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Axion solution

0 promoted to a field, the axion, pseudoGB of a global,

anomalous U(1)py symmetry
VEV dynamically relaxed to zero by QCD dynamics
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: . supersymmetry in the UV

. modular invariance
inequivalent vacua parametrized by (z,S)
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. CP spontaneously broken

CP violation depends on the
specific vacuum chosen by
the theory

N s slice at (S) real
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G. Hiller, M. Schmaltz, ‘Solving the Strong CP
Problem with Supersymmetry’, Phys.Lett.B
514 (2001) 263 [arXiv:hep-ph/0105254].
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7 promoted to a field. Through a gauge choice
we can restrict T o the fundamental domain
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' . Field content

‘ 0 becomes field-dependent
0 = arg A(S, 1) A(S,7) = e 8™ (5D et Y, (7)

holomorphic

. main idea:

holomorphic functions with too much symmetry are

toy-example

AN =A@ 2>0 B  A@

if constant > O, then 0 =0 (at least in the U



. anomaly-free theory if

o8 fa(SyT) — (cT + d)kfae—Snzfa(S,T)
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modular function of weight k.

ke, = — Xiz (Zin +kye + kDf)
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A(S,7) = e 835D dety, . (7)

A(S,y1) = (ct + d)4 A(S, 1) || ka = 3(ky, + kp,)



MR conditions

. the sum of the weights in the Higgs sector vanishes,

ky, + ky, =0 ‘ A(S,yt) = A(S, 1)

. A(S, T) has no singularities in the
closure D of the fundamental

domain of SL(2, Z), which includes
the cusp T = [0,

‘ A(S,7) is T-independent

. T is the only source of CP-breaking. ‘ A(S,7) is a real constant
(ImS)=0 we fu

‘ 0 =argA(S,7) =0

independently from the particular vacuum selec



cannot be both holomorphic everywhere .‘
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. e 8T f(57) expected to be singular at T = 100 [€q

Distance Conjecture: [Ooguri,
T = ioo is infinitely far away from any point in D

explicit computation in £
string theory compactifications  f3(5,7) = kS — 8n32 logn(7) + -

. detY, (7) exhibits a zero at T = i if

kger =12m >0 = detY, (1) « A(D)™
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Observable | Central value £1o Observable | Central value £1o
my/me | (1.9340.60) x 1073 sin?f12 | (5.0840.03) x 1072
me/ms | (2.8240.12) x 1073 sin?f0y3 | (1.2240.09) x 107°
mq/ms | (5.05£0.62) x 1072 sin?fy3 | (1.61 £0.05) x 1073
ms/mp | (1.8240.10) x 1072 ScKM /T 0.385 & 0.017

my/GeV 87.5+2.1
my/GeV 0.97 £ 0.01

Table 1:  Values of quark masses and mizings renormalized around 2 10'° GeV, assuming
the supersymmetry breaking scale Msysy = 10 TeV and tan g = 10 [7].

'v .l
best fit values |

7= —0.286 + 1.0967 . 8 parameters + T
q13 = 0.037, go3 = 0.075, w13 = 0.035, ugz = 19.98, di3 = 3.44, da3 = 0.203

cugcQs = 2.40 1076 and CpgeQs = 2.75 107°
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leptons require 6+2=8 more parameters
normal ordering

3
Zm,&- ~ 74 meV
i=1

- dpymns =~ 0.94 7, o9 ~ 1.29 7, a3 ~0.147.

m1 ~ 10 meV, mpgg ~ 6 meV,



. SUSY unbroken

no corrections from K
no corrections from nonrenormalizable operators: SL

. SUSY breaking corrections
potentially big if soft terms violate flavour in a generic
minimized if  Acp > Agysy (as e.g.ingauge
and soft breaking terms respect the flavour struc

_ MMM M?
6<— bl * Joptan® B ~ 10~ 28 tan’ .
v

) J.R. Ellis, M.K. Gaillard, ‘Strong and Weak
. SM corrections CP Violation’, Nucl.Phys.B 150 (1979) 141.

I.B. Khriplovich, ‘Quark Electric Dipole Mo-
ment and Induced # Term in the Kobayashi-
Maskawa Model’, Phys.Lett.B 173 (1986) 193.

negligible: 8 < 10718 at four loops
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. in a SUSY & CP & modular-invariant theory:
T can generate a large CKM phase without contributin
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T can generate a large CKM phase without contributing 1

. ina complete theory, the VEVs of S and t should be 4

here (S) is real by assumption and (z) is the result of d fit
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. in a SUSY & CP & modular-invariant theory:
T can generate a large CKM phase without contributin
. ina complete theory, the VEVs of S and t should be d

here (S) is real by assumption and (z) is the result of a fit

. . . 0.89r
evidence for modular-invariant

potentials where 7 spontaneously breaks CP

[Novichkov, Penedo, Petcov 2201.02020
Leedom, Righi, Westphal 2212.03876]
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in a SUSY & CP & modular-invariant theory:
T can generate a large CKM phase without contributing T

. ina complete theory, the VEVs of S and t should be det
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. options for (Im S) = 0 o6l
i dYnGmics dominated by QCD ‘ axion —051 =050 —049 —048 —0.47

Re 7

- S stabilized at a CP-conserving minimum by Planc
if so, 8 = 0 not altered by flavour physics.
[Higaki, Kobayashi, Nasu and Otsuka 2405.18813]
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What can solve the Strong CP problem?

David E. Kaplan (Johns Hopkins U.), Tom Melia (Tokyo U., IPMU), Surjeet Rajendran (Johns Hopkins U.) (May 13, 2025)
e-Print: 2505.08358 [hep-ph]

Bocpis not a Lagrangian parameter as a mass, a coupling
it is a variable that labels a vacuum

strong CP problem = a problem of vacuum selection:
experience 6 = 0, if the universe started with a generi

. cannot be solved by 0 = HQCD + argdetm

setting this to zero by CP

the vacuum can violate CP, even in a CP-invariant t

. the only viable solution to the strong CP problem i
where 6 = 0 from dynamics



What can solve the Strong CP problem? #1

David E. Kaplan (Johns Hopkins U.), Tom Melia (Tokyo U., IPMU), Surjeet Rajendran (Johns Hopkins U.) (May 13, 2025)
e-Print: 2505.08358 [hep-ph]
P

. in our framework CP is conserved but 6 is a dynamica
i.e. we do not set 8,cp = 0 by CP invariance

0 = arg[e‘8”2f3(5'7)det Y, (7)]
CP invariance ‘ (8%, 1) = f5(S5,1)

QQCD is inside S ‘ fS(S; T) =S+ ...
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6 dynamically relaxed to zero by the axion, would-be GB of a global,
anomalous U(1)p, Symmetry

. provides a candidate for DM

. many axion candidates in e.g. superstring theories

. axion quality problem

minimum of V(a) should be at a = 0

V(a) = Vyep(a) — M‘Le_scos(fE + 6) éw==0(

. axion undetected, so far



. CP ia a symmetry of the UV, £l
SBtoget8 = 0&d-xy = 0(1)

CP ‘ GQCD =0
. heavy vector-like quark sector
Q: q
m = (.u é/lana)
0 f{yv

CP spontaneously broken
by (n,) complex

[one is not enough]

. U= Agng [tuning]
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K and w no more independent
2 K = —ky M5, lo;

K
M3,

w

G = + log
M3,

w(t) — (ct

. 6 = arg A where now A= e 8 s —Cs det Y,detYy;.

| [arg M3 = —arg W]

X .0 =0

—

A(S,yt) = (ct + d)*4 A(S,7) || ka = 3(ky, + kn,)

. kfa—l—ZQT (M)kM—I—kwl




holomorphic coupling # physical

Kg=—M2/In(S+5), a = KaS — g% In7*(7)
.
1672 ) Ka A? _
422(1) = 167 HQR<—|- 2C, In b} + 0g In 9Re S 12 + Ag(7,7)
unification 1-loop
condition running

Ay(7,7) = —ky, Iny|n(r)|*

dependence on: SUSY-breaking scale, sparticle

. oy



fiyr) = (ct + ¥ (1) & f(T) holomorphic everywhere

includedat T =1 00
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Modular weight k

4 6 8 10 12 14

Number of forms

2
0 1 1 1 1 2 1

Modular forms

0
1
1
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Solving the strong CP problem without axions

Ferruccio Feruglio (INFN, Padua), Matteo Parriciatu (INFN, Rome and Rome Il U.), Alessandro Strumia (Pisa U.), Arsenii
Titov (Pisa U.) (Jun 3, 2024)

e-Print: 2406.01689 [hep-ph]

. higher levels, smaller weight

modular forms associated with

subgroups of SL(2,Z) ‘ ko, = kye = kp_l.c =(-=1,0+1) or (—=2,0+2)

perhaps easier to

. With heavy vector-like quarks ~

anomaly of IR theory canceled by

1
a nontrivial gauge kinetic function fir = fov = Wlog det Yyeavy (7)

many more viable patterns of quark mass mat

. can be extended to supergravity

Modular invariance and the QCD angle
Ferruccio Feruglio (INFN, Padua), Alessandro Strumia (Pisa U.), Arsenii Titov (Pisa U.) (May 15, 2023)
Published in: JHEP 07 (2023) 027 - e-Print: 2305.08908 [hep-ph]
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CP inthe UV

Yukawa couplings are
field-dependent quantities

the vacuum has a redundant
description: vacua related by
SL(2,Z) are equivalent

CP and SL(2,Z) are unified
in a gauge flavour symmetry

absence of anomalies

singularities in the
EFT
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CP inthe UV

Yukawa couplings are
field-dependent quantities

the vacuum has a redundant
description: vacua related by
SL(2,Z) are equivalent

CP and SL(2,Z) are unified
in a gauge flavour symmetry

absence of anomalies

singularities in the
EFT

the four-dimensional CP symme
gauge symmetry in most string
compactifications.

string theory has no free par
couplings are set by moduli

modular invariance is a key ing
string theory compactificati

Unification of Flavor, CP, and Modular Symmetries

Alexander Baur (Munich, Tech. U.), Hans Peter Nilles (Bonn U. and Bonn U., HISKP and Muni
Trautner (Heidelberg, Max Planck Inst.), Patrick K.S. Vaudrevange (Munich, Tech. U.) (Jan 1(

Published in: Phys.Lett.B 795 (2019) 7-14 « e-Print: 1901.03251 [hep-th]

mandatory in string th

emergence of singularit
infinite distances in mo



in a SUSY & CP & modular-invariant theory:
T can generate a large CKM phase without contributin
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