David Shih4
1SCIPP, University of California, Santa Cruz, CA 95064

2CNYITP, Stony Brook University, Stony Brook NY 11794
3Department of Physics, Harvard University, Cambridge, MA 02138

4NHETC, Rutgers University, Piscataway, NJ 08854
(Dated: January 24, 2012)

Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,

m2
h = m2

Zc
2
2�

+
3m4

t

4⇤2v2

�
log

�
M2

S

m2
t

⇥
+

X2
t

M2
S

�
1� X2

t

12M2
S

⇥⇥
(1)

An Observation

h h

t̃

+
h h

t̃

h h

t

Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H
0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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h0) =

h0

t

+
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Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):

∆(m2
h0) =

3

4π2
cos2α y2tm

2
t ln

(
mt̃1

mt̃2
/m2

t

)
. (8.1.24)

This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 ≫ mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the

t t̃
t̃

t̃

Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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seems sane, but heavy enough that many models don’t.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.
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ATLAS collaboration has presented results in the dipho-
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early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H
0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):

∆(m2
h0) =
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4π2
cos2α y2tm
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t

)
. (8.1.24)

This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 ≫ mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the
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Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.
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Figure 8.1: A contour map of the Higgs potential, for a typical case with tan β ≈ − cotα ≈ 10.
The minimum of the potential is marked by +, and the contours are equally spaced equipotentials.
Oscillations along the shallow direction, with H0

u/H
0
d ≈ 10, correspond to the mass eigenstate h0, while

the orthogonal steeper direction corresponds to the mass eigenstate H0.
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Figure 8.2: Contributions to the MSSM lightest Higgs mass from top-quark and top-squark one-loop
diagrams. Incomplete cancellation, due to soft supersymmetry breaking, leads to a large positive
correction to m2

h0 in the limit of heavy top squarks.

basis and with masses mt̃1
, mt̃2

much greater than the top quark mass mt, one finds a large positive
one-loop radiative correction to eq. (8.1.20):

∆(m2
h0) =
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4π2
cos2α y2tm
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This shows that mh0 can exceed the LEP bounds.
An alternative way to understand the size of the radiative correction to the h0 mass is to consider

an effective theory in which the heavy top squarks and top quark have been integrated out. The quartic
Higgs couplings in the low-energy effective theory get large positive contributions from the the one-loop
diagrams of fig. 8.3. This increases the steepness of the Higgs potential, and can be used to obtain the
same result for the enhanced h0 mass.

An interesting case, often referred to as the “decoupling limit”, occurs when mA0 ≫ mZ . Then
mh0 can saturate the upper bounds just mentioned, with m2

h0 ≈ m2
Z cos2(2β)+ loop corrections. The

particles A0, H0, and H± will be much heavier and nearly degenerate, forming an isospin doublet that
decouples from sufficiently low-energy experiments. The angle α is very nearly β−π/2, and h0 has the
same couplings to quarks and leptons and electroweak gauge bosons as would the physical Higgs boson
of the ordinary Standard Model without supersymmetry. Indeed, model-building experiences have
shown that it is not uncommon for h0 to behave in a way nearly indistinguishable from a Standard
Model-like Higgs boson, even if mA0 is not too huge. However, it should be kept in mind that the
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Figure 8.3: Integrating out the top quark and top squarks yields large positive contributions to the
quartic Higgs coupling in the low-energy effective theory, especially from these one-loop diagrams.
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Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,
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Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1

Haber, Hempfling ’91

more: Haber, Hempfling, Hoang, Ellis, Ridolfi, Zwirner, Casas, Espinosa, Quiros, Riotto, 
Carena, Wagner, Degrassi, Heinemeyer, Hollik, Slavich, Weiglein

125 GEV HIGGS AND SUSY

Very interesting! Light enough that SUSY still 
seems sane, but heavy enough that many models don’t.

Many options to fit it, but most feel a little contrived.

MSSM:

Implications of a 125 GeV Higgs for the MSSM and Low-Scale SUSY Breaking

Patrick Draper1, Patrick Meade2, Matthew Reece3, and David Shih4
1SCIPP, University of California, Santa Cruz, CA 95064

2CNYITP, Stony Brook University, Stony Brook NY 11794
3Department of Physics, Harvard University, Cambridge, MA 02138

4NHETC, Rutgers University, Piscataway, NJ 08854
(Dated: January 24, 2012)

Recently, the ATLAS and CMS collaborations have announced exciting hints for a Standard
Model-like Higgs boson at a mass of � 125 GeV. In this paper, we explore the potential consequences
for the MSSM and low scale SUSY-breaking. As is well-known, a 125 GeV Higgs implies either
extremely heavy stops (& 10 TeV), or near-maximal stop mixing. We review and quantify these
statements, and investigate the implications for models of low-scale SUSY breaking such as gauge
mediation where the A-terms are small at the messenger scale. For such models, we find that either
a gaugino must be superheavy or the NLSP is long-lived. Furthermore, stops will be tachyonic
at high scales. These are very strong restrictions on the mediation of supersymmetry breaking in
the MSSM, and suggest that if the Higgs truly is at 125 GeV, viable models of gauge-mediated
supersymmetry breaking are reduced to small corners of parameter space or must incorporate new
Higgs-sector physics.

I. INTRODUCTION

Recently, intriguing hints of the Standard Model (SM)-
like Higgs boson have been reported by the LHC. The
ATLAS collaboration has presented results in the dipho-
ton [1] and ZZ⇤ ⇧ 4⌃ [2] channels, showing a combined
⇤ 3⌅ excess at mh ⌅ 126 GeV. The CMS collaboration
has also presented results with a weaker ⇤ 2⌅ excess in
the ⇥⇥ channel at mh ⌅ 123 GeV [3] and two events in
the ZZ⇤ channel near the same mass [4]. It is too early
to say whether these preliminary results will grow in sig-
nificance to become a Higgs discovery, but it is not too
early to consider some of the consequences if they do.

The potential discovery of a light Higgs renews the
urgency of the gauge hierarchy problem. Supersymme-
try remains the best-motivated solution to the hierar-
chy problem. Although it has not yet been found at
the LHC, considerable discovery potential still remains
in the parameter space relevant for naturalness [5]. How-
ever, a 125 GeV Higgs places stringent constraints on
supersymmetry, especially in the context of the minimal
supersymmetric standard model (MSSM). In this paper
we will examine these constraints in detail and use this
to study the implications for low-scale SUSY breaking.

In the MSSM, for values of the CP -odd Higgs mass
mA & 200 GeV, there exists a light CP -even Higgs
state in the spectrum with SM-like couplings to the elec-
troweak gauge bosons. The SM-Higgs mass and proper-
ties are dominantly controlled by just a few weak-scale
MSSM parameters: at tree level, mA and tan�, joined at
higher order by the stop masses mt̃1,2 and the stop mix-
ing parameter Xt ⇥ At�µ cot�. At tree-level, the Higgs
mass is bounded above by mZ cos 2�. One-loop correc-
tions from stops are responsible for lifting this bound
to ⇤ 130 GeV [6–10, 12], for a general review, see [13].
Other parameters of the MSSM contribute radiative cor-
rections to the Higgs mass, but in general are highly sub-
dominant to the stop sector. Even with large loop e�ects,

it is noteworthy that 125 GeV is a relatively large Higgs
mass for the MSSM—this fact allows us to constrain the
stop masses and mixing.
In this paper, we will focus on stop masses mt̃ . 5 TeV

which includes the collider relevant region. (We briefly
consider heavier stops in the appendix.) Here fixed-order
Higgs spectrum calculators such as FeynHiggs [14–17],
which implements a broad set of one and two-loop cor-
rections to the physical Higgs mass, should be fairly ac-
curate. Imposing an upper bound on the stop masses
implies stringent bounds on tan� and At, and in partic-
ular requires large mixings among the stops.
FormA . 500 GeV, the SM-like Higgs has an enhanced

coupling to the down-type fermions, leading to an in-
crease in the h ⇧ bb̄ partial width and suppressing the
branching fractions into the main low-mass LHC search
modes, h ⇧ ⇥⇥,WW [18–20]. Since the LHC sees a rate
consistent with SM expectations (albeit with a sizeable
error bar), in this work we take mA = 1 TeV, where all
the Higgs couplings are SM-like. This limit also avoids
constraints from direct searches for H/A ⇧ ⇧⇧ [21–23].
For tan� we will set a benchmark value of 30 and con-
sider a range of values in some cases.

II. IMPLICATIONS FOR WEAK-SCALE MSSM
PARAMETERS

For mt̃ . 5 TeV, a Higgs mass of mh ⌅ 125 GeV
places strong constraints on tan� and the stop parame-
ters. Although we will use FeynHiggs for all the plots in
this section, it is useful to keep in mind the approximate
one-loop formula for the Higgs mass,

m2
h = m2

Zc
2
2�

+
3m4

t

4⇤2v2

�
log

�
M2

S

m2
t

⇥
+

X2
t

M2
S

�
1� X2

t

12M2
S

⇥⇥
(1)

An Observation

h h

t̃

+
h h

t̃

h h

t

Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
⇥ ⇤ factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:

�
d4⇤

(2⇥)4
�1µ (2⇤µ + kµ1 ) J(k2, . . . kj) · J(kj+1, . . . kn)

(⇤2 �m2)((⇤+ k1)2 �m2)
. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in ⇤µ,
can only be proportional to kµ1 , because all dependence on the other momenta factors out of the integrand.

So, we can in fact drop every diagram with only one gluon connected on one side of a bubble. It’s tempting
to try to inductively turn this into a procedure for generating shamplitudes only from other shamplitudes,
not from amplitudes, but the argument doesn’t work. It would be nice to do something more systematic
than dropping terms by hand. Is there a nice procedure that makes use of this fact?

At least for the 4-point shamplitude, it means computing it directly from Feynman diagrams only involves
summing up nine diagrams (Fig. 2). We can eliminate four of these with a convenient gauge choice.

Four-point loops from Feynman diagrams

If we want to compute the + + ++ amplitude, we can make �i · �j = 0 simply by taking �i =
µ�̃i

hµ ii for all i.

In the + + +� case, we can make �i · �j = 0 by taking �i =
�4�̃i
h4 ii for i = 1, 2, 3 and �4 = �4�̃1

[4 1] . Thus, we can

discard all Feynman diagrams with 4-point (2-scalar 2-gluon) vertices. The remaining diagrams are boxes,
triangles, and the bubble with two particles on each side attached at 3-gluon vertices.

1

Haber, Hempfling ’91

more: Haber, Hempfling, Hoang, Ellis, Ridolfi, Zwirner, Casas, Espinosa, Quiros, Riotto, 
Carena, Wagner, Degrassi, Heinemeyer, Hollik, Slavich, Weiglein

Tree-level bound: 90 GeV

Quadratic term from stop
mixing
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Figure 1: The Higgs mass in the MSSM as a function of the lightest top squark mass, mt̃1
, with

red/blue solid lines computed using Suspect/FeynHiggs. The two upper lines are for maximal
top squark mixing assuming degenerate stop soft masses and yield a 124 (126) GeV Higgs mass
for mt̃1

in the range of 350–600 (500–800) GeV, while the two lower lines are for zero top squark
mixing and do not yield a 124 GeV Higgs mass for mt̃1

below 3 TeV. Here we have taken
tan � = 20. The shaded regions highlight the di↵erence between the Suspect and FeynHiggs
results, and may be taken as an estimate of the uncertainties in the two-loop calculation.

the Higgs doublets, �SHuHd, that is perturbative to unified scales, thereby constraining � . 0.7

(everywhere in this paper � refers to the weak scale value of the coupling). The maximum mass

of the lightest Higgs boson is

m
2
h
= M

2
Z
cos2 2� + �

2
v
2 sin2 2� + �

2
t
, (2)

where here and throughout the paper we use v = 174 GeV. For �v > MZ , the tree-level

contributions to mh are maximized for tan � = 1, as shown by the solid lines in Figure 2,

rather than by large values of tan � as in the MSSM. However, even for � taking its maximal

value of 0.7, these tree-level contributions cannot raise the Higgs mass above 122 GeV, and

�t & 28 GeV is required. Adding the top loop contributions allows the Higgs mass to reach

125 GeV, as shown by the shaded bands of Figure 2, at least for low values of tan � in the region

of 1–2. In this case, unlike the MSSM, maximal stop mixing is not required to get the Higgs

heavy enough. In section 3 we demonstrate that, for a 125 GeV Higgs mass, the fine-tuning of

the NMSSM is significantly improved relative to the MSSM, but only for .6 . � . .7, near the

boundary of perturbativity at the GUT scale.

2

Hall, Pinner, Rudermann
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The Higgs sector of the MSSM depends, at tree-level, on the ratio of the vevs, tan �, and on

the pseudoscalar mass mA, which determines the mixing between the two CP even scalars. In

this section, we focus on the decoupling limit, mA � mZ , where the lightest CP even Higgs is

SM-like in its coupling and has the largest possible tree-level mass (away from the decoupling

limit, mixing drives the lightest mass eigenstate lighter). In the decoupling limit, the tree-

level Higgs mass is given by mZ cos 2� and is maximized at high tan �, but is always far below

125 GeV.

At the one-loop level, stops contribute to the Higgs mass and three more parameters become

important, the stop soft masses, mQ3 and mu3 , and the stop mixing parameter Xt = At�µ cot �.

The dominant one-loop contribution to the Higgs mass depends on the geometric mean of the

stop masses, m2
t̃
= mQ3mu3 , and is given by,

m
2
h
⇡ m

2
Z
cos2 2� +

3

(4⇡)2
m

4
t

v2


ln

m
2
t̃

m
2
t

+
X

2
t

m
2
t̃

✓
1�

X
2
t

12m2
t̃

◆�
. (4)

The Higgs mass is sensitive to the degree of stop mixing through the second term in the brackets,

and is maximized for |Xt| = X
max
t

=
p
6mt̃, which is referred to as “maximal mixing.” The Higgs

mass depends logarithmically on the stop masses, which means, of course, that the necessary

stop mass depends exponentially on the Higgs mass. Therefore, an accurate loop calculation is

essential in order to determine which stop mass corresponds to a 125 GeV Higgs.

We use the Suspect [10] and FeynHiggs [11] packages to calculate the Higgs mass, which

include the full one-loop and leading two-loop contributions. In Figure 4 we give the mh = 124

and 126 GeV contours in the (Xt,mt̃) plane, with Suspect shown in red and FeynHiggs shown

in blue. For both curves, the axes are consistently defined in the DR renormalization scheme.

The left and right-handed top squark mass parameters are taken equal, mQ3 = mu3 , since the

Higgs mass depends only mildly on the ratio. As we shall show, this choice results in the lowest

fine-tuning for a given mt̃, since the stop contribution to fine-tuning is dominated by the largest

soft mass. The loop contribution depends slightly on the choice of some of the other SUSY

parameters: we have fixed all gaugino masses to 1 TeV, the Higgsino mass to µ = 200 GeV, and

mA = 1 TeV. We find that the Suspect and FeynHiggs results have considerable di↵erences. The

two programs use di↵erent renormalization prescriptions, and we take the di↵erence between the

two programs as a rough estimate of the theoretical uncertainty in the Higgs mass calculation.

For an earlier comparison, see [23]. The uncertainty should be reduced if one takes into account

the results of recent three-loop calculations [24], although this is beyond the scope of our work.

For a detailed discussion of the two-loop calculations, see for example [25]. Fortunately, the two

programs agree to within a factor of two on the necessary stop mass in the maximal mixing

regime: mt̃ = 500� 1000 GeV for Xt ⇠
p
6mt̃ and mt̃ ⇠ 800� 1800 GeV for Xt ⇠ �

p
6mt̃, for

a Higgs mass in the 124–126 GeV range.

6

MSSM vs. the 125 GeV Higgs
A-terms in GGM

• With gauge interactions alone,  A terms are not generated at all 
-- they are protected by phase rotations of the squark fields.

• Need to involve Yukawa couplings.

L � AtQūHu + c.c.

+

Q ū

Hu

 Q  ū
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A terms in gauge mediation?
A-terms in GGM

• With gauge interactions alone,  A terms are not generated at all 
-- they are protected by phase rotations of the squark fields.

• Need to involve Yukawa couplings.

L � AtQūHu + c.c.

+

Q ū

Hu

 Q  ū

yt

Hu

Q ū

F †
Hu

Hu

yt

Q ū

Like Yukawa couplings, break chiral (flavor) 
symmetries

Can not be induced by gauge interactions alone 
(those leave chiral symmetries intact)→ 

A-terms in GGM

• With gauge interactions alone,  A terms are not generated at all 
-- they are protected by phase rotations of the squark fields.

• Need to involve Yukawa couplings.

L � AtQūHu + c.c.

+

Q ū

Hu

 Q  ū

yt

Hu

Q ū

F †
Hu

Hu

yt

Q ū
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Direct Searches for 
Supersymmetry

 21



The Hard Facts

Pre LEP Post LHC7
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The Hard Facts

Pre LEP Post LHC7

The connection with the hierarchy problem is diminished 

Should have had an 
LHC during the LEP
days.
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Where is everybody?
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Comment on ‘beauty’
• We adapt our notation to make established physics 

as simple as possible, the SM is economical but 
not minimal

http://ethw.org/Maxwell's_Equations

covariant form

or
ig

in
al

 fo
rm

 (1
86

5)
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An analogy 
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Natural EWSB & MSSM
Fine-tuning of (Higgs mass)2

m2
Z

2
= �|µ|2 �

m2
Hu

tan2 � �m2
Hd

tan2 � � 1

⇡ �|µ|2 �m2
Hu

� �m2
Hu
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Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2
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Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2

Higgsinos
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Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m
2
H

|H|
2 + �|H|

4 (1)

where m
2
H

will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m
2
H

to the Higgs mass naturally should be of the order or less than m
2
H

itself. Therefore �m
2
H

/m
2
H

should not be large. By using m
2
h

= �2m2
H

one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘
2�m2

H

m
2
h

(2)

where m
2
h

is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m
2
H

will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <
⇠ 190 GeV

✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m
2
H

proportional to the top Yukawa coupling read

�m
2
H

|stop = �
3

8⇡2
y
2
t

⇣
m

2
U3

+ m
2
Q3

+ |At|
2
⌘

log
✓

⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m
2
U3,Q3

, At control the stop spectrum, as it

5

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has

q
m

2
t̃1

+ m
2
t̃2

<
⇠ 600 GeV

sin �

(1 + x
2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(5)

where we defined xt = At/

q
m

2
t̃1

+ m
2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation

�m
2
H

|gluino = �
2

⇡2
y
2
t

✓
↵s

⇡

◆
|M3|

2 log2
✓

⇤

TeV

◆
(6)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<
⇠ 890 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(7)

In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <
⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i
) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.

6

1loop

2loop

stops, sbottomL

gluino

Higgsinos
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H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi

b̃R

Q̃1,2, ũ1,2, d̃1,2

Reason for some optimism: 
natural susy

tree

1loop

2loop

Scale

⇡ 250GeV

⇡ 500GeV

⇡ 1000GeV

�m2
H

<<multi TeV
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Stop searches

?
?

Hiding here? or here?

 34



The other symmetric approach 
 

Composite/Goldstone Higgs 

 35



Supersymmetry is a weakly coupled solution
to the hierarchy problem. We can extrapolate
physics to the Planck scale, complete 
the MSSM into a GUT.

There is another way. Nature already employs a 

strongly coupled mechanism to explain:

⇤QCD ⌧ MPlanck

⇠ 1GeV 1019 GeV
 36



Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

QCD

Asymptotic
freedom

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

Fix QCD coupling at some high scale
→ exponential hierarchy generated dynamically 
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QCD: composite bound states

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

quarks, gluons

composite resonances
⇢,K, a1, . . .

At strong coupling, new resonances are generated
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QCD: composite bound states

Theory of strong interactions.

• Exponentially separated scales from the choice of an 
order one number    .

• A strong coupling results in bound (composite) states.

gstrong

g0

ΛUV

gstrong(µ)

µ
ΛQCD

100 MeV π±...

GeV More composite resonaces

quark and gluon: q g

K, η, ρ, ...

Asymptotic freedom

Thursday, August 9, 12

quarks, gluons

composite resonances
⇢,K, a1, . . .

At strong coupling, new resonances are generated

gap!
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QCD vs. EWSB
QCD dynamically breaks SM gauge symmetryQCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

SU(2)L ⇥ SU(2)R ! SU(2)V
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QCD vs. EWSB
QCD dynamically breaks SM gauge symmetryQCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

The QCD masses of W/Z are small

QCD as a theory of EWSB

hq̄LqRi ' ⇤3
QCD ⇠ (GeV)3

QCD phase transition

Breaks SM gauge symmetry SU(2)L x U(1)Y !

However
mW,Z ⇠ g

4⇡
⇤QCD ⇠ 100 MeV

Can not be all the EWSB

Thursday, August 9, 12

Longitudinal components of  W & Z have tiny 
admixture of pions… 

SU(2)L ⇥ SU(2)R ! SU(2)V
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Technicolor

Scaled up version of QCD mechanism

How about another QCD?
- Another strong interaction, and a new set of 

quarks, q’.

- The new strong interaction becomes strong 
around TeV scale. 

Just like QCD, it would have a phase transition 
breaking electroweak symmetry. 

hq̄0Lq0Ri ⇠ ⇤3
TC, ⇤TC ⇠ TeV.

Technicolor,  and its recent incarnations: Higgsless models
Very natural, reasonable idea. 

Thursday, August 9, 12

Technicolor, doesn’t have a Higgs …
(or if there is one, it would look

very different from the SM) 

* the Higgs as the dilaton
as the last bastion … 

*
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Composite Higgs

• Want to copy QCD, but extend pion 
sector (QCD:           )  

• Higgs as a (pseudo) Goldstone boson

⇡0,⇡±

 41
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New particles

m2
h ⇠ 3y2t

4⇡2
m̃2 log(⇤2/m̃2)

Continuous symmetries commuting w/ SM → 
partner states w/ SM quantum numbers

Contribute to the Higgs mass:

�! �+ ✏ 
� ! (1 + i↵T )�

Supersymmetry Global symmetry

 !  + cµ@µ�

Opposite-statistics partner 
for every SM particle

Same-statistics partner 
for every SM particle

adapted from N. Craig

Goal



Need to learn about 
goldstone bosons… 
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Quantum Protection
Symmetries can soften quantum behaviour

breaks susy →  corrections must be
proportional to susy breaking
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry
Higgs mass term can be forbidden

� ! ei↵�
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry
Higgs mass term can be forbidden

� ! ei↵� does not forbid the mass2 

works!� ! �+ ↵
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L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

Shift symmetry
Higgs mass term can be forbidden

� ! ei↵� does not forbid the mass2 

works!� ! �+ ↵

Can we make the Higgs transform this way?
 45



Spontaneous breaking of U(1)

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

� = �1 + i�2

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

Instead using complex field
L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

‘phase’ ‘modulos’

 46



Spontaneous breaking of U(1)

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

� = �1 + i�2

Nambu-Goldstone Bosons
Example: broken U(1)

� ⇥� ei�� ��⇥ =
f⇤
2

� = ⇥1 + i⇥2 =
1�
2
ei�/f (f + �)

⇥ ⇥� ⇥ + �f

⇥ � ⇤� �

Shift symmetry forbids mass for �

In fact,    has only derivative interactions:�

V

�1

�2

�
�

V (�†�) = V (1
2�

2)

⇤µ�†⇤µ� = 1
2⇤

µ⇥⇤µ⇥ + 1
2

�

1 +
⇥

f

⇥2

⇤µ�⇤µ�

use real parametrisation  

�(x) =
1

2
ei⇡(x)/f (f + �(x))

Instead using complex field
L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

‘phase’ ‘modulos’
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

use
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

use
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

V (|�(x)|2)

use
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

V (|�(x)|2)

use

V (|�(x)|2) = V (�(x))

no dependence on ⇡(x)
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�(x) =
1

2
ei⇡(x)/f (f + �(x))

L = |@µ�|2 + µ2|�|2 � �|�|4 + . . .

@µ�†@µ� =
1

2
@µ�@µ� +

1

2
(1 + �/f)2

1

2
@µ⇡@µ⇡

V (|�(x)|2)

use

V (|�(x)|2) = V (�(x))

no dependence on ⇡(x)

no mass term
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⇡(x) ! ⇡(x) + ↵

1

2
(1 + �(x)/f)2

1

2
@µ⇡@µ⇡ +

1

2
@µ�@µ� � V (�(x))

Using this parameterization a new symmetry is visible:

@µ(⇡(x) + ↵) = @µ⇡(x)

because          has only ‘derivative interactions’ 

⇡(x),�(x)

⇡(x)
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⇡(x) ! ⇡(x) + ↵

1

2
(1 + �(x)/f)2

1

2
@µ⇡@µ⇡ +

1

2
@µ�@µ� � V (�(x))

Using this parameterization a new symmetry is visible:

@µ(⇡(x) + ↵) = @µ⇡(x)

because          has only ‘derivative interactions’ 

But what happened to the U(1) symmetry ?
    are real… ⇡(x),�(x)

⇡(x)
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� ! ei↵�

ei⇡(x)/f (f + �(x)) ! ei↵ei⇡(x)/f (f + �(x))

�(x) ! �(x)

⇡(x) ! ⇡(x) + ↵

Phase rotation becomes shift symmetry

But what happened to the U(1) symmetry ?
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� ! ei↵�

ei⇡(x)/f (f + �(x)) ! ei↵ei⇡(x)/f (f + �(x))

�(x) ! �(x)

⇡(x) ! ⇡(x) + ↵

Phase rotation becomes shift symmetry

But what happened to the U(1) symmetry ?

is massless but also no⇡(x) • gauge couplings
• potential
• yukawas
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Semi-realistic 
model
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v = 246GeV

m⇢ = g⇢f resonances

EW scale

⇤ = 4⇡f UV completion
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pGB Higgs
SU(3) ! SU(2)

Break symmetry using h�i =

0

@
0
0
f

1

A

# Goldstone bosons = # broken generators

PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
=
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PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
=

PNGB Higgs
Simplest example: SU(3)� SU(2)

(ignore            for simplicity)U(1)Y

� =
1⇥
2

�

⇧⇤
�/
⇥

3 0 H1

0 �/
⇥

3 H2

H�
1 H�

2 �2�/
⇥

3

⇥

⌃⌅

H =
�

H1

H2

⇥
= SU(2) doublet

SU(3) exact ⇒ shift symmetry H ⇥� H + � + · · ·

� =
1�
2

ei�/f

�

⇧⇤
0
0

f + �

⇥

⌃⌅

� = triplet with ��†�⇥ =
f 2

2

Expand about vacuum with unbroken SU(2)W

electroweak gauge groupSU(2)W =
�

1 0
0 U2

⇥
=

Contains a Higgs:

�(x) =

0

@
H1(x)
H2(x)

� 2p
2
⌘(x)

1

A+ . . .

Expand
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Goldstone Higgs
• Parameterization 

•                    transforms as doublet - Higgs! 

• kinetic term:

42

⇧aT
a =

0

@
⌘ 0 H1

0 ⌘ H2

H
⇤
1 H

⇤
2 �2⌘

1

A
(up to normalization)

H =

✓
H1

H2

◆

� = ei⇧aT
a/f h�i

@µ�@
µ�† = @µH@

µ
H

† +
(@µH@

µ
H

†)H†
H

f2
+ . . .

Nonlinear corrections



pGB Higgs
Unbroken gauge symmetry in global SU(2), 
dynamics generates ‘vacuum misalignment’ 

SU(3) ! SU(2)

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

SU(2)L vs. SU(2)

SU(2)L 

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

EW symmetry broken
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pGB Higgs
PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

SU(2)L 

PNGB Higgs (cont’d)

Most general VEV: ��⇥ =
f⇤
2

�

⇧⇤
0

sin �
cos �

⇥

⌃⌅

Breaks electroweak symmetry

v = f sin �
�

v

f

f � scale of new physics

sin � � 1 ⇤ f ⇥ v (SM limit)

� ⇥H⇤ =
1⌅
2

�
0
v

⇥

“Electroweak symmetry breaking by vacuum misalignment”

Electro-weak scale v = f sin ✓
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Collective Breaking
We now want to add a yukawa coupling to
give mass to the top quark

� = exp

8
<

:i

0

@
h1

h2

h⇤
1 h⇤

2

1

A

9
=

;

0

@
f

1

A

Fundamental field is a triplet

�tQ̄iH
c
i tR i: sum over SU(2)
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Top yukawa: 1st try
works, gives mass to the top

… but breaks SU(3) structure explicitly, does
not respect Goldstone symmetry protecting
the Higgs mass:

2X

i

�t�
c
i Q̄itR
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Top yukawa: 1st try
works, gives mass to the top

… but breaks SU(3) structure explicitly, does
not respect Goldstone symmetry protecting
the Higgs mass:

2X

i

�t�
c
i Q̄itR
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2nd try: “collective breaking”
Collective Symmetry Breaking

Example: SU(3)� SU(2)

Gauge full            ⇒ exact symmetrySU(3)

(ignore            again)U(1)Y

LYukawa = y1⇥̄L�1t1R + y2⇥̄L�2t2R

��1⇥ =
1⇤
2

�

⇧⇤
0
0
f1

⇥

⌃⌅ ��2⇥ =
1⇤
2

�

⇧⇤
0
0
! 2

⇥

⌃⌅

�L =

�

⇧⇤
tL
bL

TL

⇥

⌃⌅ t1R, t2R, bR

Both                 required for non-derivative couplings

of PNGB Higgs

y1, y2 �= 0

⇒ exacty1 � 0 SU(3)2 � SU(2)2  and vice versa

f

two scalar 
fields!

�1 ! U1�1

�2 ! U2�2
<latexit sha1_base64="JpEP4H5rIjRUJLqbpy/n75DnXiA=">AAACGHicbZBNS8MwGMfT+TbrW9Wjl+BQPM22CnocevE4wW6DtZQ0S7ew9IUkFUbZx/DiV/HiQRGvu/ltzNoKuvlA4Jf//3lInn+QMiqkaX5ptZXVtfWN+qa+tb2zu2fsH3REknFMHJywhPcCJAijMXEklYz0Uk5QFDDSDca3c7/7SLigSfwgJynxIjSMaUgxkkryjXO3PaK+BU9dmUBHQXl3Xb0A+8ewS8P2jYbZNIuCy2BV0ABVtX1j5g4SnEUklpghIfqWmUovR1xSzMhUdzNBUoTHaEj6CmMUEeHlxWJTeKKUAQwTrk4sYaH+nshRJMQkClRnhORILHpz8T+vn8nw2stpnGaSxLh8KMwYVLvOU4IDygmWbKIAYU7VXyEeIY6wVFnqKgRrceVl6NhN66Jp3182WjdVHHVwBI7BGbDAFWiBO9AGDsDgCbyAN/CuPWuv2of2WbbWtGrmEPwpbfYNT3Gc0g==</latexit>

Global rotations (SU(3)1 x SU(3)2): Gauge symmetry (SU(3)1+2):

 L ! U1+2(x) L
<latexit sha1_base64="dkmN+zYFws3RrLsORHcO3i8eaH0=">AAACBHicbVC7SgNBFL3rM8bXqmWawSBEhLAbBS2DNhYWEdwkkF2W2ckkGTL7YGZWDEsKG3/FxkIRWz/Czr9xkmyhiQcGDufcy51zgoQzqSzr21haXlldWy9sFDe3tnd2zb39poxTQahDYh6LdoAl5SyijmKK03YiKA4DTlvB8Grit+6pkCyO7tQooV6I+xHrMYKVlnyz5DYk82+Qq2Lk+Jl9UhtXHo5nom+Wrao1BVokdk7KkKPhm19uNyZpSCNFOJayY1uJ8jIsFCOcjotuKmmCyRD3aUfTCIdUetk0xBgdaaWLerHQL1Joqv7eyHAo5SgM9GSI1UDOexPxP6+Tqt6Fl7EoSRWNyOxQL+VIJ540grpMUKL4SBNMBNN/RWSABSZK91bUJdjzkRdJs1a1T6u127Ny/TKvowAlOIQK2HAOdbiGBjhA4BGe4RXejCfjxXg3PmajS0a+cwB/YHz+AGHOlqU=</latexit>
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SU(3)1+2 SU(3)2y1 = 0, y2 6= 0
<latexit sha1_base64="sWcpkmUHxiPatZOcwVVWnfn78Ls=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1KSKuhGKLpxWcE+oA1hMp22QyeTODMRYqj+ihsXirj1P9z5N04fC209cOFwzr3ce08Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJGE1kjEI9kMsKKcCVrTTHPajCXFYcBpIxhcjfzGPZWKReJWpzH1QtwTrMsI1kby7b3Ud9EFco4fUeqXUVvQO+T4dtEpOWOgeeJOSRGmqPr2V7sTkSSkQhOOlWq5Tqy9DEvNCKfDQjtRNMZkgHu0ZajAIVVeNr5+iA6N0kHdSJoSGo3V3xMZDpVKw8B0hlj31aw3Ev/zWonunnsZE3GiqSCTRd2EIx2hURSowyQlmqeGYCKZuRWRPpaYaBNYwYTgzr48T+rlkntSKt+cFiuX0zjysA8HcAQunEEFrqEKNSDwAM/wCm/Wk/VivVsfk9acNZ3ZhT+wPn8AGsiTEQ==</latexit>

y1 6= 0, y2 = 0
<latexit sha1_base64="fLtw5VH0j45GtYmIhSDmfXo0q7A=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1KSKuhGKLpxWcE+oA1hMp22QyeTODMRYqj+ihsXirj1P9z5N04fC209cOFwzr3ce08Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJGE1kjEI9kMsKKcCVrTTHPajCXFYcBpIxhcjfzGPZWKReJWpzH1QtwTrMsI1kby7b3Ud1Fb0DvkHD+i1C+jC+T4dtEpOWOgeeJOSRGmqPr2V7sTkSSkQhOOlWq5Tqy9DEvNCKfDQjtRNMZkgHu0ZajAIVVeNr5+iA6N0kHdSJoSGo3V3xMZDpVKw8B0hlj31aw3Ev/zWonunnsZE3GiqSCTRd2EIx2hURSowyQlmqeGYCKZuRWRPpaYaBNYwYTgzr48T+rlkntSKt+cFiuX0zjysA8HcAQunEEFrqEKNSDwAM/wCm/Wk/VivVsfk9acNZ3ZhT+wPn8AISOTEQ==</latexit>

SU(3)1 SU(3)1+2

y1 6= 0, y2 6= 0
<latexit sha1_base64="tz4FJvu7wD1CyG8wxUJpN0EYxAw=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwYWUpAq6LLpxWcE+oA1hMp20QyeTODMRQqkLf8WNC0Xc+hnu/BunbRbaeuDCmXPuZe49QcKZ0o7zbRWWlldW14rrpY3Nre0de3evqeJUEtogMY9lO8CKciZoQzPNaTuRFEcBp61geD3xWw9UKhaLO50l1ItwX7CQEayN5NsHme+irqD3yDl9RJlfzR++XXYqzhRokbg5KUOOum9/dXsxSSMqNOFYqY7rJNobYakZ4XRc6qaKJpgMcZ92DBU4osobTQ8Yo2Oj9FAYS1NCo6n6e2KEI6WyKDCdEdYDNe9NxP+8TqrDS2/ERJJqKsjsozDlSMdokgbqMUmJ5pkhmEhmdkVkgCUm2mRWMiG48ycvkma14p5Vqrfn5dpVHkcRDuEITsCFC6jBDdShAQTG8Ayv8GY9WS/Wu/Uxay1Y+cw+/IH1+QO/EJSS</latexit>

SU(3)1+2

If only one y1 or y2 is present, then two SU(3)'s survive, one for the 
gauge bosons (eating the goldstones of one Φi) and one global SU(3)
guaranteeing that the Yukawa does not contribute to Goldstone mass.

If both y1 and y2 present, then only one SU(3) present, and the
goldstones of one combination of Φ1 and Φ2 are eaten, the other 
combination gets a mass from the Yukawa.
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Collective Symmetry Breaking
Example: SU(3)� SU(2)

Gauge full            ⇒ exact symmetrySU(3)

(ignore            again)U(1)Y

LYukawa = y1⇥̄L�1t1R + y2⇥̄L�2t2R

��1⇥ =
1⇤
2

�

⇧⇤
0
0
f1

⇥

⌃⌅ ��2⇥ =
1⇤
2

�

⇧⇤
0
0
! 2

⇥

⌃⌅

�L =

�

⇧⇤
tL
bL

TL

⇥

⌃⌅ t1R, t2R, bR

Both                 required for non-derivative couplings

of PNGB Higgs

y1, y2 �= 0

⇒ exacty1 � 0 SU(3)2 � SU(2)2  and vice versa

SU(3)1+2 SU(3)2y1 = 0, y2 6= 0
<latexit sha1_base64="sWcpkmUHxiPatZOcwVVWnfn78Ls=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1KSKuhGKLpxWcE+oA1hMp22QyeTODMRYqj+ihsXirj1P9z5N04fC209cOFwzr3ce08Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJGE1kjEI9kMsKKcCVrTTHPajCXFYcBpIxhcjfzGPZWKReJWpzH1QtwTrMsI1kby7b3Ud9EFco4fUeqXUVvQO+T4dtEpOWOgeeJOSRGmqPr2V7sTkSSkQhOOlWq5Tqy9DEvNCKfDQjtRNMZkgHu0ZajAIVVeNr5+iA6N0kHdSJoSGo3V3xMZDpVKw8B0hlj31aw3Ev/zWonunnsZE3GiqSCTRd2EIx2hURSowyQlmqeGYCKZuRWRPpaYaBNYwYTgzr48T+rlkntSKt+cFiuX0zjysA8HcAQunEEFrqEKNSDwAM/wCm/Wk/VivVsfk9acNZ3ZhT+wPn8AGsiTEQ==</latexit>

y1 6= 0, y2 = 0
<latexit sha1_base64="fLtw5VH0j45GtYmIhSDmfXo0q7A=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEF1KSKuhGKLpxWcE+oA1hMp22QyeTODMRYqj+ihsXirj1P9z5N04fC209cOFwzr3ce08Qc6a043xbuYXFpeWV/GphbX1jc8ve3qmrKJGE1kjEI9kMsKKcCVrTTHPajCXFYcBpIxhcjfzGPZWKReJWpzH1QtwTrMsI1kby7b3Ud1Fb0DvkHD+i1C+jC+T4dtEpOWOgeeJOSRGmqPr2V7sTkSSkQhOOlWq5Tqy9DEvNCKfDQjtRNMZkgHu0ZajAIVVeNr5+iA6N0kHdSJoSGo3V3xMZDpVKw8B0hlj31aw3Ev/zWonunnsZE3GiqSCTRd2EIx2hURSowyQlmqeGYCKZuRWRPpaYaBNYwYTgzr48T+rlkntSKt+cFiuX0zjysA8HcAQunEEFrqEKNSDwAM/wCm/Wk/VivVsfk9acNZ3ZhT+wPn8AISOTEQ==</latexit>

SU(3)1 SU(3)1+2

y1 6= 0, y2 6= 0
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SU(3)1+2

If only one y1 or y2 is present, then two SU(3)'s survive, one for the 
gauge bosons (eating the goldstones of one Φi) and one global SU(3)
guaranteeing that the Yukawa does not contribute to Goldstone mass.

If both y1 and y2 present, then only one SU(3) present, and the
goldstones of one combination of Φ1 and Φ2 are eaten, the other 
combination gets a mass from the Yukawa.
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Minimal composite Higgs

Minimal bottom up construction

      SO(5) → SO(4) ~ SU(2)L x SU(2)R

27

The Higgs as a composite pseudo-NG boson

strong
sector

Aµ 

ψ

h

G → G’ The Higgs doublet H is the NG boson associated 
to the global symmetry G → G’ of a new strong 
dynamics

[ Georgi & Kaplan, `80 ]

� = exp
�
i�i⇥i(x)/v

�
exp

�
2i T â�â(x)/f

�
T â 2 Alg(G/G0)

Minimal example (with custodial symmetry):

Agashe, RC, Pomarol,  NPB 719 (2005) 165 

R.C.,  DaRold, Pomarol, PRD 75 (2007) 055014; Carena, 
Ponton, Santiago,  Wagner, PRD 76 (2007) 035006; 
Hosotani, Oda, Ohnuma, Sakamura, PRD 78 (2008) 
096002;     Hosotani, Tanaka, Uekusa, PRD 82 (2010) 
115024; Redi, Gripaios,  JHEP 1008:116 (2010); 
Hosotani, Noda, Uekusa,  Prog. Theor. Phys 123 (2010) 
123; Panico, Safari, Serone,  JHEP 1102:103 (2011)

SO(5) → SO(4) ~ SU(2)L x SU(2)R four real NG bosons:

4 of SO(4) = real (2,2) of SU(2)L x SU(2)R

= complex 2 of SU(2)L

At high energies SO(4) is linearly realized

Agashe et. al
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and MCHM10. In section 3 we extend this calculation to other MCHM and derive a generic lower-

bound on the Higgs mass. In section 4 we summarize our results. In Appendix A we give the

explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.

Note added: While this work was in preparation, Ref. [20] appeared, where the Weinberg

sum-rules are also used to link the Higgs and fermion resonance masses and some of the formulas

presented here are also derived.

2 The Higgs mass in the MCHM

In this section, we want to calculate the Higgs mass as a function of the resonance masses of the

strong sector in di↵erent realizations of the MCHM. We will work in the unitary gauge where only

the physical Higgs h is kept and the SM Goldstones are gauged away. We start with the calculation

of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.

2.1 Gauge contributions to the Higgs potential

Working in the limit g0 ! 0, the SM gauge contribution arising from loops of SU(2)L gauge bosons

is given by [5]
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where g is the gauge coupling and ⇧a(p) is the two-point function of the SO(4) conserved current in

momentum space, ⇧a ⇠ hJaJai, and similarly ⇧â for the current associated to the broken generators

in SO(5)/SO(4); for the precise definitions see Ref. [5]. In a large-N expansion, that we will assume

here, these form factors can be written as an infinite sum over narrow resonances:
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where ⇢n and an are vector resonances coming respectively in 6-plets and 4-plets of SO(4), and

F⇢n,an are referred to as the decay-constants of these resonances.
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Potential is fully radiatively generated

Implications of mH = 125 GeV
Agashe et. al
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Potential is fully radiatively generated

Implications of mH = 125 GeV
Agashe et. al

The Higgs-dependent part of the potential Eq. (1) is expected to be finite. Indeed, according

to the operator product expansion, the form factor ⇧1(p) must drop at large p as ⇠ hOi/p
d�2,

where O is the lowest dimension d operator of the strong sector responsible for the SO(5) ! SO(4)

breaking. In large-Nc QCD, in the limit of massless quarks, we have hOi ⇠ hqq̄i
2 and then d = 6,

with the left-right correlator ⇧LR(p) = ⇧V � ⇧A ! hqq̄i
2
/p

4 being the equivalent of our ⇧1(p).

We assume that in the TeV strong sector d > 4, meaning that the integral
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convergent for ⇧0 ⇠ p
2, assuring the finiteness of the Higgs-dependent part of the potential Eq. (1).

This convergence is equivalent to imposing a set of requirements on ⇧1(p), usually known as the

Weinberg sum-rules [9]. These are
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that give two constraints to be fulfilled by the decay constants and masses in Eq. (3). Following

Ref. [10], we can now make the extra assumption of truncating the infinite sum in Eq. (3) to include

only the minimal number of resonances needed to satisfy the sum-rules Eq. (4). One can easily

realize that only two are needed, ⇢1 ⌘ ⇢ and a1. Using the two constraints Eq. (4) we can determine
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking

(EWSB).

1This result is straightforward to obtain in the following alternative way. Requiring that ⇧1 has two poles
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of the gauge contribution to the Higgs potential, that follows closely the original calculation of

the electromagnetic contribution to the charged-pion mass [10]. Then we compute the fermion

contribution which, due to the large top-quark Yukawa coupling, is typically dominant.
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explicit relations between the top-quark form-factors and the correlators of the strong sector, while

in Appendix B we give the e↵ective lagrangian of the top in certain MCHM models of interest.
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and in the calculation of � the infrared divergence has been regularized with the W mass. Notice

that, being ↵ positive, the gauge contribution alone cannot induce electroweak symmetry breaking
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); the
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UV finiteness requires at least two resonances

Similarly for SO(5) fermionic contribution
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and that the first term minimizes for mQ4 ! mQ1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
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requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass
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Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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and that the first term minimizes for mQ4 ! mQ1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
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requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].

6

mass of color vector-like fermions 
with EM charges 5/3,2/3,-1/3

0 500 1000 1500 2000
0

500

1000

1500

2000

mQ1HGeVL
m
Q
4
HG
eV
L

Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf

Contino et al; Pomarol, Riva; 
Matsedonskyi,Panico,Wulzer ; Redi,Tesi; 

Marzocca,Serone,Shu;

where we have used the fact that the physical top mass is given by

mt =
|M

t
1(0)|q

2⇧tL
0 (0)⇧̃tR

0 (0)
hshchi . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule limp!1 M
t
1(p) = 0. This can be

achieved with just one resonance, ����
M

t
1(p)

M t
1(0)

���� =
m

2
Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have

m
2
h �

Nc

⇡2

m
2
t

f 2
m

2
Q , (22)

that provides an upper bound for the resonance mass:

mQ . 700 GeV
⇣

mh

125 GeV

⌘✓160 GeV

mt

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, limp!1 p
n⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |F
L,R
Q4

|
2

(m2
Q4

�m
2
Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M
t
1(p) = |F

L
Q4
F

R ⇤
Q4

|
mQ4mQ1(mQ4 �mQ1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p
2

mQ4mQ1

mQ1 �mQ4e
i✓

mQ4 �mQ1e
i✓

◆
, (24)

where we have defined F
L
Q4
F

R ⇤
Q4

= e
i✓
|F

L
Q4
F

R ⇤
Q4

| and set by a field redefinition F
L
Q1
F

R
Q1

to be real.

Eq. (24) together with Eq. (20) gives 3

m
2
h '

Nc

⇡2

"
m

2
t

f 2

m
2
Q4
m

2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
+

(�F
2)2

4f 2
hs

2
hc

2
hi

 
1

2

m
2
Q4

+m
2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
� 1

!#
, (25)

where �F
2 = |F

L
Q4
|
2
� 2|FR

Q4
|
2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for mQ4 ! mQ1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
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6

where we have used the fact that the physical top mass is given by

mt =
|M

t
1(0)|q

2⇧tL
0 (0)⇧̃tR

0 (0)
hshchi . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule limp!1 M
t
1(p) = 0. This can be

achieved with just one resonance, ����
M

t
1(p)

M t
1(0)

���� =
m

2
Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have

m
2
h �

Nc

⇡2

m
2
t

f 2
m

2
Q , (22)

that provides an upper bound for the resonance mass:

mQ . 700 GeV
⇣

mh

125 GeV

⌘✓160 GeV

mt

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, limp!1 p
n⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |F
L,R
Q4

|
2

(m2
Q4

�m
2
Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M
t
1(p) = |F

L
Q4
F

R ⇤
Q4

|
mQ4mQ1(mQ4 �mQ1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p
2

mQ4mQ1

mQ1 �mQ4e
i✓

mQ4 �mQ1e
i✓

◆
, (24)

where we have defined F
L
Q4
F

R ⇤
Q4

= e
i✓
|F

L
Q4
F

R ⇤
Q4

| and set by a field redefinition F
L
Q1
F

R
Q1

to be real.

Eq. (24) together with Eq. (20) gives 3

m
2
h '

Nc

⇡2

"
m

2
t

f 2

m
2
Q4
m

2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
+

(�F
2)2

4f 2
hs

2
hc

2
hi

 
1

2

m
2
Q4

+m
2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
� 1

!#
, (25)

where �F
2 = |F

L
Q4
|
2
� 2|FR

Q4
|
2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for mQ4 ! mQ1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
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Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass
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where �F
2 = |F

L
Q4
|
2
� 2|FR

Q4
|
2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for mQ4 ! mQ1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].

6

where we have used the fact that the physical top mass is given by

mt =
|M

t
1(0)|q

2⇧tL
0 (0)⇧̃tR

0 (0)
hshchi . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule limp!1 M
t
1(p) = 0. This can be

achieved with just one resonance, ����
M

t
1(p)

M t
1(0)

���� =
m

2
Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have

m
2
h �

Nc

⇡2

m
2
t

f 2
m

2
Q , (22)

that provides an upper bound for the resonance mass:

mQ . 700 GeV
⇣

mh

125 GeV

⌘✓160 GeV

mt

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, limp!1 p
n⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |F
L,R
Q4

|
2

(m2
Q4

�m
2
Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M
t
1(p) = |F

L
Q4
F

R ⇤
Q4

|
mQ4mQ1(mQ4 �mQ1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p
2

mQ4mQ1

mQ1 �mQ4e
i✓

mQ4 �mQ1e
i✓

◆
, (24)

where we have defined F
L
Q4
F

R ⇤
Q4

= e
i✓
|F

L
Q4
F

R ⇤
Q4

| and set by a field redefinition F
L
Q1
F

R
Q1

to be real.

Eq. (24) together with Eq. (20) gives 3

m
2
h '

Nc

⇡2

"
m

2
t

f 2

m
2
Q4
m

2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
+

(�F
2)2

4f 2
hs

2
hc

2
hi

 
1

2

m
2
Q4

+m
2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
� 1

!#
, (25)

where �F
2 = |F

L
Q4
|
2
� 2|FR

Q4
|
2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for mQ4 ! mQ1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs

potential, one obtains that ↵ in Eq. (15) is proportional to �F
2, meaning that the condition ↵ < �

requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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potential, one obtains that ↵ in Eq. (15) is proportional to �F
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Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass
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potential, one obtains that ↵ in Eq. (15) is proportional to �F
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requires small values for �F
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Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].

6

mass of color vector-like fermions 
with EM charges 5/3,2/3,-1/3

0 500 1000 1500 2000
0

500

1000

1500

2000

mQ1HGeVL
m
Q
4
HG
eV
L

Following the same approach
 for the minimal composite PGB Higgs model: hh

 = Decay-constant of the PGB Higgsf

Contino et al; Pomarol, Riva; 
Matsedonskyi,Panico,Wulzer ; Redi,Tesi; 

Marzocca,Serone,Shu;

where we have used the fact that the physical top mass is given by

mt =
|M

t
1(0)|q

2⇧tL
0 (0)⇧̃tR

0 (0)
hshchi . (20)

The convergence of Eq. (19) requires the Weinberg sum-rule limp!1 M
t
1(p) = 0. This can be

achieved with just one resonance, ����
M

t
1(p)

M t
1(0)

���� =
m

2
Q

p2 +m2
Q

, (21)

where Q represents here the lightest resonance, that can either be a 4 or a 1 of SO(4), since this

procedure does not depend on its quantum numbers. We then have

m
2
h �

Nc

⇡2

m
2
t

f 2
m

2
Q , (22)

that provides an upper bound for the resonance mass:

mQ . 700 GeV
⇣

mh

125 GeV

⌘✓160 GeV

mt

◆✓
f

500 GeV

◆
. (23)

To obtain a convergent result for the Higgs mass from the full top-quark contribution of Eq. (18),

we must impose the two pairs of Weinberg sum-rules, limp!1 p
n⇧

tL,R

1 (p) = 0 (n = 0, 2), that require

at least two resonances, Q(1)
1 ⌘ Q1 and Q

(4)
1 ⌘ Q4. We obtain

⇧
tL,R

1 = |F
L,R
Q4

|
2

(m2
Q4

�m
2
Q1
)

(p2 +m2
Q4
)(p2 +m2

Q1
)
,

M
t
1(p) = |F

L
Q4
F

R ⇤
Q4

|
mQ4mQ1(mQ4 �mQ1e

i✓)

(p2 +m2
Q4
)(p2 +m2

Q1
)

✓
1 +

p
2

mQ4mQ1

mQ1 �mQ4e
i✓

mQ4 �mQ1e
i✓

◆
, (24)

where we have defined F
L
Q4
F

R ⇤
Q4

= e
i✓
|F

L
Q4
F

R ⇤
Q4

| and set by a field redefinition F
L
Q1
F

R
Q1

to be real.

Eq. (24) together with Eq. (20) gives 3

m
2
h '

Nc

⇡2

"
m

2
t

f 2

m
2
Q4
m

2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
+

(�F
2)2

4f 2
hs

2
hc

2
hi

 
1

2

m
2
Q4

+m
2
Q1

m2
Q1

�m2
Q4

log

 
m

2
Q1

m2
Q4

!
� 1

!#
, (25)

where �F
2 = |F

L
Q4
|
2
� 2|FR

Q4
|
2. It is easy to see that the second term in Eq. (25) is always positive

and that the first term minimizes for mQ4 ! mQ1 where the Higgs mass saturates the lower-bound

Eq. (22). It is also important to notice that, considering only the top contributions to the Higgs
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requires small values for �F
2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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2. In this limit, the Higgs mass comes entirely from the first term of

Eq. (25). In Figure 1 we show the value of the two lightest resonance masses for a Higgs mass

3A similar expression has also been obtained in the context of deconstructed MCHM [7].
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Figure 3: Scatter plots of the masses of the lightest exotic state of charge 5/3 and of the lightest
eT resonance for ⇠ = 0.2 (left panel) and ⇠ = 0.1 (right panel) in the three-site DCHM model.
The black dots denote the points for which 115 GeV  mH  130 GeV, while the gray dots have
mH > 130 GeV. The scans have been obtained by varying all the composite sector masses in the
range [�8f, 8f ] and keeping the top mass fixed at the value mt = 150 GeV.

T much lighter than the eT can not happen for a light Higgs due to the presence of a lower bound

on the mT� , which will be discussed in details in the next section. In the region of comparable T�

and eT� masses sizable deviations from eq. (44) can occur. These are due to the possible presence

of a relatively light second level of resonances, as already discussed.

The numerical results clearly show that resonances with a mass of the order or below 1.5 TeV

are needed in order to get a realistic Higgs mass both in the case ⇠ = 0.2 and ⇠ = 0.1. The

prediction is even sharper for the cases in which only one state, namely the eT�, is light. In these

regions of the parameter space a light Higgs requires states with masses around 400 GeV for the

⇠ = 0.2 case and around 600 GeV for ⇠ = 0.1.

The situation becomes even more interesting if we also consider the masses of the other com-

posite resonances. As we already discussed, the first level of resonances contains, in addition to

the T� and eT�, three other states: a top-like state, the T2/3�, a bottom-like state, the B�, and an

exotic state with charge 5/3, the X5/3�. These three states together with the T� form a fourplet

of SO(4). Obviously the X5/3� cannot mix with any other state even after EWSB, and therefore

it remains always lighter than the other particles in the fourplet. In particular (see fig. 9 for a

schematic picture of the spectrum), it is significantly lighter than the T� . In fig. 3 we show the

scatter plots of the masses of the lightest exotic charge 5/3 state and of the eT . In the parameter

space region in which the Higgs is light the X5/3� resonance can be much lighter than the other

22

Conclusions

39

Impact on a concrete model (roughly):

Q=2/3

Q=5/3

⇠ = 0.2

mH  = 115 … 130 GeV

from 1204.6333

see e.g. ATLAS-CONF-2013-051

Scan over composite Higgs parameter space
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Deviations from SM Higgs

Analogy with        scattering in QCD:⇡⇡ h $ �

SO(5)

SO(4)

A(WW ! hh) ⇠ s

v2
(c2V � c2V )

c2V c3
cV

9

Q:  why light and narrow ?

A:  the Higgs is itself a (pseudo) NG boson

ex:

Georgi & Kaplan, ’80
Kaplan, Georgi, Dimopoulos

4 NGBs     transforming as a (2,2) of SO(4)~SU(2)LxSU(2)R

f2
����µ ei�/f

���
2
= |DµH|2 + cH

2f2

⇥
�µ(H

†H)
⇤2

+
c�H
2f4

(H†H)
⇥
�µ(H

†H)
⇤2

+ . . .

2.   Scatterings involving the Higgs also grow with energy

Giudice et al.  JHEP 0706 (2007) 045 

Agashe, RC, Pomarol  NPB 719 (2005) 165
Goldstone boson nature
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EW precision tests
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3.5 General bounds on the New Physics scale

Before concluding, let us take a more general approach and consider the contributions to

the EW fit of arbitrary dimension-six NP-induced operators [11, 20, 112]:

Le� = LSM +
⇤

i

Ci

⇥2
Oi . (3.22)

For concreteness, let us use the same operator basis of ref. [11]:

OWB = (H†⌅aH)W a
µ�B

µ� , OH = |H†DµH|2 ,

OLL =
1

2
(L⇥µ⌅

aL)2 , O�
HL = i(H†Dµ⌅

aH)(L⇥µ⌅aL) ,

O�
HQ = i(H†Dµ⌅

aH)(Q⇥µ⌅aQ) , OHL = i(H†DµH)(L⇥µL) ,

OHQ = i(H†DµH)(Q⇥µQ) , OHE = i(H†DµH)(E⇥µE) ,

OHU = i(H†DµH)(U⇥µU) , OHD = i(H†DµH)(D⇥µD) , (3.23)

where we add the contribution of the Hermitian conjugate for operators O�
HL to OHD.

The Higgs field gets a vev ⇥H⇤ = (0, v/
⌅
2)T . For fermions, we do not consider generation

mixing, and assume lepton-flavour universality: C �
HL = C �

HLi
, CHL = CHLi and CHE =

CHEi for i = 1, 2, 3.

The first two operators contribute to the oblique parameters S and T :

S =
4sW cW CWB

�(M2
Z)

� v

⇥

⇥2
, (3.24)

T = � CH

2�(M2
Z)

� v

⇥

⇥2
, (3.25)

where OH violates the custodial symmetry, since it gives a correction to the mass of the

Z boson, but not to that of the W boson. The next two operators yield non-oblique

– 20 –

W,Z

cV

� = 4�v/
q

|1� c2V |

fit from:  GFitter coll. Eur. Phys. J. C 72 (2012) 2205

Barbieri et al. PRD 76 (2007) 115008
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Higgs couplings

Have been measured to 20-30% precision

Expect deviations ~ (v/f)2
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FIG. 1: In green, yellow and gray, the 68%,95%,99% C.L.
contours for the parameters a and c with the most recent data
(table I). Upper plot: ATLAS with data taken at mh = 126.5
GeV (dashed contours correspond to data taken at mh =

125GeV). Lower plot:CMS with data taken at mh = 125GeV.
A flat prior a 2 [0, 3], c 2 [�3, 3] is used.

Pseudo Nambu-Goldstone boson (PNGB) nature of
the Higgs, the couplings between h and the W,Z
gauge bosons are modified as

a =
p
1� ⇠, (6)

where ⇠ ⌘ v2/f2, f being the analogue of the pion
decay constant and v = 246 GeV is the vacuum ex-
pectation value (VEV) of the Higgs field. Interest-
ingly, on the one hand ⇠ ⌧ 1 from constraints com-
ing from electroweak precision data (EWPD); on the
other hand ⇠ is a measure of fine-tuning in these mod-

els2 and is expected to be sizable.

III. SO(5)/SO(4) AND DIFFERENT
FERMION COUPLINGS

While the strong sector alone is SO(5) symmet-
ric, the couplings of elementary fermions to the
strong sector break this symmetry, since the SM
fermions do not fill complete SO(5) multiplets. We
can parametrize these couplings as spurions which
transform both under the SM-gauge group and un-
der some representation r of SO(5) (the well known
minimal models MCHM4 [3] and MCHM5 [4] corre-
spond to r = 4 and r = 5, respectively). Depending
on the size of r, the coupling of h to fermions f might
deviate from the SM as [5]:

cf =
1 + 2m� (1 + 2m+ n)⇠p

1� ⇠
, (7)

where m,n are positive integers which depend on
r. The specific cases with m = n = 0 or m = 0,
n = 1 correspond to the MCHM4 (with c =

p
1� ⇠)

and MCHM5 (with c = (1 � 2⇠)/
p
1� ⇠), where all

fermions share the same coupling structure. Models
with m 6= 0 have deviations w.r.t. the SM of order
unity (in the direction c > 1), even in the limit ⇠ ! 0
and we shall not consider them any further.

In the specific case with c ⌘ ct = cb = c⌧ , the ef-
fects of Eq. (6) and Eq. (7) can be well described in
the (a, c) plane. We compare this theoretical expec-
tation, for m = 0 and n = 0, ..., 5, with the best fit
from the combined results of ATLAS (at mh = 126.5
GeV) and CMS (mh = 125 GeV), for the parameters
(a, c) in fig. 2 (the dashed contours show the same fit
taking the ATLAS data at mh = 125 GeV). We as-
sume that no states, beside the SM ones, contribute
via loop-e↵ects to the hgg and h�� vertices.

Interestingly, representations leading to large n &
4 can fit well the data also in the region with c < 0,
where the rate h ! �� is enhanced, due to a posi-
tive interference between W and t loops in the h��
vertex (the fact that it is possible to have order 1
changes in this coupling, from modification of or-
der O(v2/f2) ⌧ 1 is due to the large n & 4 en-
hancement). To our knowledge, explicit models of

2
The loop-induced potential for the PNGBs is a function of

sin v/f and, without any fine-tuned cancellation, would nat-

urally induce v ⇡ f or v = 0.

cf =
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Light Higgs

light stops1,2, sbottomL,
higgsinos, gluinos, …  

New physics & naturalness

light top partners 
(Q=5/3,2/3,1/3), 
anything else ?

supersymmetry composite Higgs

?
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e.g. Perelstein, Pierce, Peskin
Contino, Servant; Mrazek, Wulzer ;

 De Simone, Matsedonkyi, Rattazzi, Wulzer
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Figure 1: Typical single and pair production diagrams for T5/3 and B for signals with two positively
charged leptons. We notice that for T5/3 the leptons always comes from its decay, while for B they
originate in two di↵erent legs.

and correspond, when going to the unitary gauge and making use of the Equivalence Theorem, to vertices
with the longitudinal EW bosons. From the Lagrangian above it is easy to see that only the B and the
T5/3 partners will be visible in the final state we want to study, which contains two hard and separated
same–sign leptons; the pair and single production diagrams are shown in fig. 1.

The couplings �B = Y ⇤
t

sin 't cos 'q = yt/ tan'q and �T = Y ⇤
t

sin 't = yt/ sin 'q are potentially
large since Y ⇤

t
is large, as we have discussed, and for sure �T � yt ' 1. But they will actually be

bigger in realistic models where the amount of compositeness of qL, sin'q, cannot be too large. The bL

couplings have indeed been measured with high precision and showed no deviations from the SM. Large
bL compositeness would have already been discovered, for instance in deviations of the ZbLbL coupling
from the SM prediction. Generically, corrections �gL/gL ⇠ sin 'q

2 (v/f)2 [11] are expected which would
imply (for moderate tuning v/f /⌧ 1) an upper bound on sin 'q. It is however possible to eliminate such
contributions by imposing, as in the model of [8] (see also [22]), a “Custodial Symmetry for ZbLbL” [23]
which makes the correction reduce to �gL/gL ⇠ sin 'q

2 (mZ/⇤)2. Still, having not too big bL compositeness
is favored and further bounds are expected to come from flavor constraints in the B–meson sector. To be
more quantitative we can assume that sin'q < sin 't, i.e. that qL is less composite than the tR. This
implies sin'q <

p
(yt/Y ⇤

t
) and therefore �T >

p
(ytY ⇤

t
) & 2 and �B >

p
(ytY ⇤

t
� y2

t
) &

p
3. We will

therefore consider �T,B couplings which exceed 2 and use the reference values of 2, 3, 4; smaller values for
both couplings are not possible under the mild assumption sin 'q < sin 't.

Our analysis, though performed in the specific model we have described, has a wide range of applica-
bility. The existence of the B partner is, first of all, a very general feature of the partial compositeness
scenario given that one partner with the SM quantum numbers of the bL must exist. Also, it interacts
with the tR as in eq. (4) due to the SU(2)L invariance of the proto–Yukawa term. The T5/3 could on the
contrary not exist, this would be the case if for instance we had chosen representations Q = (2,1)1/6 and
eT = (1,2)1/6 for the partners (which is however strongly disfavored by combined bounds from �gb/gb and
T), or in the model of [11]. To account for these situations we will also consider the possibility that only
the B partner is present. 2 The existence of the T5/3 is a consequence of the ZbLbL–custodial symmetry,
which requires that the B partner has equal T 3

L
and T 3

R
quantum number. This, plus the SO(4) invariance

of the proto–Yukawa, implies that the T5/3 must exist and couple as in eq. (4). Our analysis, as we have
remarked, can also apply to Higgsless scenarios in both cases in which the custodian T5/3 is present or
not. The results could change quantitatively in other specific models because for instance other partners
can be present and contribute to the same–sign dilepton signal, or other channels could open for the decay

2In this case, our analysis perfectly applies to the model proposed in [11], where the tR is entirely composite, sin 't = 1,
and the coupling is large.
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Phenomenology

Three possible production mechanisms

QCD pair prod.
model indep.,
relevant at low mass

X

X

X

t

single prod. with t
model dep. coupling
pdf-favored at high mass

X
single prod. with b
favored by small b mass 
dominant when allowed

b

comparing production rates:
(7 TeV LHC)
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 Two-body decay modes:

 Current experimental status in a nutshell

1. Almost all decays looked for 

2. Analyses optimized on pair production
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SU(2)L SU(2)twin

Quadratic divergences from SM top quark loops  
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SU(2)L SU(2)twin

Quadratic divergences from SM top quark loops  
cancelled by loops of “Twin” top quarks. 

Twin Higgs

Neutral Naturalness
• Fine tuning from strong bounds on top partners 

• Cancel top loop with uncoloured states? 

56

Global 
Symmetry

Super- 
Symmetry

Twin 
Higgs

Folded 
SUSY

Chacko
Goh
Harnik
2005

Burdmann
Chacko

Goh
Harnik

2006



 80



 81



 82

An example: Twin Higgs
Standard 

Model
Standard 

Model
E.g., weak gauge symmetry is SU(2)us x SU(2)twin

Thanks to Z2, radiative corrections to the Higgs 
mass are SU(4) symmetric: 

h + . . . f � h2

2f
+ . . .

L ⇥ �ytHAQ
A
3 ū

A
3 � ytHBQ

B
3 ū

B
3

[Chacko, Goh, Harnik ’05]

Higgs is a PNGB of ~SU(4), but partner 
states neutral under SM.

There are many more theories of this kind [NC, S Knapen, P Longhi ‘14]

⇠ 4⇡f

⇠ f

Z2

18

V (H) � 9
64�2

g2�2
�
|HA|2 + |HB |2

�

Cancelation
where h = (h1, h2) is the Higgs doublet of the SM

HA = h
ifp
h†h

sin

 p
h†h

f

!
= ih+ . . . , (9)

HB =

0

@ 0

f cos
⇣p

h†h
f

⌘

1

A =

0

@
0

f � 1

2f
h†h+ . . .

1

A . (10)

Now consider again the Z2 symmetric top quark sector, Eq. 3. To quadratic order in h this

takes the form

i�thqAtA + �t

✓
f � 1

2f
h†h

◆
qBtB . (11)

From this Lagrangian, we can evaluate the radiative contributions to the Higgs mass pa-

rameter. There are two diagrams, shown below.

qA

h

tA

h
�t �t

+

h

qB

h

tB

�tf

��t/f

Evaluating these diagrams we find that the quadratic divergence arising from the first

diagram is exactly canceled by that of the second. The first and second diagrams have been

colored di↵erently to emphasize that the particles running in the two loops carry di↵erent

SU(3) charges. The first loop has the SM top quarks which carry SM color. The particles

running in the second loop, however, are twin top quarks charged under twin color, not SM

color.

B. E↵ects on Higgs Physics

In order to understand the implications of this model for Higgs production and decays,

we first determine the couplings of the Higgs to the states in the low energy theory. We

choose the unitary gauge in the visible sector with h1 = 0 and h2 = (v + ⇢)/
p
2 to obtain

HA =

0

B@
0

if sin

✓
v + ⇢p
2f

◆

1

CA , HB =

0

B@
0

f cos

✓
v + ⇢p
2f

◆

1

CA . (12)

7

L ⊃ ytHAt̄AtA + ytHB t̄BtB

A A

A A

A B�

= yth t̄AtA + yt

✓
f � |h|2

2f

◆
t̄BtB + . . .

Same coupling, but not same colour group
for top and top partner! Still: little Higgs like 
cancellation.

Parity symmetry enforces y_t same
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Twin Higgs
• Mirror sector is copy of SM, completely neutral 

under SM interactions 

• Allowed interaction terms:

62

�AB |HA|2|HB |2
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B

Higgs portal

kinetic mixing portal
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under SM interactions 
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�AB |HA|2|HB |2

✏ABFµ⌫,AF
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B

Higgs portal

kinetic mixing portal



Twin Higgs consequences
• SU(3)B confines at  

• Dark sector QCD-like with dark-pions, dark kaons, … 

• Exotic Higgs decays

 84

⇤B > ⇤QCD
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Fig. 23: Simplified Neutral Naturalness parameter space of lightest glueball mass mG0 and top partner mass
in Folded SUSY or the Fraternal Twin higgs. Shown is projected reach of HL-LHC LLP searches for glueballs
produced in exotic Higgs decays [257] in the ATLAS Muon System (red) or in the tracker in association with
VBF jets or leptons from Higgs production (blue, orange). The reach of MATHUSLA (assuming the 200m ⇥

200m ⇥ 20m benchmark geometry of Fig. 1) is shown in purple, and covers the regime of long-lived glueballs
with masses . 15 GeV. Sensitivity in all searches is conservatively estimated by assuming two glueballs produced
per Higgs decay, and dashed contours indicate uncertainties due to details of hidden sector hadronization. See text
for additional details.

main bottleneck for searches with any detector, a more realistic treatment of hidden sector hadronization
would only improve all reach projections. This makes our assumption suitable for a pessimistic estimate
of the LHC’s ability to probe Neutral Naturalness. Since the 0

++ glueball is the state with the shortest
lifetime, the fraction of glueballs that end up in the 0

++ state is another important factor in estimating
the LLP signal rate. However, the large ratio between the lightest glueball mass and the hidden QCD
string tension suggests that 0

++ states form a majority or at least a significant fraction of the produced
states [260], based on modeling of hadronization processes as thermal emissions [261]. In Fig. 23 we
therefore assume that the 0

++ and other glueball fractions are given by spin-weighted Boltzmann fac-
tors for all kinematically available states. The dashed contours indicate the variation of reach estimates
from varying that 0

++ up or down by a factor of 2. Finally, vertical solid (dashed) lines show where the
production rate of 0

++ glueballs may be additionally enhanced or suppressed due to non-perturbative
mixing effects [256].

This simplified model of Neutral Naturalness then produces the signal of LLP pair production
in exotic Higgs decays, with subsequent LLP decay through the Higgs portal. (See also Sec. 8.2.) As
explained in [257], there are three particularly promising search strategies using the HL-LHC main detec-

62

�85

New signature: exotic Higgs decays

Long-lived Glueballs;  
lightest have same  
quantum # as Higgs 

Glueball mass

Tw
in

 to
p 

m
as

s

1806.07396



(MS)x(MS or IT) (VBF h→bb) x (IT, r > 4cm)

(1 lepton) x (IT, r > 50μm) MATHUSLA TLEP Br(h→invis)

0 10 20 30 40 50 60

200

400

600

800

1000

1200

1400

200

400

600

800

1000

1200

1400

1600

1800

2000

mG0 (GeV)

m
t∼
(G
eV

)i
n
Fo
ld
ed
S
U
S
Y

m
T
(G
eV

)i
n
Tw
in
H
ig
gs

s = 14 TeV, 3000fb-1, N > 4

Fig. 23: Simplified Neutral Naturalness parameter space of lightest glueball mass mG0 and top partner mass
in Folded SUSY or the Fraternal Twin higgs. Shown is projected reach of HL-LHC LLP searches for glueballs
produced in exotic Higgs decays [257] in the ATLAS Muon System (red) or in the tracker in association with
VBF jets or leptons from Higgs production (blue, orange). The reach of MATHUSLA (assuming the 200m ⇥

200m ⇥ 20m benchmark geometry of Fig. 1) is shown in purple, and covers the regime of long-lived glueballs
with masses . 15 GeV. Sensitivity in all searches is conservatively estimated by assuming two glueballs produced
per Higgs decay, and dashed contours indicate uncertainties due to details of hidden sector hadronization. See text
for additional details.
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Twin Higgs pheno
• Twin parton shower -> Emerging Jets  

• Signature of dark sector with long lived states

 86

Schwaller, Stolarski, AW ‘15
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pp ! qdqd

�89

Decay lifetime of ~ cm

Exponential decay profile: Several  
displaced vertices inside a jet 
“cone” (or calo-jet)

No/few tracks originating from 
interaction point 
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Look for Hcal-jets with no/few 
tracks below distance to inter-
action point (inside circle)

New ‘track-less’ signature

Universal for a large class of 
displaced physics
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Emerging jets search

7. Results 11
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Figure 6: Signal exclusion curves derived from theory-predicted cross sections and upper limits
at 95% CL on the signal cross section for models with dark pion mass mpd = 1, 2, 5, and 10 GeV.

“Mediator particles with masses between 400 and 1250 GeV are excluded 

for dark hadron decay lengths between 5 and 225 mm.” 


[CMS PAS EXO-18-001]

Amazing work by UMD CMS team (Belloni, Eno, Jeng, … ) 



“Is neutral naturalness the beautiful 
reason we haven’t seen anything, or the 

last desperate hope of theorists?”

G. Giudice
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Relaxion

 93

ION



Relaxing towards the Fermi 
scale

SM + axion + mHiggs2(axion-field) + driver  
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Relaxion paradigm

A technically natural solution to the hierarchy problem 
Uses dynamics, not symmetries 

Still at the drafting stage, but a very interesting framework

P.W. Graham, D.E. Kaplan, S.Rajendran ‘15  
(earlier work by Abbott 85, G.Dvali,A.Vilenkin 04, G.Dvali 06)  
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Relaxion paradigm

A technically natural solution to the hierarchy problem 
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QCD axion doesn’t work:                      due to tilt 

Add new QCD’ group => new weak-scale signals! 

Add additional scanning field => no collider 
signals!

✓QCD ⇠ 1

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant ‘15 

Some points of concern:

g ⇠ 10�27GeV

N > H
2
/g

2 ⇠ 1045

�� ' 1041GeV

UV completion ?

inflation ?

large field excursions
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The future
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Or …
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How far can we go?
Can I get an App for that?
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Collider-Reach Projections

Coupling constants & other prefactors mostly cancel in 
the ratio.  
 
Dependence on M and on √s mostly comes about 
through parton distribution functions (PDFs) & simple 
dimensions.

Nsignal-events(M2
high, 14TeV,Lumi)

Nsignal-events(M2
low, 8TeV, 19fb�1)

= 1

G. Salam, AW cern.ch/collider-reach
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Z’ example

2.1 A Z’ example

From e.g. ESW (p. 304, eq. 9.8)

d�

dm2
=

Z
dx1dx2 [f1(x1)f2(x2)] �̂0(ŝ)�(m

2 � ŝ2), (2.3)

with the leading order partonic cross-section for a Z 0

�̂0(ŝ) = C
ŝ

(ŝ�M2
Z0)2 + �2

Z0M2
Z0

, (2.4)

where C contains couplings constants and numerical factors. We get

d�

dm2
=

X

ij

Z
dx1dx2 fi(x1)fj(x2)�(m

2 � ŝ2) �̂0(ŝ), (2.5a)

=
X

ij


⌧

Z
dx

x
fi(x)fj(⌧/x)

�
C

(m2 �M2
Z0)2 + �2

Z0M2
Z0

(2.5b)

For a narrow peak we get for the total cross-section using (2.1a) and (2.2),

� ⇡
Z

dm2
X

ij

Lij(m
2, s)C

⇡

�Z0MZ0
�(m2 �M2

Z0) (2.6a)

=
1

m2

X

ij

C 0Lij(m
2, s) (2.6b)

= N(m, s) (2.6c)

where we have assumed that �Z0 / MZ0 . How to get threshold e↵ects right? Assume we are far o↵
the peak �̂0 / 1/ŝ4 and locally N(m, s) ⇡ (m/s)p, d�

dm2 / 1/m2N(m, s)

hm2i =
Z

dm2

✓
m2 d�

dm2

◆
/

Z
dm2 d�

dm2
(2.7a)

3 Post-dicting LHC Limits

In this section we show how well we can post-dict (expected) LHC limits.

4 The error of our ways

5 Comparison to Projections to Higher Energy and Luminosity

It is interesting to compare our method to recent projections for the LHC and future hadron machines.

Acknowledgments
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“Particles, Strings and the early Universe”, by ERC advanced grant Higgs@LHC and by EU ITN grant
LHCPhenoNet, PITN-GA-2010-264564. GPS wishes to thank Princeton University for hospitality
while part of this work was being carried out.
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2 � ŝ2), (2.3)

with the leading order partonic cross-section for a Z 0

�̂0(ŝ) = C
ŝ
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the peak �̂0 / 1/ŝ4 and locally N(m, s) ⇡ (m/s)p, d�

dm2 / 1/m2N(m, s)

hm2i =
Z

dm2

✓
m2 d�

dm2

◆
/

Z
dm2 d�

dm2
(2.7a)

3 Post-dicting LHC Limits

In this section we show how well we can post-dict (expected) LHC limits.

4 The error of our ways

5 Comparison to Projections to Higher Energy and Luminosity

It is interesting to compare our method to recent projections for the LHC and future hadron machines.

Acknowledgments

We wish to thank C. Grojean, M. Mangano, J. Rojo, Z. Ligeti, and X. XX for helpful discussions.
This work has partially been supported by the Collaborative Research Center SFB676 of the DFG,
“Particles, Strings and the early Universe”, by ERC advanced grant Higgs@LHC and by EU ITN grant
LHCPhenoNet, PITN-GA-2010-264564. GPS wishes to thank Princeton University for hospitality
while part of this work was being carried out.

– 3 –

 1

M2
⇥ parton-luminosity

narrow width approx.Lij

 107



Z’ example

2.1 A Z’ example

From e.g. ESW (p. 304, eq. 9.8)

d�

dm2
=

Z
dx1dx2 [f1(x1)f2(x2)] �̂0(ŝ)�(m
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(ŝ�M2
Z0)2 + �2

Z0M2
Z0

, (2.4)

where C contains couplings constants and numerical factors. We get

d�

dm2
=

X

ij

Z
dx1dx2 fi(x1)fj(x2)�(m
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In this section we show how well we can post-dict (expected) LHC limits.

4 The error of our ways

5 Comparison to Projections to Higher Energy and Luminosity

It is interesting to compare our method to recent projections for the LHC and future hadron machines.
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 1

M2
⇥ parton-luminosity

narrow width approx.Lij
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Instead of cross section ratio, use parton luminosity ratio

Equation we solve to find Mhigh is then

Lij(M2
high, shigh)

Lij(M2
low, slow)

⇥ lumihigh
lumilow

=
M2

high

M2
low

The tools we use for this are  
LHAPDF and HOPPET 

most plots with MSTW2008 NNLO PDFs

Lij(M
2, s) =

Z 1

⌧

dx

x
xfi(x,M

2)
⌧

x
fj

⇣⌧
x
,M2

⌘
⌧ ⌘ M2

s

i & j parton 
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Does it work?
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Implications for searches
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From your iPhone/Android 
(or a generic browser) 
cern.ch/collider-reach
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the last word…
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Four Lessons
1) How could I do anything without knowing 
everything that had already been done? […]  pick 
up what I needed to know as I went along. It was 
sink or swim. […] But I did learn one big thing: that 
no one knows everything, and you don’t have to. 

2) While you are swimming and not sinking you 
should aim for rough water. […] My advice is to go 
for the messes — that’s where the action is. 

Scientist: Four golden lessons
Steven Weinberg, Nature 426, 389 (27 November 2003) 



Four Lessons
3) Forgive yourself for wasting time. […] in the real 
world, it’s very hard to know which problems are 
important, and you never know whether at a given 
moment in history a problem is solvable [...] get 
used […] to being becalmed on the ocean of 
scientific knowledge.

4) Learn something about the history of science 
[…] As a scientist, you're probably not going to get 
rich. […] But you can get great satisfaction by 
recognizing that your work in science is a part of 
history.

Scientist: Four golden lessons
Steven Weinberg, Nature 426, 389 (27 November 2003) 



• No signs of new physics have appeared so far. 


• The Higgs fine-tuning puzzle is as puzzling as ever. Do we 
simply live in a (mildly?) fine-tuned universe? Or is there a 
subtle solution? 


• Themes of recent years: search for electroweak or neutral new 
particles at colliders to exhaust possibilities; intriguing 
possibilities for connections of the weak scale with 
cosmology. 


• Amazing landscape of experiments: LHC, dark matter, EDMs, 
flavor physics. New physics discovery could come at any time! 


