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The Standard Model — A success story
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Strong arguments in f(l)avour of New Physics!

Observations for in SM: v-oscillations, Dark matter,

baryon asymmetry of the Universe

How to unveil the NP model at work?

=Test SM symmetries with flavour observables:
(c)LFV, lepton flavour universality violation, ...

v-oscillations 1st laboratory evidence of New Physics!
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2 New mechanism of mass generation? Majorana fields?
B New sources of CP violation?

Several experimental puzzles remain:
2 Absolute mass scale?

2 Mass ordering? (NO vs 10)
& CP violation maximal?
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Making neutrino masses

Neutrinos oscillate = neutral lepton flavour violated, neutrinos are massive,
new sources of CPV?

Extend SM to accommodate v, <+ v, : ad-hoc 3 v = Dirac masses, “SM,, ”, UpmNs

In SM,,, : flavour-universal lepton couplings, lepton number conserved

cLFV possible ... but not observable! BR(u — ey) « | Z U;'U -m2/m%,| N

Gl
7
EDMs still tiny... (2-loop from 6.p, |d,| ~ 10~ecm) b & (\!JJV
1% m s
. Uik V7L U .
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Making neutrino masses

Neutrinos oscillate = neutral lepton flavour violated, neutrinos are massive,
new sources of CPV?

Extend SM to accommodate v, <+ v, : ad-hoc 3 v = Dirac masses, “SM,, ”, UpmNs

In SM,,, : flavour-universal lepton couplings, lepton number conserved

cLFV possible ... but not observable! BR(u — ey) « | Z U;'U -m2/m%,| N

P [
:
EDMs still tiny... (2-loop from 6.p, |d,| ~ 10~ecm) b & (\!JJV
l; m ¢;
- v Usk !
. . - Mpr _ ¢
Nothing forbids an additional mass term of the form £ 2 N UpUp |
. . : : : e W
= Neutrinos become Majorana particles — also SM-like neutrinos: &£ 4 ~ —— Uy L}
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Making neutrino masses

i
L (HLHL
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: AT e . s
Effective mass term & 4 ~ S Uy v from Weinberg operator: £~ ~

Different realisations: 0}, ., ~ (L H)(L'H), OtsypeH ~ (Lo L)H o, H), O .~ (Lo, H)L c,H)

typel typelll
vy, A H vy, 4 H Vj, ”,’ H
VR __4___{, n 2R
MR \\ ME
Vp vy, \\ H ER
~ b Y R V ~ i~ g P
Vv S L “~ g
Type | (fermion singlet) Type |l (scalar triplet) Type lll (fermion triplet)
I Wi i Dy LA il T
Mass terms: m, ~ —v°Y, —Y , RN N NG N Ys
M M? 2M.
R A 2

Countless more possibilities with higher odd-dimensional operators or loop-level realisations...

(Actually they are countable, see e.g. [John Gargalionis and Ray Volkas: 2009.13537 ]
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https://arxiv.org/abs/2009.13537

Making neutrino masses

Mechanisms of 12, generation: account for oscillation data
and ideally address SM issues — BAU (leptogenesis), DM candidates, strong CP, hierarchy,...

Many well motivated possibilities, featuring distinct NP states (singlets, triplets)

Realised at very different scales AEW il AGUT

= Expect very different phenomenological impact
Compare “vanilla” type | seesaw vs. low-scale seesaw:

High scale: (10915 GeV) Low scale: O(MeV - TeV)
Theoretically “natural” Y” ~ 1 Finetuning of Y (or approximate LN conservation)
“Vanilla” leptogenesis L eptogenesis possible (resonant, ...)
Decoupled new states New states within experimental reach!

Collider, high-intensities ( “leptonic observables”)

= low-scale seesaws (and variants) non- decoupled states modified lepton currents'

(Also expect tight constraints)
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Introducing Left-Right: Motivation

Features: Mohapatra, Senjanovi¢ ‘75

2 Combination of type | & type Il seesaw mechanism, new states ~ O(TeV)

2 Can address the strong CP problem (see e.g. [2107.10852])

2 Lightest right-handed neutrino can be a Dark Matter candidate [2312.00129]

2 Low(ish)-scale leptogenesis can be implemented [C. Hati et al. 18]

2 Left-right symmetry &, = SU3). ® SUR2); ® SUR)r ® U(1)5_,
appears in the breaking of GUTs, e.g.:

SO(10) - SU4), ® SUQR); ® SU2)x ® U)g_; = €1 = Can
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https://arxiv.org/abs/2107.10852
https://arxiv.org/abs/2312.00129
https://www.frontiersin.org/articles/10.3389/fphy.2018.00019/full

These core ideas can be realized in many ways!

Minkowski ('77); Yanagida ('79); Glashow & Levy ('80); Gell-Mann et al., ('80); Mohapatra & Senjanovi¢ ('82); + many others

—
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Introducing Left-Right: Motivation

Features: Mohapatra, Senjanovi¢ ‘75

2 Combination of type | & type Il seesaw mechamsm new states ~ O(TeV)
NS~—0W "

2 Can address

B Lightest righ 2 [2312.00129]
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appears in the breaking of GUTSs, e.g..

SO(10) - SU4), ® SUR); ® SU2)x ® U)g_; = €1 = Can
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Introducing Left-Right: Motivation

Features: Mohapatra, Senjanovi¢ ‘75

2 Combination of type | & type Il seesaw mechanism, new states ~ O(TeV)

2 Can address the strong CP problem (see e.g. [2107.10852])

2 Lightest right-handed neutrino can be a Dark Matter candidate [2312.00129]

2 Low(ish)-scale leptogenesis can be implemented [C. Hati et al. 18]

2 Left-right symmetry &, = SU3). ® SUR2); ® SUR)r ® U(1)5_,
appears in the breaking of GUTs, e.g.:

SO(10) - SU4), ® SUQR); ® SU2)x ® U)g_; = €1 = Can

2 Or can appear spontaneously by gauging parity: [A. Maeizza and F. Nesti 2111.11076]
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https://arxiv.org/abs/2107.10852
https://arxiv.org/abs/2312.00129
https://www.frontiersin.org/articles/10.3389/fphy.2018.00019/full
https://arxiv.org/abs/2111.11076

Introducing Left-Right: Motivation

Goals:
2 Go back to the diagonalisation of the Lagrangian beyond simplifying
assumptions
2 Cast all Lagrangian parameters in physical and measurable parameters
2 Include NLO QCD Corrections
2 Implementation in Feynrules for more precise signal modelling in Collider

physics
With Miha Nemevsek and Fabrizio Nesti: 2403.07756

See also: https://sites.google.com/site/leftrighthep

Jonathan Kriewald 19/06/2024


https://sites.google.com/site/leftrighthep

Introducing Left-Right: Model overview

SM Gauge group is extended: &y r = SU3). ® SU(2); @ SUR2), ® U(1)5_;

Right-handed SM fermion singlets are promoted to SU(2),-doublets

= Add RH neutrinos, U(1)z_;-anomalies automatically cancelled

Scalar sector: different (minimal) possibilities, bi-doublet + 2 doublets
or (like here) bi-doublet + 2 triplets

Physical spectrum: SM + Np, W5, Zp, A;—gi ISR NI R

Jonathan Kriewald 19/06/2024



Field content: %,z =SU®B),. ® SUQR),QSUR),QU(1)z_;

: U v .
Fermions: Q; » = <d>LR , Ly g <Lﬂ> (3 generations)

I~
AL,R -5 lAL,R

V2

Ga
Gauge Fields: SU(2); p-gauge fields, A; , = AﬁR? , Af R =

U(l)s_;-gauge field B+ QCD SU(3).

(Complex) AT; Ay
Scalar Fields: SU(2),; z-gauge triplets, A; p = o 3% 173,12 sptralmilebey) .
RO-S L Ta0
NG
O ¢+
SU(2), g-gauge bi-doublet, ¢ = " 20 (, 2,2, 0)
¢r b
B—-L

Electrical charge: O = TS + Tg + 5




Diagonalising the Lagrangian: Gauge sector

Higgs Mechanism: Scalar multiplets acquire vevs at

e 0 0 p
() = <01 d ) (Apr) = <v 0> Withv=\/v12+v22=246GeV, tanf = —=
1%) ’ L.R

'a
Leading to masses for gauge bosons from the scalar-kinetic terms:
Zin = DG 1" + | DALI" + | DA

D' = 0" — ig(Al'p — pAR)

DFAp g = 0D g — iglA} po Ap gl —ig'B*Ap ¢

(Order of fields matters due to matrix representation)

Manifest left-right model: g; = gp = g leads to conservation of € or &
(more on this later)
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Diagonalising the Lagrangian: Gauge sector

Charged gauge fields mass matrix:

Af g’ Big e ~'%? sin 28 v
(A 9A )M2 = ]\42 = _V2 , T
. "LR \ A¥ Wer 0 R\ elag2gin 2 Incfrig? VR

AT VV+
L L L L [ ] L q L o L
My, . is diagonalised with a unitary rotation: (A,'{) — UW< +>

et 104
with UW = e : 4 e* M‘%VL )
_Séela Cf and Sf as 7S2ﬁ = _SQ,ﬁ (Up to @(6 ))

Mixing controlled by f = arctan(v,/v;)
The mass eigenvalues then become:

. ) Input parameters: MWL ; MWR ,tanf,a, g
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Diagonalising the Lagrangian: Gauge sector

Aszp g2 e =¥ 0 o’
2 pR 2 -
(A3L9 A3R9 B) MZL,R A3R — MZL,R e TVR —62 4 o 62 =] r = E
B NG Ve
Az A
MZL,R is diagonalised with an orthogonal rotation: [ A,, | = 0, Z
B ZR

The mass eigenvalues then become: pieng g’ [
S Mixing is fixed:

My=0, M = (Up to O(e?)) - 0
A ZL 1 I T ’ p 0, — ( s:: swt:) _\/Ci_w)
U1 422 Vo VCrwtw tw
2(1 + 1) ¥ A
M, ~ oy \/ + 7 € e |
Z = 8K "8+ 2 T R

\O ngﬁtw Czw )
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Diagonalising the Lagrangian: Gauge sector

-0 sV
MA N MZL -~ \/1 I . 5
From the mass eigenvalues: 14272
2
€
M, ~ v\/2(1+r2) 14
e 8(1 + r2)2
M s
WL w
We can fix ¢, and therefore r in the on-shell scheme: ¢, = =14 —
g MZL CQW
M2
Using My, , M, and g as input parameters: — o TN
\ oM}, — M3

N €2MWR M‘%,L
ZR 4\/5 (2M%VL_M%L)3/2
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Diagonalising the Lagrangian: Gauge sector

Input parameters: MZL , MWL : MWR ,tanf,a, g

My, , M, and g take their measured values and define s,,, @,, etc...

MWR is limited by direct searches to be MWR > 6 TeV

Measurements of the neutron EDM d, limit sina tan 28 < 5.8 X 10~%  [2107.10852]

IR
d, x> —— sinlg tan2p
Zmb

Dominant decay channels: BR(WIIQ—F — q,47) =75 %, BR(W}'gF — EN) ~ 24 %

BR(Zz — q4) =~ 55%, BR(Z, = NN) ~ 17 %, BR(Zz = W, W, h) ~ 12 %

(mg5_aMC with default parameters)
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https://arxiv.org/abs/2107.10852

Diagonalising the Lagrangian: Scalar sector
Scalars are complex

( A S )
SO, V2 e o T b7
" 0 : 0 Afr | - dr v, + Re@ + ilm¢g)
\ /

= some of the pseudo-scalar excitations are eaten by the (massive) gauge bosons

The most general &- (and 6’-) symmetric potential is given by:
Pip—dt, Ao Ag G- T, A o AS
V=t le'e] - ([06] + [¢'0]) -4 ([asal] + [Arak])
+ 1 [616] + s ([dxzﬂ] 30| )+A3 (361] [876] + A [s70] (|d0'] + [64])
+p ( A, A‘f [agal, ) o2 ( | [aLal] +[agar] [ARAL]) +0s |aLAL] [azAL]
+oa (a0 ] [A* A“] [ A} [ ])+a1 o'd] ([a:aL] + |[8%])
+ (oo ([60'] 8,81 + [9'6] [Anah]) +he) +an ([e0'a,01] + [¢lenna}])
+ 6 ([¢0rs'al] + [618,0a%]) + 82 ([daro'AL| + 618,088 ) + 65 ([oard'al] + [¢'a,805))
In the case of €, additional phases appear:
= the parameters p,, 1, , 4,4, p4 and B, can now be complex, in & only a, carries the phase 9,
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Diagonalising the Lagrangian: Scalar sector

The most general &- (and 6’-) symmetric potential is given by:
V=2 [o'¢] -3 ([66] + [316]) — i3 ([a,A}] + [apAl])
2 o] + ([M] Ca [610] )+ a [d07] [61] + xa [o'] ([30'] + [5])
+p ( A, A“ [agalk ) +p2([agaL] [alal] + [agag] [aRAL]) +ps [a,aL] [AzAL]
+ou([as ] [A* A*] [A* AL] [Anag]) +ou [o0] ([8,81] + [ArAE])
+ (a2 ([00'] [AsaL] + [§16] [AgAL]) +1i) + aa ([06'8,8L] + [4'08,%])
+ 81 ([0aro'al] + [o1a,00%]) + 82 ([$are'al] + 61, 0a%]) +8s ([oard'AL ] + [s7a,04%])

e i 07/ i
The minimisation conditions — = 0 and > (0 lead us to:
l. 0S,0S;
82 . € VR 0
2 _ 9 . 2 B ).2 v = (—Bltg cos(a — 6p)
pi = 2 (A1 + s2pCadg) v° + (al 3 s | VR (1 + tg) (2p1 — p3)
2
p3 = (s25 (2c20A2 + A3) + Ag) v? + B2 cos(0L) + B3t cos(2a — 0L)> :
1 ( to ﬁ)
+ — | 2cq+5,002 + 3 'URa h Y
2¢q 2¢q For exact solvability we assume f; = v; = () and

2 2
s = (01 + (205, 00825 + 355)) V7 + 2010, keep only the phase 0, (no impact on collider pheno)

Sa
38, = - (Qstap +4(As = 2X9) 83p€°) . In any case: v; KV <K vp =~ O(TeV)
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Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Let’s start with the “easy” ones that don’t mix (in units of vp) :

C B
m2A41%+ — 4P2 + Cifoz362 , Vi = 0= no MiXing of AL 3 A;_I_
B

m2A-1l;_+ = (p3 —2p1) —

4
2 2 2
m’+ = (p3 — 2p1) — aze”,
2 2 (tg _ 1)

MmAo =mie = (p3 — 2p1) + saptapsacse’

Take as input parameters: Mp++ 5 Mpg (and tan f and &), solve for P23

p1 and a; are fixed by other masses
= Mass spectrum of A; follows a sum rule:

C
2 2 2 2 2 28
Mmiir —Mit =ML —Mro =V 03—

AT AT AT A7 9
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Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Now the singly charged scalars:

Lo 3% —ia t2p —1 588
b Gy € 0y —eeT S
N R R e > > ot 2
(D1, by, Ag) M | 7 | with M7 = azvg | —efe™22 - €=
ar :
AR \—eems—‘; €% 228 )
M, is diagonalised with a unitary rotation (up to O(€?) :
—e g, ) 1 0 0 1— €282, 0 228
¢+ T Ui = e’f’ig 605 Sﬁ 0] (0 —1+%€2C%g e\c/zf 4O v 1 \g
1 SOL 0 0 1 0 __€cap 14122 _€28 ) 1 _ 122
¢+ —U H+ 2 + 7€°¢C5p /2 1€ 853
2 + cg € “sg 0 0 0 e '@sg o [ —4dcgshy —e"@sgcis 0
A+ SO_I_ ~ |e%sp —cg 0 |+ < 0 0 cg + < —4ei°‘s[fc4ﬁ c5c§ﬂ ’ 0
R i 0 0 -1 V2 e®sog —cop 0 2 0 0 1

= qﬂz_:R are the goldstones of WER and remain massless

3/2

The remaining (fixed) mass is Qs 9 Czé
mg+ >,/ —vr |1+ e ——

62[3 4
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Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

Goldstones are decoupled in an independent rotation

We are left with 4 neutral states in the basis (Reg, ReA%, Re@,q, Im@,)

4€? (t2coa—1) (Aa(t24+1)+8Xatca )  4t?e?sgq (Aa(t?+1)+8Aates ) \

( 9 dteq (Aa(t2+1)+4ztcq ) B t2X (2 —s2a46,/55, )
de (Al T (t2+1)* 2e | an (t2+1)* (t2+1)* (t2+1)*

2 % (al . t2X(t2(—sza—|)-gz /852) ) Y 2tXe(t20za —1))S2a+52 /852 2t3Xe.z2asa;_252 /352

t241 t24+1 t241

m —

0 42 (t202a—1)()\4(t22+1)+8)\2tca) 2tXe(t2c2a—1)52a+52 /55, X+ 16A262(t2023—1)2 16>\2t2e232a(t202a—1)

(t2+1) (t2+1) (t2+1) (t2+1)
4t2€232a ()\4(t2+1)+8)\2tca) 2t3XeSaSa+52 /552 16>\2t26232a (tzcza—l) X 16)\2124623%(1
\ (251)° (21)° (2)? MGk

First we decouple the SM-like Higgs / from the rest via a 2-1 rotation around 6:
64)\2?52(% 16\ 4tc,,

2 2 N2
m; = v° | 4\ + —Y6
h ( 1 (t2 i 1)2 2 +1 )

é—g— &+Xt2(1—t2)sin(2a—|—52)
e \Y Y 1+4¢2 sin(d5)

my, and 0 will be taken as input to solve for 4, and «;

Jonathan Kriewald
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Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

We are left with 4 neutral states in the basis (Reg, ReAY, Re@,o, Im@,))

Remarkably, setting A; = 24, allows to determine the remaining rotations exactly:
We rotate (Reg, o, ReAd, Regy, Imgyy)! = Oy(h, Ag, H, A)!

5 2 2X (t* —t? 594
=€l =05 =€ a1 _ ( S2 +252/852)
Y Y (82 +1)

Y

¢E€2é5931=6

o (t2Coa — 1) [32tcaAa + 4As(1 + t2)
(1 +£2)2 X

s 530 [32cado+ AN +1) - hpart of RAR : 0 =621~ —(On)z,1,
1+ t2)2 e —2t050+5,/56, | 5 H part of RAr: n =603 = arcsin[(On)2,3/co],

h part Of §R¢20 . ¢ = 931 ~ —(ON)3,1 ,

— 2t58a+52/852:| ,

94126

2
034 = cot™ ! [cot(2a) — Csct(2 a)] ,
n=b3 = _Liant X eV/t! — 2cpat® + 15a+6,/5s,
2 (t2 4+ 1)2 (Y§262 . 16(154—?522:}12)—2{—1)}\252 x4 Y)

Mixing angles also control scalar
couplings to SM-gauge bosons & quarks!

Jonathan Kriewald 19/06/2024
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Diagonalising the Lagrangian: Scalar sector

Inserting the minimisation conditions into 7" gives us the mass terms...

We rotate (Reg, ReA%, Re@s, Imqon)T = Op(h, Ap, H, A)! and get the mass eigenvalues:

64\t 2 16 \4tc ~
m2 =€ [ 4\ + ———2¢ 4 22 _y§? |,

. 16X (t* — 2cat2 +1) ) |

ma =Y +sec(2n) [ (Y — X)s,z7 + €2 <Y02 37 — 2 T —|—Cl2)2 ) 3727)
’ . 16Xs (t4 — 2coat> +1) ) |

mi = X —sec(2n) [(Y — X)s; + € (Y92 2 — 2 @+ 12)2 )c%)

mﬁzX,

The masses m,, , m, , my, m, are taken as input parameters to determine the potential

C2
And we get another sum rule: m?ﬁ — ?4 = 02a37ﬁ ~ 0(150 GeV)2

Mass splitting |mH mA | must be small to ensure perturbativity of 4, : |mH mA | < 16v7?
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Diagonalising the Lagrangian: Fermions

The various vevs in the model induce tree-level mass terms for all fermions:
Only the bi-doublet couples to quarks, giving masses to up- and down-type quarks

£4 = Qy (Yy0+Y,0) Qp + He,
£ =Ly, (Yoo +Yed) L+
+ Lioo AL YM L) + Ligioo AgYA! L'y + Hee..
Which are diagonalised as:
Mu:UuLmuU,lR, Md:UdLmdUC‘;R

From these mixings we can define the CKM and its right-handed (measurable) analogue:

M,,
Mg

Y,v1 + Y, e "oy
—Y, e vy =Y, v

e UT Urs /= UT #Uar (Vg can has additional phases in the case of €)

The quark Yukawas are then fully Yo = v2 — 2 (My w1+ e7** Mg vp)
determined from measurable inputs: 3 1 |
quark masses and mixings Y, =——5—5 (Mgvi + € *M, vs)

U1 — Uy
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Diagonalising the Lagrangian: Fermions
Both triplets and the bi-doublet induce mass-terms for the leptons:

My=—=Ywne+ Y, Mp=Yw —Yme ™, M, =v Y}, My=vply

In which M/, is a mass-term between LH and RH neutrinos, M; and M, are Majorana

The charged lepton mass M, is easily diagonalised: Me = Uer my UETR

1 .
Yg:v2—v (Mpv1 + Mge *“vs)

And the Yukawas of the bi-doublet are given by: ' 12 |
Y =—— Z(Mgvl—l—MDew"vg)

Due to M, LH and RH neutrinos mix with each other, we need to diagonalise the mass matrix:
My = (71 Vr ME Mg ,,;%
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Diagonalising the Lagrangian: Fermions

Due to M}, LH and RH neutrinos mix with each other, we need to diagonalise the mass matrix:
’/_Z,Mnxc_ (]7 ch) ML MD VL
R = VL PRI\ MY MR ) \ v

Majorana mass matrix is complex symmetric: (block-) diagonalised via Autonne-Takagi factorisation:

WM, W = (mlight 0 )

0 Mheavy

Perturbative diagonalisation (expand in My 1) gives us:
—1 AT
M, ~ M — MpMp Mp, My ~ Mg
In which the blocks are diagonalised via the unitary matrices V, and V)

VVTMVVV — dia’g(mV17mV27mV3) 9 VJEMNVJTT — dia’g(mN17mN27 mN3)
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Diagonalising the Lagrangian: Fermions

Due to M, LH and RH neutrinos mix with each other, we need to diagonalise the mass matrix:
e = (o, 79y Mz MY (v
R = VL PRI\ ME My ) \ vk

Majorana mass matrix is complex symmetric: (block-) diagonalised via Autonne-Takagi factorisation:

Miight O

s WIM W = 4
: 0 Mheavy}

Perturbative diagonalis: tion (expand in My ') gives us:

. ’MN ~ MR

In which the blocks are diagonalised via the unitary matrices V, and V)

VVTMVVV — dia’g(mV17mV27mV3) 9 VJEMNV]TT — diag(mN17mN27 mNs)
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Diagonalising the Lagrangian: Fermions

The full rotation matrix is approximately given by (up to Mgl):

W — V1 — BBV, BV}
-B'V,  V1- BiBV}

o V» BV}
“\-Blv, W )°

Charged lepton currents can be cast as:

With B = M M

££c = %ZL’)’NULTLng + %ZR’)’“URTLRWE

With the 3 X 6 mixing matrices given by:

3

The first 3 X 3 block of %, can be identified as the
(Z/{L)ai :Z(V?L)akwkz 9 .

LH would-be PMNS, the second 3 X 3 block of % as

k=1
3 its RH analogue
(UR)ai — (VT )akwk 3)% -
,; . . U  could be measured in W5 — £N decays
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Diagonalising the Lagrangian: Fermions

In the case of &, the neutrino sector is further restricted, the symmetry properties under

. T
C: ¢ A & A;;
restrict the Yukawa couplings and therefore the mass terms to
YA VST & i DS I 1] MY
o 7 ooSaghn R SRS L [ (o

VR
From the light and heavy masses M, ~ My, — MDMlglMg : My ~ Mg
The Dirac mass matrix (and therefore
all Yukawas) is fully determined by Mp = My U_LIL _ ME,IM,,
measurable inputs UR
(ml/i ’ m]\fl ’ %L ’ %R)
With the help of the Cayley-Hamilton VA=col+c1A+c2AA

theorem the square root is analytically
calculable and of the form

¢; are functions of invariants of A
(ask Miha about it @)
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What’s next: QCD renormalisation

Going beyond tree-level: O(a,) corrections to quark vertices + new topology: ggF

4 OO ---H
+A tB fABC ¢ ,/H ,,H
d H .~ ) P
OO0 A --0 “~e
tB k \\\ \\\
t? 290 ---H “H “H
(a) (b) P (a) (b) (c)

Jonathan Kriewald 19/06/2024



What’s next: QCD renormalisation

Going beyond tree-level: O(a,) corrections to quark vertices + new topology: ggF

p/
A tB . fABC £
0000
B K 5
() (b) P

To absorb UV divergences: compute counter terms from self-energies

k

£

+ ISR/FSR diagrams to absorb IR divergences

Let’s go through it in detail....

Jonathan Kriewald
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What’s next: QCD renormalisation

Going beyond tree-level: O(a,) corrections to quark vertices + new topology: ggF

p/
000
+A tB fABC t L7 H . /H
TTTO ! A He” X o’
tB k A N N )y AN
2 92090 —=-H “H “H
(a) (®) P

To absorb UV divergences: compute counter terms from self-energies
k : k
. TN Y ooooN  An M@Z%ma
M‘ 2 o)
p Ftp p ST,

+ ISR/FSR diagrams to absorb IR divergences “ @

Let’sgo-through-itin-detail=procedure has been automised in MoGRe [1907.04898] =
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https://arxiv.org/abs/1907.04898

Some numerical results

Using MG5_aMC_@NLO 3.5.3:
2 Set light neutrino/charged lepton/light quark masses/Yukawas to 0
2 MG5 default run card with default cuts
2 No shower, no detector simulation, just fixed-order NLO/LO cross-sections
2 All parameters fixed to default values (see previous tables)

2 PDF-sets: NNPDF40, dynamical scale variation
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Some numerical results

Drell-Yan production of the heavy gauge bosons:

Mgz, | TeV Mz, | TeV Mz, | TeV
9 10 11 12 10 15 20 25 20 40 60 80
10-3 . 10° 1 pp - Wi, LO
10 pp — Wi, NLO
1074 102 p — Zg, LO
Zr, NLO

10—5 \/g = 14 TeV LWk 10 10—4 ] PP ZR

—a pp 1:11 .-Q -D 10_4
106 pp = Wg, NLO ~ ~

Iy pp = Zg, LO o 106 Vs=27Tev o
1077 pp — Zgr, NLO 10-6

-8 pp — Wi, LO
10 10-8 - pp — Wi, NLO -8
9 Zgr, LO 10
10_ pPp — 4R, —
S Ze NLO Vs =100 TeV
10_10 10_10 T T T 10_10 T T T
bg 2 | — bg 2 | bg 2 - ‘__——’__—____—4'—_4
— - e — e ————— - - _—____ﬂ#
o1 o1 INER ,
5.0 5.5 6.0 6.5 7.0 7.5 6 8 10 12 14 10 20 30 40 50

Remember: M, =~ 1.67My, , becomes kinematically inaccessible at LHC
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Some numerical results

s-channel Drell-Yan production of heavy N

MZR/TGV MZR /TeV MZR /TeV
9 10 11 12 13 100 125 150 175 200 225 250 20 40 60 80
1 1 1 1 1 1 1 L 1 1 100 -E 1 1 L

1073 pp > (N, LO pp > (EN, LO

1 102 pp > ££N, NLO 10~ pp > (N, NLO

pp > NN, LO pp> NN, LO
Lo pp > NN, NLO 102 pp> NN, NLO
P pp > ££N, LO PO VE=2TTeV P
2, ] pp > (XN, NLO & S
: pp> NN, LO : 10 t 10

] pp > NN, NLO _
10_5 E \/g =14 TeV 10 5

] -5 ]

: 10 10-6 1/ = 100 TeV

g -7

10-6 | 10
1076 4
1.2
g 1]
~ 1.0 =
b

o/oLo
— -
o [ &)

5.0 5.5 6.0 6.5 7.0 7.5 8.0
MWR / TeV

(Mostly) mediated by pp - Wz — £*N,pp — Zp — NN

Jonathan Kriewald
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Production of heavy scalars:

2 ggF process highly suppressed at

large x

2 Dominant coupling to b-quarks via

top Yukawa
2 QCD corrections negative due to
interplay of top-mass/Yukawa

renormalisation

Jonathan Kriewald

o/oLo

=)

~

(@4
1

10~4

1076 -

—

)

=)
]

pp — H, A, LO

pp — H, A, NLO
pp — HFE(t), LO
pp — H*t(t), NLO

16

18 20

22 24

MH=MAzMHi/TeV
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Production of light scalars:

2 ggF depending on scalar
mixing angles
? gg — h — AA can be

resonant

2 “A-strahlung” dominates,

scales with my, and tan(f)

g9 — A
¥ gg — AA
1034\ 1 gg— hA
15 :
A — /5=14TeV
o S T Ty . B
Vi V5 =27 TeV
)_~ \; ............. _____ —
ot — ey, Vs = 100 TeV
£ 00 Eme
Ve e e
1\ 5 ~\s
AL % Ss :
\ \\\\i
Q A\ S5y .
Q—i 10_1 \ \\\\ .
\ REEETTTEIN ~ N '~.,'
H R * PN s L X .
b {\\.: ____________________________ \\\ '~...
~\N_ ~~~~~~ RO OO TTTTIII S, N N S .....
— S~ et S S oy N
: “N\_~ ~~~~~~~~~~~ .':.\\\ -.“..
1072 — . X N
So e
\\\\\ \\;'- %
AN L\ N
\\\ \\\
107> 1 N
\\
\\ N
NS N
\\
\\
N
10_7 ! I T T - T T T T T T T -
102 103
Mpa | GeV

Full and automatic computation of genuine loop-induced QCD processes!
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Conclusion

Left-Right symmetric model (LRSM) well motivated theory Framework
2 Gives origin to neutrino masses

2 Can be used to address many others of the SM issues

2 Features numerous new states around the TeV scale

New model file:
2 All mixings are calculated
2 New parameter inversion: cast all parameters in physical (measurable) parameters

2 Includes full QCD NLO corrections for the first time

2 Also a parity violating version of the model file where g; # gp
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