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e Introduction / motivation

e Parity solutions to the strong GP problem

diffevent Srom Nelson-Bary Babu, Mohapatra; PRL 62 (1989) & PRD 41 (1990)

B Ch Sen| 1c; PRL 67 (1991
solutions based on vestoring c? art, Lang, Senjanovic; (1991)

Collider, and flavor
EDMs

¢ Phenomenology

Gravitational waves

Criticism of parity solutions: Albaid, Dine, Draper, 1510.03392

will addvess criticisw 3s we g0 dlong



The Yang-Mills vacuum angle

Yang-Mills theory has a discrete set of degenerate classical minima

T'hese are pure-gauge field configurations with non-trivial topology

(x) =

A (x) = —i(0;9(x)) g(x)~* with > 1

> element of Su(N)

They can be classified 1n topologically distinct classes 1n terms
of a single integer n € Z that we call winding number
Classically, we could choose a vacuum with given winding number
howevey - -

Quantum mechanically; there 1s tunneling between topologically

distinct sectors, as described by the existence of instantons



The Yang-Mills vacuum angle

2

Non-abelian instantons describe Q = Sg - / dAr tr (Gwéuu) c7
0

tunneling between vacua with

different winding numbers > tunneling between vacua whose

w’md’ms nwumbers differ b\j e

True vacuum 1s a inear combimation of all the n-vacua

Uy — Z einQ\Pn

nez

6 1s the vacuum angle of Yang-Mills theory

vacuuw energy density depends ow ¢

In the lagrangian formulation:

_ b’ v 6 #0,m
Lo = gorztr (GG

violates ? and c?



The QCD vacuum angle

The physical significance of the vacuum angle

cruclally depends on the fermion spectrum

In the Standard Model, only the vacuum
angle of the QCD sector, @, is physical

(‘9 1s a physical measurement of P and (P violation 1in the strong sector]

Physical quantities depend on 0, e.g. the EDM of the neutron:
d, ~1071% 0 ¢-cm

Experimentally: d,| <1.8-107%° e-cm — g <1010



The strong CP problem

0=0,+0,

0s9° 1-/ kv 0, = arg det M,

£ 250 (GuG™)

Complex M, 1s a requirement for there to be (P-violation in the

electroweak sector, which we have measured to be dcxn = O(1)

= expect = O(1), in gross violation of experimental bound

W §act, both c? *and* ? are maximally violated by the wedk interactions

Strong GP problem: It 1s not possible to understand the smallness A

. of 6 based on the underlying symmetries of the Standard Model

J

Wnstedd 3 dynamicdl mechaniswm ov Sowe additional
Symmetyry Stvuctuve 1S necessary to explan wh\j g 1S so tiny




The QCD axion

§ promoted to dynamical field, the axion, which a pseudo-Nambu-
Goldstone boson of a spontaneously broken U(1)pg global symmetry,
which must also be broken explicitly by QCD

axion Pecce1, Quinn (1977)
/ Wilczek (1978); Weinberg (1978)
s ~ Shifman, Vainshtein, Zakharov (1980)
V > J
Lo fro GG @) Dine, Fischler, Srednicki (1981)
V(0sg \ M

b\rea\dvxg Scale

a

' ' > ——
-2 -7 0 0 2m JPQ

QCD dynamics generate a potential for a
In turn, the axion gets a non-zero vacuum expectation value s.t. § = (

huge experimental effort to probe the axion paradigm



The axion quality problem

To solve strong GP, the QCD contribution to the axion potential

must dominate to 1 part in 10'° over any other contribution

¥* but... *

Quantum gravity violates global symmetries

Z.eldovich (1976); Banks, Dixon (1988);
Abbott, Wise (1989); Coleman, Lee (1990); etc

The violation of the U(1)pg global symmetry by gravity generates a

potential for the axion, deviating the theory away from a vanishing ¢

[

LD €
Mpy

1012 GeV) °

= le] <107°° (
fro

Barr, Seckel; Kamionkowski, March-Russell;
Holman et al. (1992); etc

axion solution w tension with “wno 3\oba\ S\jwwv\et\ries” W quantuw gravity



The axion quality problem

Randall, PLLB 284 (1992)

Not impossible to solve the axion Cheng, Kaplan, hep-ph/0103346
quality problem, but it comes at Fukuda et al, 1703.01112

More generally, “saving” the QCD axion solution in the context of

string theory 1mplies the existence of a plenitude of axions

Arvanitaki, Dimopoulos, Dubovsky, Kaloper, March-Russell, hep-th/0905.4720

“The Stvring Axiverse”
We have discovered neither the QCD axion nor any of the Axiverse axions

wotivates considering alternative solutions to the Strowng c? problem



Spacetime symmetry solutions to strong CP

Non-zero 6 breaks both Pand CP

= restoring either can provide a solution to strong CP

The origin of the strong CP problem lies in the electroweak sector —

natural to consider extensions that restore spacetime symmetries

/ N

CP P
Nelson; PLLB 136 (1984) Babu, Mohapatra; PRL 62 (1989) & PRD 41 (1990)
Barr; PRL 53 (1984) Barr, Chang, Senjanovic; PRL 67 (1991)

Spacetime symmetries can arise as gauge symmetries 1n the context of

string theory, and can only be broken spontaneously (not explicitly!)

Dine, Leigh, MacIntire (1992)
Choi, Kaplan, Nelson (1993)

swall &cD vacuuw ahs\e an “acc-‘-dev\tn



Parity solutions to strong CP

Babu, Mohapatra; PRL 62 (1989) & PRD 41 (1990)
Barr, Chang, Senjanovic; PRL 67 (1991)

Solving strong GP by restoring parity requires extending both the
gauge group, and the matter content of the Standard Model

H

g : :
ZLL, m “Mirror” sector 1s an exact copy
SU(3) x Su(2), x Su(z)g x V(1) of the Standard Model, except
| ‘1.,;"/11 that SU(2), doublets become
’ e,
L & & © doublets of SU(2)gr
Y@ w Wy
U u'l §
Q = ( d) Ul DY H | QT= ( d’T> U D H
SU(3) 3 3 3 3 3 3
SU(2)L 2 2 : :
SU(2)r : : . 2 . : 2
owy | 4 3 bl b 1 -




Parity solutions to strong CP

“Generalized” parity

= ordinary parity
+ exchange of Standard Model and mirror sector fields
Q,U,D « QT U, D
H <+ H"
/’ optiondl ¥ principle* (wove Soown)
SU(3) and U(1) gauge sectors are not duplicated

= transtorm as usual under parity

ensuves that @ vewmains odd under “'sevxe'.'a\.TZed" Parity
— crucidl to solve strong c? problemw



Parity solutions to strong CP

With this extended gauge sector and matter content,

parity can be a good symmetry
this vequives---

e Vanishing coefficient of the SU(3) topological operator:
LD —‘;:r (GW@“’) 0s =0
e lqual Yukawa couplings in the Standard Model and mirror sectors:
£ 5 —{ ()5 QiHU; + W)y QT H U } +he.  with g, =y,
0, = argdet(yuya) + arg det(y y}) = 0

at tvee-leve| 7parity enfovces @ =0 |



Fine-tuning
Parity must be broken, e.g. softly in the scalar potential:

V(H,H') = —my ([H]* +|H'|*) + M(|H]* + |H'|*)7

+r(|H|* + [H'|*) + p?|H)?

Difterent vev’s in the Standard Model and mirror o 02
sectors requires fine-tuning, already at tree-level: AT w2
At >10710 = v <107 — 10% GeV

Sawe 3S Ih Twin Higgs theovies (Higgs as 3 PNGD)






Twin Higgs

Higgs as a pseudo-NGB of an approximate SU(4) global symmetry

, Chacko, Goh, Harnik, hep-ph/0506256
Ingredients: & hep-ph/0512088

e '|win sector that 1s a copy of the Standard Model v
e 7, that exchanges Standard Model and mirror sector fields ¢/

the nternal part of ouv generalized Pavity Symmetry
= Higgs quadratic term satisfies an SU(4) global symmetry
Su(4)—» Su(3): 7 Goldstowne bosons
\M,:_: eaten by Su(z)_
» > edten by Su(?_),R
T left: the SM Higgs

Quadratic sensitivity of mass-squared parameter in the scalar potential

remains SU (4)-symmetric = doesn’t atfect the mass of the pseudo-NGB



-

Twin Higgs

Chacko, Goh, Harnik, hep-ph/0506256
& hep-ph/0512088

Mirror (twin) Higgs vev 1s pulled up to the cutott

= UV-completion needed at scale A < 470’

Solving the full hierarchy problem requires explaining v"* < M3,
but v already stabilized by the '1win Higgs mechanism

we only need to stabilize one Scale, wot two!

o R

Parity solutions to the strong CP problem do net introduce a second

hierarchy problem, because of their “built-in” Twin Higgs structure
y

(cf. Albaid, Dine, Draper, 1510.03392 )






Z Y M

Parity-breaking scale

Naively, mirror spectrum 1s just a copy of the

Standard Model, just heavier by a factor of v’ /v

/
v

My = My X — 2 1 TeV
v

= v >10° GeV

S
. , A-1 22 L0-11 %ivxe—tuw‘ma wovse
o e d/ - U/Q thav\ ‘ -\-V\ ‘0 lo .l!

u

Bounds on colored particles seemingly put the

theory 1n a regime of unacceptable fine-tuning

D’Agnolo, Hook; 1507.00336



Vector-like fermion masses

There 1s an additional fermion mass term we can write

LD (My);; U;U; + h.c. with M =M,

0 Lyl bx6 Sevwmion
v (0 4 |
\/§yu U widSS widtvix

0, = arg det(M,M,) = argdet(y,yq) + argdet(y, vy ) = 0

4

tvue even 1§ the vector-like mass were not hevrmitian!

Vector-like masses for SU(2)-singlets are only possible

in the version of the model with a single U(1) factor



See-saw fermions

'ITwo Iimiting realizations of the fermion spectrum:

e M<uv,v = v >10% GeV

2,0,/
. . VU
o M >uv v = “see-saw’ mechanism for SM fermions my ~ |y|]\4
wmivvovy quarks ave heavy
because M, wot v’ s lavge
Upper bound on M from perturbativity:
2,00,/ /
y|“vv vv / U 2
49 SM b M ~ M Ty
1

N. Craig, IGG, G. Koszegi, A. McCune, arXiv:2012.13416



See-saw fermions

Because of see-saw implementation of light fermions masses,
right-handed SM fermions belong in SU(2)r doublets,

and mirror (heavy) fermions are made of SU (2)-singlets

R (@) (HQ) lyPv
M M

Wi

L d'd

sawe Sov leptons + ISt and zwnd genevation up-quavks

Exception:




Collider bounds

= right-handed fermions have unsuppressed couplings to W’ and 2’

Leading constraint on the parity-breaking scale from

direct production of exotic gauge bosons at the LHC

/
U
myy: I7 > 6 TeV ATLAS; 1906.05609

M e 2
4 = v 218 TeV A1~ 1073

Future colliders such as FCGC-hh (100 TeV pp machine) will be

sensitive to mw:, Mz ~ 40 TeV <€qUiV3~1€nt to A_l ™ 10_5)

collidevs ave *centval* to probe Pavity solutions to Strong c¥



Collider bounds

. v’ ,
® Mirror top partner at scale my ~my X — = v
v

Current bound my 2 2 TeV ATLAS, 1808.02343; CMS, 1805.04758

wuch weakery bound on v' than
that Svom w’ and 2’ gauge bosowns

e Mirror Higgs with mass mp >~ V20’

Only competitive bound on v’ v

for extremely small \

¢ Additional colored particles at the /,f SM

see-saw scale M > ¢/



Flavor

Tree-level FCNCUs mediated by the Z and A bosons,

as well as their (much heavier) mirror counterparts

t U Z (Ud)3i(Ua)3;

b H (€a€a)s2 = 9 L m3,
%S 1 2
| H (V) \/mbms

< <1
~ M v’

AHog ~ —V2G p COS(QQw@BL’YMSL)(/LLWM/LL) + h.c.

BR(BY — prt i Jmsu | qos (18 TeV s
BR(B? — putpu=)sm ™~ v/

M

built-in suppression of tree-level FeNcs 3s 3 vesult of see-saw wechanisw



Flavor

At one-loop:
_ Us, Y3 _
d < < <] S
Leading correction from diagrams
involving one W and one W’
S D D — d
Uy, Y5
2 - i
6 TeV (£ theoveticd|l uncertaint
Amg ~ —6-107'% GeV - 7
my on SM prediction

Correction to |ex| can be large. For anarchic Yukawa coupling structure:

M > 750 — 1000 TeV

See-saw scale n ) theovry consistent with curvent bounds, but
the up sectov caveful aha\\jS'\s could reveadl constraints on the
$lavor Stvuctuvre of these wodels



Soft breaking of parity

If parity is only broken softly in the Higgs potential, then 8 < 10~

no largev than in the SM

Second source of soft-breaking in non-hermitian vector-like masses
LD (My),; UiU; +he. with M £ M,

breaks both P and c?
At tree-level:

w- (o W)
Eyu (7

= 0 =0 at tree-level if the breaking is soft

arg det (M, My)

arg det(y,ya) + arg det(y, 'y, ) = 0



Radiatively induced EDMs

At one-loop:
h, h' A
J Did D. d;
d ——L JFJ \ , d d —» ]Fj — d

Im(dmg,)  Tm(dm,,) |
0 ~ Z{ —— }_o

Babu, Mohapatra; PRD 41 (1990)

However, individual EDMs for elementary fermions are non-zero...

for both quarks and leptons!

deviation frowm
d Fo

Qemy o~ (\AM!

392 /2 7 hev\mit‘\c‘\t\j wn

vectov-like wass
N. Craig, IGG, G. Koszegi, A. McCune, arXiv:2012.13416



Radiatively induced EDMs

If the soft breaking of parity 1s O(1):

twice the pavity-

/_‘ breaking scale

40 TeV \ 2
du,ddN10_28< OMGV> e - cm

o0(lo%) below curvent but within veach of near-Suture improvements

T 2
d, ~ 1072° <9OM6V) e - cm

cf. with current bound on eEDM: |d.| < 1.1-107%" ¢ cm

Potentidlly obsevvable neutvon and electvon EDMS



Spontaneous breaking of parity

More realistically, we might expect parity-breaking to be spontaneous

In principle, 1t can happen with or without breaking C.P

if Aoy <0 =

e.g.
/ (6) =0 and (o) # 0

2 A A
Vo —%(02 +0") + (0% +07) + ZroPo”

+ Ay (02\H|2 + 0’2|H'|2) + )\’G(J’Q\H\Q + 0| H'|?)
= 0% £ 0% if Ay # Ao

Possible (3t least i principle) to break P without bredking c?



Spontaneous breaking of parity

More generally, P and (P might be broken simultaneously, e.g.

V 2 A (02 =) + ugo (|HI> = [H')?)

<¢> — 49/ v? < v'?
However...
7s |V M RN
N s YT -8 < —6 g : .\
T 16m2M Yo S 10 v 10 d —» Y Dj»’ % | — d

Albaid, Dine, Draper, 1510.03392

ntevdctions between quarks and Symmetry breadking sector must be swall
(not the wmost attractive fedtuve of these wodels but technically natuval)



Gravity breaks P

Gravity can break P without spoiling the solution to strong GP

Leading parity-breaking HDO that contributes to

£5 7 [(@u)y (H'Q)HQ,) + ()i (HQ)(H!Q,)| + he.

Mpy \ /

Breaks parity provided «, g4 # osz,d

/ /
O, = v ()11 and  dmy ~ vv'(@a)11

2M p; 2M py




Gravity breaks P

0~ Im(dm,) = Im(dmy) 108
T my My 2Mpy

ofo”

0
/
= v S 20 TeV (10_10>

cf. lower bound from production at LHC v 2 18 TeV
P solution to strong CGP + gravity violates all global symmetries

= neutron EDM could be observed in upcoming experiments



LD

Gravity breaks P

What it parity was a gauge symmetry?

Previous HDO allowed, but must be parity symmetric:

Xy, d — aL,d = 0 =0

There can be no explicit breaking of parity, only spontaneous

ngz = / 9
L 5 ! (G VG“’”) = v <107 GeV
2 s 32 My \H

0
Mpy

{(C)iQiHU; + ()i QiH'U; } +h.c.  with (=

= ¢ <107 GeV



Domain walls

Spontaneously broken discrete symmetry

= domain wall solutions (p) = —2'

tovologically stable /
(§ global) A

g r~

)\¢U

/3



Domain walls

Domain wall problem: domain walls formed after inflation eventually

dominate the Universe’s energy density, in contradiction with observation

Z.eldovich, Kobzarev, Okun (1974

* Howevey... ¥

Quantum gravity violates global symmetries

The breaking of parity due to gravitational
ettects will break the vacuum degeneracy;,

making the domain walls unstable

P° v’ ] /'
= oV ~ € v v

V De
MPZ Mpl

network of dowmain walls collapses
emitting qravitational vadiation



Domain wall evolution

Domain wall network evolution determined by two competing eftects:

5V ° 2
. C R 1
fovce pevr u. ared due to Ppressuve Sovce per u. dved dcting own
di§ference between vacua wall with curvature vadius R

Time of collapse:

Vilenkin (1981)

The smaller €, the later the collapse takes place

= lower bound on amount of symmetry

violation to avoid domain wall domination



Domain wall evolution

|
|
|
&
- . Fine-tuning .
©- | ]
| 1=
FR | . -0‘0
oo | = .0‘30
] = >
@ Bl QO —
€ <@ = &oﬁe
| @ ‘06
| < c‘&ﬂ
|
|
|

| l l ! l ! ! ! | | _ 'U(b / GeV
10° 10° 1010 1012 1014 1016

N. Craig, IGG, G. Koszegi, A. McCune, arXiv:2012.13416



Gravitational wave signal

'Iwo main quantities characterize the resulting gravitational wave signal:

® Peak frequency determined by typical radius of domain walls:

R ~ H_l ~ t*
typical domain wall vadius +/ > netwovrk collapse
e Strength: Pew ~ GNO°

The smaller €, the later the collapse takes place

= lower frequency, stronger signal (less redshift)



Gravitational wave signal

Qg (f)

f« | Hz

N. Craig, IGG, G. Koszegi, A. McCune, arXiv:2012.13416



UV completion

Albaid, Dine, Draper, 1510.03392

A tull solution to the strong GP problem must solve the
hierarchy problem without spoiling the solution to strong GP

tvue 31so fov other solutions to the strong c? problew
( e.q. @D axiown, 3lso vequives Stabilizing the P& Scale )

e.g. supersymmetry tends to spoil the protection of 6 since additional

parameters in the scalar potential can introduce new phases

an urgent open problem for these wmodels



Conclusions

Parity-symmetric theories can provide an

attractive solution to the strong GP problem

They are robust against the breaking of global

symmetries expected in a gravitational UV-completion

unlike the @cDd axion!

Experimental implications for a wide range of experiments, not only

colliders but also EDM experiments and gravitational wave observatories

Many open questions, and an opportunity in

light of experimental progress in near future



Thank you!



