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Strong CP Problem

Motivation

We know CP is violated in the quark sector of the SM, O ~ 65°

Another CP violating source in the SM

g2

3272

0 tr G””GW

Due to chiral anomaly, invariant angle

0 = 0+ argdet(Y,Y))

Electric dipole moment of the neutron yields
0 < 10710




Strong CP Problem

Motivation

Possible solutions to strong CP problem

Axion (dynamic): essentially make @ a very light and weakly interacting field that relaxes 0
to zero

Nelson-Barr (symmetry based): CP is exact symmetry, but spontaneously broken, keeping
& small but CKM phase large

m,, = 0: with a massless chiral fermion, there is exact anomalous U(1), that only rotates
the up quark, and makes the @ angle unphysical
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m, = (

History

Kaplan-Manohar 1986: non-perturbative dynamical effects can shift the up
quark mass (additive renormalization)

QCD Instanton correction to m,,

R
Am, o m7mg

Possible that fundamental Yukawa coupling vanishes, while dynamical up
quark mass sizable




m, = (
Challenges

| attice simulation:

suggests m, # 0, but hard to understand lattice results like blackbox

Uncertainty in defining quark mass in lattice simulation J. Frison, R. Kitano, N. Yamada [arXiv: 1611.07150]

Still need to understand analytically
Calculable part (small instantons), but exponentially suppressed
Large instantons uncalculable

However dynamical correction (almost) calculable in QCD-like theories
obtained from SUSY QCD




SUSY QCD

Studying QCD-like theories

SUSY gives powerful constraints on strong dynamics
Holomorphy
't Hooft anomaly matching

Instanton

Seiberg and others have developed SQCD from the 1990s

Seiberg and Witten showed confinement analytically for the first time by deforming /4 = 2
SUSYto S/ =1

found there are many different phases depending on F vs. N




SUSY QCD

Phase of SUSY QCD

7 Pure SQCD

F > 3N IR free

F =3N

Conformal - non-abelian Coulomb phase

Free magnetic phase

F=N+1 s-confinement

F=N Quantum modified constraint

ADS superpotential, Runaway vacuum

F =0 Pure SYM - gaugino condensation

8

Confining :

~ ol .

Coulomb : V(R) ~ %

Free electric :  V(R) ~ Rln%R N
ree magnetic : V(IR) ~ lmH'\’
liggs : V(R) ~ (onsrdnt

V(R)




SUSY QCD

Studying QCD-like theories

The phases of SUSY QCD is very different from what is expected in non-
SUSY QCD

Lattice simulations suggest only 2 phases

Chiral symmetry breaking

Conformal phase for large I




SUSY QCD

Studying QCD-like theories

The phases of SUSY QCD is very different from what is expected in non-
SUSY QCD

Lattice simulations suggest only 2 phases

Chiral symmetry breaking

Conformal phase for large I

May introduce small SUSY breaking perturbations m << /A to mimic QCD

m > /\ is QCD, but no one knows SQCD and QCD are continuously connected
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SUSY QCD

Studying QCD-like theories

The phases of SUSY QCD is very different from what is expected in non-
SUSY QCD

Lattice simulations suggest only 2 phases

Chiral symmetry breaking

Conformal phase for large I

May introduce small SUSY breaking perturbations m << /A to mimic QCD

However, in many previous attempts, the IR phase often becomes

incalculable due to complicated soft terms and dependence on unknown
Kahler

11




AMSB QCD

Exception in SQCD?

Perturbing SUSY with anomaly mediated supersymmetry breaking (AMSB)
might be an exception

Initiated by Hitoshi Murayama [arXiv:2104.01179]

UV-insensitive & SUSY breaking effects controllable at all energy scales

12




AMSB QCD

Anomaly Mediated SUSY Breaking L. Randall and R. Sundrum

[arXiv:hep-th/9810155]
G. F. Giudice. M. A. Luty, H. Murayama, and R. Rattazi
[arXiv:hep-th/9810155]

SUGRA

<N

SUSY breaking

Matter Sector
Sector

No direct interaction between SUSY breaking and matter sector

Only source of SUSY breaking is auxiliary field of SUGRA multiplet

Best way to describe effect of AMSB is via introduction of the Weyl compensator ®

spurion chiral superfield for the super-conformal symmetry

13




AMSB QCD

Loop induced AMSB effects

SUSY breaking is through conformal anomaly

Scale invariance is broken via RGE running (UV insensitive, controllable)

Az‘jk(,u) — —5(%‘ % Vi) (1) m, g
2 2 2
1 mg = mg = 7= 52C;(3Ne — Ny)m?~,
m; (p) = —Z%(u)mQ, (87; )
g
6 92 My = 5 (SNC — Nf)m
() = 2(92)( ) 167

Loop induced positive squark and gaugino masses can be kept track of at all energies

known to be very challenging in other SUSY breaking mechanisms

14




AMSB QCD

Potential

The effects of SUSY breaking shows up through the coupling

< = Jd49(b*®K+ Jd29®3W+ h.c. D=1+ 92m

A. Pomarol, R. Rattazzi
_ [arXiv:hep-th/9903448]
Tree-level scalar potential

V

{ree

= 0. Wg" 0¥ W* + m*m(aiKgif'*ajka - K) + m(aiwglf*a]%K —-3W)+h.c.
Csaba Csaki et al. [arXiv:2212.03260]

In AMSB, finding an IR potential given W and K is straightforward

Not in other SUSY breaking mechanisms yet

15




AMSB QC D QCD-like minima (QQ) « |

Chiral symmetry breaking & U(1) unbroken: QCD-like vacuum

Phase of SUSY QCD SUF), X SU(F)g ~ SU(F),
7 Pure SQCD AMSB QCD
F > 3N IR free
F=3N
Conformal - non-abelian Coulomb phase
Runaway?
3 +QCD-like local
F=—N
2 Free magnetic phase
QCD-like global
F=N+1 s-confinement
F=N Quantum modified constraint Non-calculable, QCD?
F=N-1

ADS superpotential, Runaway vacuum
QCD-like global

F =0 Pure SYM - gaugino condensation
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AMSB QCD

Exception in SQCD?

Perturbing SUSY with anomaly mediated supersymmetry breaking (AMSB)
might be an exception

Initiated by Hitoshi Murayama [arXiv:2104.01179]

UV-insensitive & SUSY breaking effects controllable at all energy scales

This approach can be used to understand phenomena in strong dynamics
and potentially real QCD as well as BSM physics

Dynamical origin of the #’ potential csaba Csaki et al. [arXiv:2307.04809]
CP Phase Structure Csaba Csaki, Maximillian Ruhdorfer, TY [arXiv:2407.06252]
Dynamical Quark Mass Generation Csaba Csaki, Tuhin S. Roy, Maximillian Ruhdorfer, TY [arXiv:2505.07953]

Heavy Quark Physics Csaba Csaki, Tuhin S. Roy, Maximillian Ruhdorfer, TY [arXiv:25XX.XXXXX]
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+PT in AMSB QCD

Leading Order
The corrections to m , are contained in operators of yPT

Leading order chiral Lagrangian as usual

% =l Z{tr[aﬂU’fa Ul —tr[y U + UT]}
0= 770 u £ 4

U: GB Matrix, F: leading order pion decay constant,
¥ =2BM,, By = —{(qq)/(3F;)

Determines pion masses, GMO mass formula, pion scattering, etc. However

dynamics quark mass Am,, mjmf needs higher order in yPT
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+PT in AMSB QCD

Next-to-Leading Order

NLO yPT: two powers of quark masses or four derivates, or one quark mass +
two derivatives

O, = tr[0,U0*UT|?,
Oy = tr[0, U0, UM tr[0" U0 U]
O3 = tr[(0,U0*U")?],
° Oy = tr[0,U0* U |tr[xTU + xU"]
2| = Z L0, 05 = tr[0, U, U (xTU + Ux)],
= 05 = tr[xU + UTy)’
O7 = tr[x'U = UTx]?,
Os = tr[x"UxU + xUTxUT]

20




XPT in AMSB QCD cof y' = det(y")(y")™!

Kaplan-Manohar ldentity
O_, = tr|cot )(TU "+ h.c. corresponds to instanton diagram

Not independent — already contained in O .. g

Kaplan-Manohar Identity for arbitrary 3 X 3 matrices
detA " %A[(TrA)Z " TrA%]+ A“TrA" A°=0

Applyto A = y'U

1 1
trjcof ! U ]= = tr[! U]Z# tr[! U! U] e S O RE = Z(O6+ O;)# =0Og

1:

2 2
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+PT in AMSB QCD

Kaplan-Manohar ldentity

Further consequence: physics invariant under shift

F

1 1 1 +acof(! ), Leg! Lg" a-Y
() 6 6" ap

F F 2

L-! L-"a—-% and Lag! Les+a-2.
V4 4 16 8 8 8

All corrections to pion masses from NLO terms can be removed

In this “gauge”, m BO(,M,,, +/4d)

Definition of the effective dynamical quark masses (including the non-perturbative
corrections)

22




+PT in AMSB QCD

Dynamical Quark Masses

Need to match chiral Lagrangian to UV physics where quark masses are from
Yukawa couplings

. . . "1 =Bg, "2=16-2(2Lg" La).
Then expression of pion mass is TR0 2 (2Le " La)

my

— "1(mu + md)+ 2ms(mu + md)+ O(mﬁ,d)

Matching pion mass assuming m, = 0, u, ~ m , pu, =~ m

BoMs
;

P-_u$ .._les:l6
1

" (2Le " La)

Need L, ¢! Note also u,/p,; ~ 0.5 implies p,/f; =~ 3 GeV~!
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Dynamical Up-Quark Mass Generation

in AMSB QCD C. Csaki, T. S. Roy, M. Ruhdorfer and TY [arXiv:2505.07953]

AMSB QCD provides a full non-perturbative potential, thus generating
operators in yPT

Interested in F' = 3. Willfocuson F < NorF =N

Should be possible for any F and N

We consider the limit

Azm>m,>m;2m,

V

tree

= 0. Wg7 0*W* + m*m(diKgU*d]?kK —K)+ m(ainlif*a;K —3W)+h.c.
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+PT in AMSB QCD

Kahler and Superpotential

For F < N
Mesons M = Q;Q]f‘
AIN-F 1/(N=F)
W=(N-F + tr|M M
N =P o) [M,M]

K = 2tr[\/M‘fM]

25




+PT in AMSB QCD

Kahler and Superpotential

B, B are completely antisymmetric
color singlet combination of O, O

ForF =N
Mesons M, = Q;Q]f‘ Baryons B = eﬁ"'fNBfl,,,fN, B = eﬂ"’fNBﬁ,,,fN

Quantum modified constraint on moduli space det M — BB = A®Y

X is Lagrange multiplier for

det M — BB implementing the quantum modified
W=X ( A2N -1+ tr[MQM ] constraint in superpotential
t[M'™M] XX B'B BB
K = + + +

al A2 BIAIY  y I AIPN2 0 ST A1PN2

a, [, v, 0 are non-calculable parameters
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Dynamical Up-Quark Mass Generation

- a IS uncalculable Kahler coefficient
in AMSB QCD p—m
% &
16 (N! 1)(7N! 3) "N +3 " N
147 N(N +3)?2 SN ! 3m m
IJ_u . (F =3 <N)
Hd E
& Us
F = N =3).
18 m ( )

Contributions sizable as long as p./m not too small and a = O(1)

Strictly speaking no information on actual QCD, since m << A

Naive extrapolation — take m = A .. At least effective theories themselves
self-consistent (but may not describe QCD)

27




Dynamical Up-Quark Mass Generation

in AMSB QCD
F=3 ,N =4 F=N=3
l c=m,us/m =0.5 | =2 ,uS/m =0 .5
Pu 4 0.01 P4 0.4
Hd Hd

Contributions sizable as long as p./m not too small and a = O(1)

Strictly speaking no information on actual QCD, since m << A

Naive extrapolation — take m = A .. At least effective theories themselves
self-consistent (but may not describe QCD)
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Dynamical Up-Quark Mass Generation
in AMSB QCD

QCD dynamics alone might account for the observed up-quark mass,
rendering the @ angle unphysical

29




Conclusion

Summary and Outlook

Softly broken SUSY theories are lab for studying confinement and QCD
physics

AMSB is UV insensitive, trackable, and produces QCD-like phase structure

Dynamical mass for up quark could be sizable with vanishing up Yukawa

Can be answered within yPT

Calculated second order chiral Lagrangian with AMSB QCD

Simple extrapolation for /' = /N accounts for entire up quark mass

invites further theoretical, lattice, and phenomenological follow-up studies
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Conclusion

Summary and Outlook

Can we get the same result from another class of QCD-like theories?

Currently working on QCD compactified on R3 % S

Compactified QCD reportedly reproduces SUSY QCD results

Sizable Dynamical up-quark mass in other classes of QCD-like theories may
provide a useful hint on the solution to the strong CP problem
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+PT in AMSB QCD

Matching onto chiral Lagrangian

To find the chiral Lagrangian, we need to integrate out the heavy fields from
the low-energy potential that we obtain from AMSB

Meson matrix contains pGBs, but also radial modes. Those need to be
Carefully lntegrated out D, Jungnickel, C. Wetterich [hep-ph/9704345]

M=SU, S =5 UU-=]Ils.
S is heavy radial modes - adjoint under U(3)

U is pGB matrix, also containing 7’ (irrelevant in this topic) - bi-fundamental under
U)X UQ)g

70 L

U=exp ! U, detU=1

I,
3
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+PT in AMSB QCD

Matching onto chiral Lagrangian

To leading order in quark masses

(S) = f5lz+ O(Mg)

From scalar potential we determine f,, and by matching to lowest order chiral

Lagrangian we also find £y and B, | N
RN _ N+3 =
. . ° 3N! 3m -
At this order the radial and pGB modes ,
don’t mix — can just set heavy modes to fE=N =11 T+ O(m).
Zero o
Theories F =3 <N F=N=3

1 E 2.|:F<N e Nl/2 _|2|_I_
Loy=— g{tr[()”UTaﬂU]—tr[)(TU+)(UT]} B(()) : 7N"3m( ) 3 m

4 N+3 2 2

34




+PT in AMSB QCD

Matching onto chiral Lagrangian
At next-to-leading order, there will be mixing between heavy and light fields
S=f&lg+ S+ 4a& féls+ H+ Tiz+ aa
S, will also get a VEV — consequence of explicit breaking via quark masses
IS" = folz+ atr[Mglla + bMg + O(M2).

H and 1 modes have different masses

H=S;! tr[Si]l3 T = tr[S4]
They both mix with U
M 2 M 2
LAT) = ZH grH 2 o[ A UIHT+ —=LT21 ADTUIT

2 2
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+PT in AMSB QCD

Matching onto chiral Lagrangian

Mixing terms have various contributions

1
Ay " " U+ UL S U+ U],
ALY ut U+ U,
1
At g UsU | S#U#U ],

AL tr[#,U#U |,
At =0,

Al " 11 cos!’.

Integrating out the H and 1 modes will give NLO terms for yPT

n #ZCD
(HT) _ 1 (H) (H) . A(H)
Ly 7= 2I\/I,§tr Amo * Akin” T Ap
| 1 A(T) + A(T) + A(T)#2
) MQ Kin !!

M 2
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+PT in AMSB QCD

Matching onto chiral Lagrangian

Theories F =3 <N F=N=3
Fo [2f§N 1 O(NY?) 2L
Bo 37NN:33r2 ZB!Tm
L1 | " g3 ! ON®) | " ==+ g% | Oy =t[",U"HU P
L, 0 0 O, =t ", U" U Jr["HU"' U ]
L3 1 O(NY) | L i O3 = tr[( " ,U"HU )?]
L4 1 O(NO) |" i+ 26| Og=tr[",U"MU Jtr[! U+1U]
Ls | gmms ! OINY) | gl " e | Os=t[",U"U (I U+ U]
L6 ) 1763!N3m s ! O(N O) 216!!2m2 T 486?2" Oe :tr[! U+ U !]2
L7 | "R O(N?) | s il | O7=t[! U# U I
Ls | s ! ONY) | A | Og=t! U U+!U!U]




+PT in AMSB QCD

Matching onto chiral Lagrangian

Theories F =3 <N F=N=3
Fo [2f§N 1 O(NY?) 2L
Bo 37NNJ:33r2 Zmi
L1 | " g3 ! ON®) | " ==+ g% | Oy =t[",U"HU P
L, 0 0 O, =t ", U" U Jr["HU"' U ]
L3 1 O(NY) | o - O3 = tr[( " ,U"HU )?]
L4 1 O(NO) |" =+ 25| Og=tr[",U"MU Jtr[! U+1U]
Ls | gmms ! OINY) | gl " e | Os=t[",U"U (1 U+ U]
Le ) 1763!N3m3 ' O(N O) 216!!2m2 T 486?2" O =tr[! U+ U !]2
L7 | " AL O(N?) | s i | Oz =t U# UL
Ls | s ! OINY | A" A | Og=t! U U+!U!U]

A = N'PA, Large /N counting reproduced




Dynamical Up-Quark Mass Generation

in AMSB QCD
F=3 ,N =4 F=N=3
l c=m,us/m =0.5 | =2 ,uS/m =0 .5
Pu 4 0.01 P4 0.4
Hd Hd

Not too surprising two cases very different

I < N is really a weakly coupled theory — gauge group broken via ADS
superpoential

I = N has dynamics most like QCD — the global symmetry is broken even
without SUSY breaking
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Dynamical Up-Quark Mass Generation

in AMSB QCD
F=3 ,N =4 F=N=3
l c=m,us/m =0.5 | =2 ,uS/m =0 .5
Pu 4 0.01 P4 0.4
Hd Hd

Mechanism of non-perturbative quark mass?
F = N — 1,N: instantons
F < N — 1: gaugino condensation

Presumably...
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