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Strong CP problem

LQCD D QGG CP-odd term

Basis independent: 0 = 0 + arg(det M,)

Observable effect

Neutron electric dipole moment:  dy =~ (5 x 107 % - cm)@  torewner oweccnia, venezian, witen 978

dy] $3x107%c.cm B 9 <1010

Why is 6 so small?

8 does not appear to be “anthropic”

Our Universe possible for 0 5 0 SJ 0.1 [Lee,Meissner,Olive,Shifman, Vonk: 2006.12321]
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Simplest solution: massless up quark

CP violation o Im[e_wdet(Mq)]
my =0 (u— eu) U(1)4

|:> det(Mq) — () (anomalous) U (1) 4 removes ]

Energy massless up quark

77/(958 MeV) plays role of axion!

Up quark mass is generated by QCD:

nonperturbative correction

i.e.no CP violation!
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Instanton calculation with hard cutoff 1/po

10}
— l.=

g’ Suggests nonperturbative 1711, NOT sufficiently large!
001}

06 08 10  12m, 14
1/pg (GeV)
: . - +0.49 Rules out massless
Lattice QCD:  m, (2 GeV) = 2.16" ;55 MeV up quark solution!

I:> Require new UV contribution to m, !
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Possible ways

Nonzero up quark Yukawa: y. #0

1.

introduce a new (anomalous) U (1)

0 cannot be removed —_

Axion potential: Vaop(a) =~ —m? £2 cos <fi + 0_) +...

Peccei-Quinn symmetry

2 th=0!

I:> minimum: O.g =

problem!

solves strong CP

Ja

. 1
T= —I/(l'l.l‘ (0|T [32‘72

. 2
AXion mass: my, 72

1

m2 f2 ~ qu%CD = constant —

>

a

107% eV <m, <1072 eV

Obtain (light) QCD axion

e, G (o

).

A

3272

[Peccei, Quinn 1977]
[Weinberg 1978; Wilczek 1978]

1
topological susceptibility

GG (0) | [0)

QCD prediction
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2. Enhance effect of small instantons

—18
~ 107 <4— depends on all quark Yukawa couplings!

How to enhance QCD coupling or reduce Yukawa suppression?

EXAMPLES

(a) Partial compositeness in composite Higgs model  [Gupta, Khoze, Spannowsky 2012.00017]

— Yy ~ 47 in the UV and “power-law” running

yr(m,) = yp(M) (

m, )d} —5/2
M

— new colored fermions in the UV g5 ~ 47

/. .
7) pions at compositeness scale ~ TeV
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(b) Product gI’OUp SU(3)3 — SU(S) [Agrawal, Howe: 1712.05803]

‘hwu']:edi Q.Lufc_ndf» QJ~U§7d§

— (anomalous) U(1) u° — e*“u® at each site

—  large gauge couplings at each site

1 1 1 1

Yp X Yy [Csaki, Ruhdorfer, Shirman: 1912.02197]

(c) Gauge flavor symmetry [Cordova, Hong, Koren: 2402.12453]

— Use small instantons to generate down-type quark mass

3. Alternative to generate up Yukawa coupling?

Use spontaneous breaking of chiral symmetry! .%,@) el [ his talk
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I oy mOdeI Generate up-quark mass via spontaneous symmetry breaking [Bedi, TG, Harigaya, 2408.11246]

— Mp Embed QCD into grand-color group
e.g. Gao = SUN +3) S°SU(N) x SU(3)

i vl - Mac (massless) V() — vy (0, 1), U(1,0)

“grand-color “quarks”

quark partners”
u) @

\I/U has a chiral symmetry —  removes 0 term
Confines at An — A

[Chiral symmetry assumed to accidentally arise from exact discrete symmetry]

Confines at Aqcp womm Aqep

Below MGC symmetry breaking scale: L ]ﬁ}c waUUU + h, C. [e.g. technicolor: Dimopoulos, Susskind 1979]
3 A3,
SU confinement:— (Yuvg) ~ —AL mp my ~ o Dose ot depend on
GC
8
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Standard Model embedding

Embed SM quarks into SU(QN + 3) X U(l)y/ [TG, Nagata, Shifman 1604.01127]

SU2N+3)xU(1)y+ M€ SU@QN)xSU (3)exU(1)xU(1)yr 25 Sp2N)x SU(3)exU(1)y < Two-siep breaking required fo

stabilise the vacuum

SU@RN +3) | UQ)y: | Sp2N) | SU@®). | SU@)L | U)y
— 1 0O 1/6
Ya= (d‘i,) H W o 1 H (/)
massless RH up quark removes ) ——» Wy = (5 ) u] -5 — s ; ? 1 :fg
_(d = 11 1 a 1/3
[Valenti,Vecchi, Xu, 2206.04077]
g ~
Effective Lagrangian: LD M%qm[)};d)}; — yabqgH +h.c.
‘ce
Sp(2N) confinement: <7,un wqd>, <’¢J¢g> #0 Electroweak symmetric

» Spontaneously breaks %; chiral symmetry, generates Y., Yukawa coupling!

How to induce nonzero (¥q¥a), (¥q¥gq) ?
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Global flavor symmetry:  SU(4)

Sp(2N) confinement: ~ SU(4) — Sp(4)

=

K3

T
QZ} = (d,qu ) d)qu r‘/}ﬁ’ d’&)

93
1672

2
Sp

~

17 <«—oObtain: m%H ~
5 = 1+:4: Nambu-Goldstone bosons

. S 1 i3 = N 3
Quark bilinears : Vg, Vg = Vg, Va =~ 2\/21} h where ﬁﬂh = Re II§f Asp = 752 sp
: - & ot 9&cAS, S S WAL
Effective Lagrangian: LD i [ quz,/) g/)- yd’wqﬁ’dH + h.c. NS == P g allh —y, fjH h—imny (H)
<h> = v ind VEV Hh ~ NASp generates effective up-quark
- Induces nonzero (IT") _ydl'\/—g Yukawa coupling
Obtain: " -
Yd
= "ﬁ’}“@“f{“_
q
q
N g2 AZ
E> Yu Z—GQC sz [Bedi, TG, Harigaya, 2408.11246]
92 Mcac
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Generation of up-quark Yukawa coupling: (SM — one generation)
[Bedi, TG, Harigaya, 2408.11246

15+

Large N required ——p
10

10 10° 10° 107 10° 10°10'°10'110'210"310'410'%10"®
Asp | GeV

10°

Gherghetta-MasslessUpSolution - 9 December 2024



To reduce N, add vector-like quarks: Yy (), Y5 (0)

LD -—-my¥Yy¥y — /\U\I’q\I/UH +h.c. <€— Wy haschiral symmetry

Sp(2N) confinement:

(Vo) _ (buva) _ (Yava) (Yuvg) _ 23 ,
) ‘/) = = = = —— = ~ arctan
(Vautaa) oS ¢ oS ¢ sin ¢ sin ¢ Asp ot (

16m2my )
Avyalsp

I

MUy »

i/\U

muyu
U a U q
U
my > |Myy 2 3 2
N = Nggo Asp Ay cos ¢ —i—ﬂ—géc Asp Ya Sin ¢
Yu 1672 myMé ' 4 g3 MZg d
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Generation of up-quark Yukawa coupling: (SM — one generation)
my = 1 TeV, Ay = 0.1 [Bedi, TG, Harigaya, 2408.11246]
35F : : o : 3

30/

25

20}
151

10}

5
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Generalization to two and three generations

Minimal two-generation model not phenomenologically viable ——¥ add vector like quarks
L=-Y30,UpH Y30, U; H— A\ ¥, VgH — my¥y¥y + hee,
\Ilal has chiral symmetry Vs, \1131’2 have nonzero Yukawa couplings

u _ 0 vy v _ ya 0

0yh) 0 ys

Generation of up-quark Yukawa coupling: (SM — two generations)
[Bedi, TG, Harigaya, 2408.11246]

35

<+—— Mg, = Mace

—— ]\/[Sp = Asp

Asp | GeV

Gherghetta-MasslessUpSolution - 9 December 2024



What about three generations?

Large top quark Yukawa coupling generates large Higgs-pion mixing:

LD —y3V,, Vs H + hec. » Y3k \/NA HHI-IJr +h.c.,

2 VN
Mass-squared matrix ./\/12: Vo (HT HHt) ( "\7/75 y3:y A ) (I{{)
Y3K Asp W%Asp I

2 = 2 .2 2 .
detM* =0 » my ~ K*NAG, /K

» top Yukawa: Y ~ y% H,I/(4‘/Th'-\/ N)  <«—— requires non-perturbative Y3

Can be avoided by treating 3rd generation quarks as SU(2N+3) singlets
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Extra SU(3)
Consider: SU@2N +3) ! SU@B)T — Sp(2N)! SU@B)! SUQR)t
——’

l” 3” = VT

SU(3).

3rd generation quark Lagrangian:

L = —yq3uzsH +h.c. <«— J3 has chiral symmetry I:> remove O parameter!

Bottom quark Yukawa coupling generated by SU(3)7 instanton: H----- " ‘@

19/2 6 @
» Yp ~3x 104 (AT In-t-
v Ar

CKM mixing: add vector-like quarks B, B

- U 5 o~ . o
L = BBd $5 + h.c. (@=1,2) » L = —)\ByB—Q3d H +hec. <«— explains CKM mixing for
Ya a®3 “ mp “ mp ~ TeV, vy ~ 10'3 GeV and Agy? ~ 10712
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Other types of models

1. Extend SU(2) electroweak group
SU@)rs ! SU@)r " SU2)L

(2,2) entry of mass-squared matrix receives large positive mass-squared ~ gg 'Y’A%p /(167 2)

2. Introduce a mass term for grand-color breaking

Decouples | "' but preserves Sp(2N) x SU(3) x U(1)y symmetry

3. Supersymmetry

Can suppress off-diagonal entry of mass-squared matrix by supersymmetry
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Corrections to the strong CP phase

Contribution of Yukawa phases to strong CP phase can be estimated using flavor invariants

gt . , 5d p -~ & 7 ’ . ‘ ) T
£ = —Yalj'd_?qa ‘ulﬂjH —_ Yadiwqa '*"d_,H — AIU'L"d. 'l','."ﬂj where Yg = (wa P 'quq) s
T
Vg = ('Lul X U"ﬁp h’()
) ' T
Vg= (L dy 9 ‘wdpds u"‘U)

SU(2N +3) ! SU(3)T model

Flavor symmetry: ~ SU(2)q! SU@3)a! SU(3)¢ SU(2)s
(!@l'!@L) (!@\1[@:7!@) (I@lJ(@:JU) (&Ev@)
Leading order flavor invariants: 'I‘r(()ﬁ’;d)TZq?”Eud) , o
Tr(XpM Sug) "
Tr(Y)'SY M) )
rPr(YUEudAIYUf) ) g — Ya —sin‘zugsin 20 sincj’:.inq) cosgg+:;;2¢sin2%
~ g ~ YT o] cos?§ — cos2¢sin® § sinacos¢  —sin® § sin2¢
T&'(XB(Yd)'I quuzud) s Yy —sinacoiqb cos : —sinasin ¢

Te(Xg M SyaM o) .

I:{} All flavor invariants have imaginary contributions which are sufficiently suppressed
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Phenomenology

1. Vector-like quarks

Required to obtain two-generation model my ! TeV <+—— can be discovered at LHC!

2. Pion spectrum

Lightest pion = spontaneous breaking of Sp fermion number <«—— dark matter candidate!

Next-to-lightest pions—Two cases:
(i) my =0
YuVYd I

)
m NL ! 4l : Sp! 10 ! Sp <+—— couple to photons and gluons

lsp! 10° 7 GeV » m , ! 1" 10 GeV withcoupling f ! 4:\1! 5! 1007 GeV

Can be discovered by axion-like particle searches at DUNE!

I nu behaves like a “heavy QCD axion”— Sp(2N) anomaly-free but obtains mass from Yukawa interactions

()muEO  m, ! Omy! s
lsp! 10°GeV, my! 1Tev mp  m, ! 30Tev

As my ! ! gy the next-to-lightest pion becomes the Sp(2N) |
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3. Dark matter

Lightest pion is massless — Generate mass by introducing explicit, small breaking of Sp fermion number

. PDM _ 1010 GeV\* / mpy Tru ) Tra \*
Thermal production: . —0-4eV( 7 (1 MeV) 10° Gev ) ™in | 1, g

2
Misalignment mechanism: ~ #DM _, q 4 eV( f ) ( Tru )03 min (1, \/mDMMm)

1012 GeV 104 GeV TrRH

S

Relic abundance contours for given reheat temperature
[Bedi, TG, Harigaya, 2408.11246]

/

10"

1012

TTTT T IIIIHI

10"

10
10 horizontal or negatively sloped = misalignment dominates

10° positively sloped = thermal production dominates

f/GeV

108
107

105 1<10%"sec

'_—l' IIIIIIIYI IIIIIIIII T lllml T IHIIII T IHHII T Inull Illlnlll T

nln] lllulnl llllllll] |l|11|uJ lllIlIIJ Illlllll.l Il]lllll L Illllul lllllllll 1ll|lllll

107° 10 108 107 10°° 10°° 10 10® 102 107" 1
mpy / GeV
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Summary

SU@2N +3) | SU@3)T
(u,!y,d,!g,s's,Clec U9 l (b,t,B, B)

A
Sp2N)! SU@R)! SU3);
v

l

SUB)qco
(u,d,s,c,b,)

21
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Questions/Future Work

® Study Sp(2N) phase transition

— |st order phase transition for gravitational wave signal
— other possible confining dynamics?

® Explore dark matter parameter space

— ways to explicitly break Sp fermion number

® Use spin 0 or |/2 to mediate chiral symmetry breaking

— e.g. extra Higgses charged under chiral symmetry

® |mplications for grand unification?

— embedding into string theory

® Supersymmetric extension!?

— explain small mass scales e.g. electroweak, grand-color, Higgs-pion mixing
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Conclusion

® Strong-CP problem can be solved with massless up-quark
type solution with new strong dynamics
— SU(3) embedded into grand-color group SU(2N+3)

® Massless up-quark generated via Spontaneous
breaking of chiral symmetry

— Avoids product Yukawa coupling suppression, as typical for instanton effects

® No light QCD axion, but vector-like quarks at TeV scale

and axion-like particles at ~10 GeV
— lightest pion can be dark matter
— possible gravitational wave signal from confining phase transition

23
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