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What is IR cutoff Ar?

What role does confinement dynamics play?

Are instantons the main contribution to 7’ potential?
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Axion and ' Mass in QCD

Why might instantons not be the origin of 7' mass?

* |nlarge N QCD instantons seem to be exponentially suppressed

87r2N

N> 1 with g°N=1=const. == instanton ~ ¢«

e But: vacuum energy is expected to have non-trivial 8-dependence
Witten 79

E@O) = sz(H/N) o % dependence does not look like

instanton effect

® Here: confinement dynamics (gluon condensation) generates potential

What happens in finite N and F QCD?
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1’ in SUSY QCD with AMSB

e QCD is non-perturbative in IR == cannot check explicitly what is going on
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1’ in SUSY QCD with AMSB

e QCD is non-perturbative in IR == cannot check explicitly what is going on

e BUT: can check in QCD-like theory

=P softly-broken SUSY QCD is (fully) calculable

=P SUSY QCD with AMSB has vacuum with
chiral symmetry breaking for FF < 3N yuayama 2

Csaki et al ‘22

=P ordinary QCD would be recovered in large SUSY breaking limit

Can give valuable lessons for ordinary QCD!
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Outline

Part 1 (1": Standard lore in ordinary QCD):

e Chiral Lagrangian and instanton effects

e |nsights from large N QCD

Part 2 (Lessons from SUSY QCD with AMSB):
e Review of SUSY QCD and AMSB

e Chiral Lagrangian in SUSY QCD with AMSB

e Spontaneous CP breaking at 0=rn
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Part 1: 1’ standard lore
in ordinary QCD
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Chiral Lagrangian

o [ flavor QCD with N colors exhibits SSB at low energies

UF)  XU[F)g = UF),=U)z X SU(F),

2

e But: U(l), is anomalous 9,5 = F8g—2TrGC~¥
70
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e But: U(l), is anomalous 9,5 = F8g—2TrGC~¥
70

e Parameterize GBs and would-be GB for U(1), in GB matrix
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Chiral Lagrangian

I flavor QCD with /V colors exhibits SSB at low energies

UF)  XU[F)g = UF),=U)z X SU(F),

2

But: U(1), is anomalous 0,5 = Fg—2TrGC~¥

ST

Parameterize GBs and would-be GB for U(1), in GB matrix

[] — 6’6"'7/ et decay constants absorbed in
n"and ¢

Lagrangian at 2-derivatives

2

£=I'”Tr

[(%U)W“U} + aAf2 (Tr [mgU] + h.c.)

quark masses break U(F') , explicitly
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Potential for '

e Use spurion analysis for contribution from anomaly
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Potential for '

e Use spurion analysis for contribution from anomaly

e under chiral rotation: n' —n +2p
A Ve Te R A & NeTe
872 82
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= Lagrangian invariantif 6 — 0 + 2F'p
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Potential for '

e Use spurion analysis for contribution from anomaly

e under chiral rotation: n' —n +2p
v, ~ 0 —2F ¢ -
@TI'GG ? 87‘(‘2 TI'GG

= Lagrangian invariantif 6 — 0 + 2F'p

=P invariant combinaton 0 — Fnp' =60 +ilogdetU

e Simplest term
implicitly assumes / consistent with

»Cinst — bAQfT%e_ie det U 4+ h.c. iInstanton origin

instanton is always proportional to "
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n' Potential

e Potential V??’ = —QbAQf';% 003(9 — F77/)

— ;7/ mass is O(A): m727/ X bFA2 non-canonical kinetlc term

Lkin = (2F)§6’M77’8“77’
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e Potential V??’ = —QbAQf';% 003(9 — F77/)

— ;7/ mass is O(A): m727/ X bFA2 non-canonical kinetlc term

Lkin = (2F)§6’M77’8“77’
e Integrate out #’
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n' Potential

e Potential V??’ = —QbAQﬁ% COS(H — F77/)

— }7/ mass is O(A): m%/ X bFAQ non-canonical kinetlc term

Lkin = (2F)§6’M77/8M77/
e Integrate out #’

0+ 2mk
(') = +F7T , k=0,....,F -1 F degenerate 1’ minima

e Potential for neutral GBs

F-1

F —
0+ 27k o
_ 2 , J
Ve = —2aAf; Elmzcos ( I + .Eltﬂ])
1= 7=
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n' Potential

e Potential V??’ = —QbAQf';% 003(9 — F77/)

— ;7/ mass is O(A): m727/ X bFA2 non-canonical kinetlc term

Lkin = (2F)§6’M77’8“77’
e Integrate out 1’

0+ 2mk
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e Potential for neutral GBs
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n' Potential

e Potential V??’ = —QbAQf';% COS(H — F77/)

— 77’ mass is O(A): m727/ X bFA2 non-canonical kinetlc term

Lkin = (2F)§6’M77/8M77/
e Integrate out #’

0+ 2mk
(') = +F7T , k=0,....,F -1 F degenerate 1’ minima

e Potential for neutral GBs
quark masses F — 1 generators of

J _ B Cartan sub-algebra
(0 + 27k N

F
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=P if one m; = 0, can absorb 8 into pion VEVs
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n' Potential

e Potential V??’ = —QbAQf';% COS(H — F77/)

— 77’ mass is O(A): m727/ X bFA2 non-canonical kinetlc term

Lkin = (2F)§6’M77/8M77/
e Integrate out 1’

0+ 2mk
(') = FW , k=0,....,F -1 F degenerate 1’ minima

e Potential for neutral GBs

quark masses F — 1 generators of
_ Cartan sub-algebra

F F-1

) .
Ve = —2aAf? Zmi/cos (0 +F7Tk + . t;

=1 71=1

=P if one m, = 0, can absorb 8 into pion VEVs axion
=P if all m; # 0, need extra DOF to eliminate 0: H—0+na
el

anomaly coefficient
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Large N limit

e Anomaly vanishes in N — oo limit

2
. g ~ A F
Ouia~ Faa MGG~ oy

TTGG — 0

=P 1’ becomes massless in this limit

10
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Large N limit

e Anomaly vanishes in N — oo limit

: - A F
9,5 ~ FL_TrGG ~

TrGG — 0
872 812 N '

=P 1’ becomes massless in this limit

® But: V= —2bA°fZcos(d — Fn')  does NOT vanish in large N limit!!!
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Large N limit

e Anomaly vanishes in N — oo limit

2
3M]A ~ FS?TI'GG ~Y 87‘(‘2 NTI'GG — O

=P 1’ becomes massless in this limit

® But: V= —2bA°fZcos(d — Fn')  does NOT vanish in large N limit!!!

e Witten: pure QCD vacuum energy is 6 dependent E(0) = N?f(§/N)

Witten ‘79
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Large N limit

Anomaly vanishes in N — oo limit

9,5 ~ FL_TrGG ~

=P 1’ becomes massless in this limit

2 A F

872 812 N

But: V= —2bA° f2 cos(§ — Fny')

Witten: pure QCD vacuum energy is & dependent

Veneziano-Witten formula for #’ mass

m

, 2F d’E
TSR de?

10

pure QCD

TTGG — 0

does NOT vanish in large N limit!!!

1
(X_
N

B(0) = N2f(0/N)

Witten ‘79

00— 0—Fn

Witten ’79
Veneziano ‘79
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Large N ' Potential

° mﬂ2 x 1/N suggests potential of the form

Ly = NA2f2(e=®det U)V/N + h.c.

11
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Large N ' Potential

o mﬂ2 x 1/N suggests potential of the form

o = NA2f2(e=Odet U)V/N + h.c.

/ \

m;, ~1/N ~1/N*
as expected from large N

11
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Large N ' Potential

° mﬂ2 x 1/N suggests potential of the form

L, = NA?2fA (e ¥det U)'/N + h.c.

z/'

el
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e non-analytic function in 6
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. mﬂ2 x 1/N suggests potential of the form

L, = NA?2fA (e ¥det U)'/N + h.c.

/

. 0
e'N e not an instanton effect , _
potential has branch-like

e 27 periodicity seems lost structure
(branches of complex root)
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e non-analytic function in @ | |
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Large N ' Potential

. mﬂ2 x 1/N suggests potential of the form

L, = NA?2fA (e ¥det U)'/N + h.c.

/

. 0
e'N e not an instanton effect , _
potential has branch-like

e 27 periodicity seems lost structure
(branches of complex root)

. Dk

e non-analytic function in @ | |
y ()N = e’%“T,k =0,1,...N—1

. /
V(0,n) = mkin [—2NA2f7%cos (9 F?;\[—I— ZWk)] , k=0,....N—1
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Large N ' Potential

— Fn +2
V(@,n’)zmkin[—QNAzfﬁcos (9 ?V—I_ Wk)], k=0,...,N—1

3A2>f;T2_ 7N =S Y PRARIEN

~
s
~
’
~
’
~
' d

V(ean')|9
S

k=2 k=1 k=0
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Large N ' Potential

— Fn +2
V(@,n’)zm}in[—QNAzf?%cos (9 ?V—i_ Wk)], k=0,...,N—1

' ! F=2,N=3
BNYZE e e S
§ 0
>
k:2 k:l k:O
_3A2fﬂ2 1 1 : : .
0 /.4 2 3r 4r
77!
| / 0 + 2k
e 7" washes out branch structure (77 > =
F
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Large N ' Potential

— Fn +2
V(@,n’)zmkin[—QNAzfﬁcos (9 ?V—I_ Wk)], k=0,...,N—1

I 1 1
= - - = -
3A f b ~ ’ ~ ’ ~ P ~
ys ¢ ‘\ ¢ ‘\ ¢ s ¢
4 N ¢ ¢

=0

V(ean')|9
S

4
1 4 ’
1 4 ’
) + — T v
\ ’/ \ \ !
\ Y ) \ N ’
N ’ N . !
MM
_3A ‘f7‘r 1 1 1 1 1

0 T 2r 3n A
]7'
/ / 9 _|_ 27Tk
e 1’ washes out branch structure (77 > — =

But: branch structure is indication that it is not an instanton effect

12
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Take Home Message Part 1

;‘! Large N QCD: e disfavors instanton origin of #’ potential

|
|

13
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Take Home Message Part 1

Large N QCD: e disfavors instanton origin of #’ potential
!

Let us check this in QCD-like theory!

13
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Part 2: Lessons from
SUSY QCD with AMSB

14
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SUSY QCD

e SU(N) SYM with F'flavors, i.e. Qf, Qf,f = 1,..., Fin N, N representation

15

Maximilian Ruhdorfer (Cornell)



SUSY QCD

e SU(N) SYM with F'flavors, i.e. Qf, Qf,f = 1,..., Fin N, N representation

e Spectrum with quark masses m, < A

E

A

A +
squark
mqQ<4 z====--==--- quark
0 4 ccccccco--- gluino
gluon

15
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SUSY QCD

e SU(N) SYM with F'flavors, i.e. Qf, Qf,f = 1,..., Fin N, N representation

e Spectrum with quark masses m, < A

E E
i A
AT SUSY breaking A T
mg K< m <K A
M S+ ccccccc--- squark
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gluon
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SUSY QCD

e SU(N) SYM with F'flavors, i.e. Qf, Qf,f = 1,..., Fin N, N representation

e Spectrum with quark masses m, < A

E E
i A
AT SUSY breaking A T
mg K< m <K A
M S+ ccccccc--- squark
P, O I gluino
mQ T — qua_rk mQ - quark
0 + z==c------ gluino 0 1 .
gluon

=P QCD is recovered for m > A, but calculability breaks down

=P only QCD-like because gluino & squarks involved in confining dynamics

15
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SUSY QCD

e Non-perturbative effects are known

=P superpotential is uniquely fixed
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SUSY QCD

e Non-perturbative effects are known

=P superpotential is uniquely fixed
e SUSY breaking via AMSB stabilizes chiral symmetry breaking vacuum

Murayama '21

=P can construct chiral Lagrangian from top down Coakdetal 22

=P SUSY breaking effects where scale invariance is broken

Viree = 0iW g 5W* +-m*m (0,K g7 ;K — K ) +m (0,Wy 9K —3W ) + hc.

Csaki et al ‘22
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SUSY QCD

e Non-perturbative effects are known

== superpotential is uniquely fixed
e SUSY breaking via AMSB stabilizes chiral symmetry breaking vacuum

Murayama '21

=P can construct chiral Lagrangian from top down Coakdetal 22

=P SUSY breaking effects where scale invariance is broken

Viree = 0iW g 5W* +-m*m (0,K g7 ;K — K ) +m (0,Wy 9K —3W ) + hc.

Csaki et al ‘22

e Similar results by Dine, Draper, Stephenson-Haskins and Xu (2016) using
soft-breaking via explicit gaugino and squark masses

=P only reliable for F < N

16
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F<N SUSY QCD

e D-flat directions parameterized by meson matrix Mg = Q“}Q“]’é,

(M) x 1 breaks
chiral symmetry

17
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F<N SUSY QCD

e D-flat directions parameterized by meson matrix Mg = Q;’;Q“]’é,

(M) x 1 breaks

* Non-perturbative ADS superpotential is generated chiral symmetry
ABN—F\ 1/(N=F)
W=(N-—-F Tr M
¥ -F) (qar)  +Temo)
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F<N SUSY QCD

e D-flat directions parameterized by meson matrix Mg = Q;Q?,

| o (M) x 1 breaks
* Non-perturbative ADS superpotential is generated chiral symmetry

A3N-F 1/(N—F)
W:(N—P}deetM) + Tr(mgM)
\ add mass term to

27T |, _ Ami 0 mimick QCD
with 7 = 22 + >

holomorphic scale A% = p%e

17
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F<N SUSY QCD

e D-flat directions parameterized by meson matrix Mg = Q;’;Q“]‘e,

| o (M) x 1 breaks
* Non-perturbative ADS superpotential is generated chiral symmetry

A3N-F 1/(N—F)
W:(N—P}deetM> + Tr(mgM)
\ add mass term to

27T \pith T — Ari n 0 mimick QCD

holomorphic scale A% = p%e >
g 27

e Scalar potential with AMSB has chiral symmetry breaking minimum

N+ F A (N—F)/(2N)
3N—Fm)

(M) = f?1 with f=A < + O(mg/m)

17
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: Chiral Lagrangian

e Parameterize GBs as

a _ a ~a _ ~a 2 is also the " and
Qp = 1f10f, QF=QpUps, M= |f|vU\ pion decay constant
/ A

n?and”?

18
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: Chiral Lagrangian

e Parameterize GBs as

a _ a ~a _ ~a 2 is also the " and
Qp = 1f10f, QF=QpUps, M= |f|vU\ pion decay constant
/ A

e Chiral Lagrangian 7 and Z-
/ /
A3BN-F 1/(N—F)
V=—m|(BN-F) ( 7 ) det(U)"YWN=F) 1| £12Tx(mgU) | + h.c.
ABN—F\ 1/(N=F)
—2 ( 7 ) det(U) YN Te(mLUT) + h.c.

18
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: Chiral Lagrangian

e Parameterize GBs as

a a =4 MG is also the " and
Qf =Ifloy, @f=QpUpy, |f|v\ pion decay constant

e Chiral Lagrangian A and =

f f

ASN—F 1/(N—F)
V=—m|(3N—F) ( 7R ) det(U)YW=E) | £12Tr(mgU) | + h.c.
ABN—F\ 1/(N=F)
( 7 ) det(U) /NI Tr(mLUT) + h.c.

complex root of ASN=F = |A|3N_ 9 and detU = et

= get branch-like structure

18
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: Chiral Lagrangian

e Full chiral Lagrangian

N+F\ N rm N 3 F , 0427k
Vk——2(3N—F)(3N_F) (W) m|A] COS(N_Fn— N—F)

_2(3N—F) (m> |A| Zmzcos ] +9Q+Zt M

=1 71=1

N+F\ N rm N & N 9+27rk Flj
_4(3N—F> (W) |A| Zmicos N_ 7" —I—HQ— thj

=1

19
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: Chiral Lagrangian

e Full chiral Lagrangian

N+F\ N rm N 3 F , 0+27k
Vk——2(3N—F)(3N_F) (W) m|A] COS(N_F’I]— N—F)

_2(3N—F) (m> |A| Zmzcos ] —I—HQ—I-Zt M

=1 7=1

N+F\ N rm N & N 9—|—27rk Flj
_4(3N—F) (m> |A| Zmicos N_Fn+9Q— th]

=1

e Has branch-like structure but with 1/(N — F’) instead of 1/N

= not an instanton effect but gluino condensation in unbroken SU(N — F)

19
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: Special Cases

e [ = 0: vacuum energy as conjectured in large N pure QCD

0 + 2k
N

Ve =% —6N*m|Apnys|? cos (

== But: this also holds for finite N

20

Maximilian Ruhdorfer (Cornell)



Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: Special Cases

e [ = 0: vacuum energy as conjectured in large N pure QCD

0 + 2k
N

Ve =% —6N *m|Apnys|® cos (
= But: this also holds for finite N

e N> F :branched 5’ potential

F F-1
N>F F 0+2rk\ 14 -
3 —6N2m| A pys|” cos (Nn’ -~ )—?N|Aphys|3 E M,; COS (77’ +0g + E tgwj)

i=1 j=1

=P As expected 1’ mass goes as mn2 x 1/N

20
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: Special Cases

e [ = 0: vacuum energy as conjectured in large N pure QCD

0 + 2k
N

Ve =% —6N *m|Apnys|® cos (
= But: this also holds for finite N

e N> F :branched 5’ potential

F F—-1
F 0+2rk\ 14 ;o
=g _6N2m|Aphys|3 COs (Nn, — NW )_?N|Aphys|3 Z m; COS (77/ + 0 + Z tgwj)

i=1 j=1

=P As expected 1’ mass goes as mn2 x 1/N

What happens when both /" and N are large?

20
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: fixed F/N

e For F/N = fixed the #n" mass is constant

_9)2
2 _ (z —3)%x 2

/ h —
"t D@o12 " VT

™m

2| ™

21
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F<N SUSY QCD: fixed F/N

e For F/N = fixed the #n" mass is constant

2
2 (z —3)“z 2 :
me, = m*, with = —
T (x4 1)(x—1)2 N
mn2 x F/Nfor F/IN < 1 diverges for x — 1, description breaks down
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F<N SUSY QCD: fixed F/N

e For F/N = fixed the #n" mass is constant

2
2 (z —3)“z 2 :
m., = m*, with = —
T (x4 1)(x—1)2 N
mn2 x F/Nfor F/IN < 1 diverges for x — 1, description breaks down

e = N — 1: no branches and trivially 2z-periodic

F F-1
Vi Nzl _ 4N3/2777,2|Aphys|2 COS ((N — 1’ — 0) — 2N1/2m|Aphys|2 Zmi COS (77' +0g + Z tgﬂ'j)

i=1 j=1

F F—1
- 4N1/2m|Aphys|2 Zmi coS (Nn' + 0 — 0+ Z tgwj) .

i=1 j=1

=P jnstanton effect! Not exponentially suppressed for N > 1
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F>N SUSY QCD

e | arger moduli space, also baryon fields and different description for
F=NF=N+1F>N+1

22

Maximilian Ruhdorfer (Cornell)



Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F>N SUSY QCD

e | arger moduli space, also baryon fields and different description for
F=NF=N+1F>N+1

e F=Nand F = N + 1 do not have branches

=P consistent with an instanton effect
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

F>N SUSY QCD

e | arger moduli space, also baryon fields and different description for
F=NF=N+1F>N+1

e F=Nand F = N + 1 do not have branches

=P consistent with an instanton effect

e F> N+ 1has(F — N)branches

=P from gluino condensation in the dual SU(F — N) theory

=P similar to ' < N case

22
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Spontaneous CP breaking at 0 = z

* Gaiotto, Komargodski and Seiberg argued using large N and anomalies that
at @ = 7w CP might be spontaneously broken, depending on F’
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* Gaiotto, Komargodski and Seiberg argued using large N and anomalies that
at @ = 7w CP might be spontaneously broken, depending on F’

o F'=1:thereis a critical value for the quark masses m, , ~ A/N with

> My < Mg there is a unique CP conserving vacuum
> My = My 1’ is exactly massless
> My > Mg 2 degenerate vacua and CP is spontaneously broken
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o F'=1:thereis a critical value for the quark masses m, , ~ A/N with

> My < Mg there is a unique CP conserving vacuum
> My = My 1’ is exactly massless
> My > Mg 2 degenerate vacua and CP is spontaneously broken

e > 1 :always 2 degenerate vacua and CP is broken
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Spontaneous CP breaking at 0 = z

* Gaiotto, Komargodski and Seiberg argued using large N and anomalies that
at @ = 7w CP might be spontaneously broken, depending on F’

o F'=1:thereis a critical value for the quark masses m, , ~ A/N with

> My < Mg there is a unique CP conserving vacuum
> My = My 1’ is exactly massless
> My > Mg 2 degenerate vacua and CP is spontaneously broken

e > 1 :always 2 degenerate vacua and CP is broken

We can see this explicitly in our results!
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

Spontaneous CP breaking at 0 = z

o F=1":

' (O ! (O
Vie(n',0) oc —am|AJ® cos (77 ]E[ j—fwk)) —bmg]|A|® cos(n')—2mg|Al® cos (Nn (6 + 27rk))

N-1
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

Spontaneous CP breaking at 0 = z

o FF=1": dominates for mo << m

n — (0 + 2mk)
N -1

o
Vi(1,0) o< —am]|Al® cos ( Nn' — (6 + 27rk))

—bmg|Al® N—2mol|A[?
) mq|A|° cos(n')—2mg|A] cos( N-1

mQ < mQ 0
L A T
amA TR N=5
&
= 0
=
k=0
—amA3t , : ;
0 g s 3 2n
2

unique CP-conserving
minimum
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Vi(n',m)

Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

Spontaneous CP breaking at 0 = z

o F=1":

o
L 15[01—127%)> —bmgl|Al® cos(n')—2mg|AJ* cos (

v l

;2
Vi(n',0) < —am|A|® cos ( N’ — (0+ 27rk))

N-1

my < Mgy g my = mgy o~ m/IN
amA’f e T N=5I amAf ‘ """"""" N=5
_ ,
0 = 0
~o s . ~
—amA’L . ka . . —amA? \ ka /
0 2 n 37” 2n 0 2 n 37” 27
n n
unique CP-conserving 1’ massless
minimum
24
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Vi(n',m)

Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

Spontaneous CP breaking at 0 = z

o F=1":

n' — (0 + 27k
]E[_ : )>—me|A|3 cos(n')—2mg|A|° cos (

e N

;2
Vi(n',0) o< —am]|A|® cos ( N’ — (0+ 27rk))

N-1

my < Mgy g my = mgy o~ m/IN My > My
amA’f e T N=5I amA>F — ------------ N’5I amA3~N_ :
® ® ..
0 = 0 = O
= =
. . i k=0
Camat, T — | ol —— ] S —
0 g s 37” 2n 0 7—2T 1S 37” 2n 0 g Vs 37” 2n
77' 77' nv
unique CP-conserving ' massless 2 degenerate vacua
minimum CP spont. broken
24
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Vi(n',m)

Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

Spontaneous CP breaking at 0 = z

o F=1":

/I n /I n
Vi(n',0) < —am|A|® cos (77 ]srﬁj—fwk)> —bmgl|Al® cos(n')—2mg|AJ* cos (Nn N(e_—: 27rk))

e N

my < Mgy g my = mgy o~ m/IN My > My
am/\”‘: _______________ S N;:§:'1 amA3';::._——-—-""""" """"""" N=5._ aInASN=5
® ® .. )
0 = 0 - = O ===t
i \\\ ,»“x i \\“\ /,’/ k=0 \\\
—amA3f, . kTO . . —amA’ \ kTO / —amA’® \/’\/
0 g V8 37” 2n 0 7—2T n 37” 27 0 g Vs 37” 2n
n' n' n'
unique CP-conserving our assumption 1, << m
minimdm =P only reliable for large N
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

Spontaneous CP breaking at 0 = z

o > 1 :forequal quark masses

= assume vacuum does not break residual SU(F')

U = e 2™/ Eq|  EV in center of SU(F)
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Spontaneous CP breaking at 0 = z

o > 1 :forequal quark masses

= assume vacuum does not break residual SU(F')
U = e 2™/ Eq|  EV in center of SU(F)

e Formg, < mthe VEV of i’ is fixed to

) + 2
<n'>:9+F”’“, k=0,... F—1
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

Spontaneous CP breaking at 0 = z

o > 1 :forequal quark masses

= assume vacuum does not break residual SU(F')
U = e 2™/ Eq|  EV in center of SU(F)
e Formg, < mthe VEV of i’ is fixed to

_§—|—27Tk

(n") .

e \acuum energy at 0=rx

Viem () —FmQ\A\gcos (

(2(k+m)+ )7
P
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Spontaneous CP breaking at 0 = z

o > 1 :forequal quark masses

= assume vacuum does not break residual SU(F')
U = e 2™/ Eq|  EV in center of SU(F)
e Formg, < mthe VEV of i’ is fixed to

_§—|—27Tk

(n") .

e Vacuumenergy atl =« 2 degenerate minima for

(2(k+m)—|—1)7r> k+m=0,F—1
v - (U) =T

Viem () —FmQ\A\gcos (
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Csaki, d’Agnolo, Gupta, Kuflik, Roy, MR

Spontaneous CP breaking at 0 = z

o > 1 :forequal quark masses

= assume vacuum does not break residual SU(F')
U = e 2™/ Eq|  EV in center of SU(F)
e Formg, < mthe VEV of i’ is fixed to

_§—|—27Tk

(n") .

k=0,... F—1

e Vacuumenergy atl =« 2 degenerate minima for

(2(k+m)—|—1)7r> k+m=0,F—1
v - (U) =T

Viem () —FmQ\A\gcos (

=P CP: U — U is spontaneously broken
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Lessons from SUSY

1’ potential has in general a branched structure with | N — F'| branches

== originates from confinement dynamics and not instantons

For F=N—1,N,N + 1 we find a single branch

=P consistent with being an instanton effect

' mass vanishes for ' << N and is constant for F'/N = fixed

SUSY QCD predicts spontaneous CP breaking at 0 = x in accordance

with QCD

Gaiotto, Komargodski and Seiberg ‘17

Which scenario is realized in QCD?

20
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Backup

27
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F=N SUSY QCD

completely antisymmetric color

. singlet combination of Q¢ and Q%
e Larger moduli space: mesons and baryons ‘/g &‘ O

Mg g :Q?Q?ﬂ/ BZGflmfNBfl...fN, BZGflmfNBfl...fN

=P quantum modified constraint on moduli space det(M) — BB = A*N

=P implemented in superpotential through Lagrange multiplier X

det(M) — BB
W:X( (AgN —1)—|—Tr(mQM)
Tr(MTM) XX B'B B'B

K =

oA T BARE T AAPN-2 T SjAEN-2

e Assume chiral symmetry breaking mesonic VEV

=1

N N—-1
V =—2[AP(AP® + (N — 2)m?) cos (N = 0) — 2m|A]* > " m; cos ((N —1)n' —0g—0- ) tg'wj)
j=1

N N-1
IS S (n, S tgwa) | No branches!
i=1 Consistent with instanton effect

j=1
Maximilian Ruhdorfer (Cornell)
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F=N+1 SUSY QCD

e Baryons in (anti-)fundamental of SU(F") Bl =elviINipBy e
By = €fy..po s BN

e Superpotential implements constraint on moduli space

BMB — det(M) T
T M B;B
A2N-1 + I'(mQ ) K = a|A|2 Z 5|A|2N 2 Z 7|A|2Nf 2

Kahler

W =

e Chiral Lagrangian similarto ' = N

N—2m )(N—l-l)/(N—l)

3 /I
N A m|A]° cos (N + 1)n" — 6)

V:—mN—m(

N —9 m \NV/N-1) N+l _
—2 ( ~ |A|) A3 Z mgcos | Ny’ — g — 6 — Ztaﬂy Again no branches!
7=1

N1 N Consistent with being

(N—z m)”(N D AP jj an instanton effect
—4 m|A micos [0/ +60g+ ) tinl | .
N Al Z ¢ Z

29
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F>N+1 SUSY QCD

e Study weakly-coupled dual SU(F — N)

=P DOF: F (anti-)fundamentals g, g under SU(F — N) and meson matrix M

e Superpotential

1 o
Wd — ;qz-Mz-j(jj T Tr(mQM) with ASN_FASN_F = (—1)F_N,UF

—
mass term when M gets a VEV == integrate out dual quarks

e Pure SU(F—N)SYMinIR == superpotential from gluino condensation
A3N—F\ I/(N=F)
detM)

Wt = NAZ: + Tr(mgM) = (N — F) ( + Tr(mgoM)

\

| ]\e 3N [\ 3N—-F
scale matching <det<M/f;)1/F> = (det(M/ml/F)
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F>N+1 SUSY QCD

A3N-F 1/(N—-F)
det M )

Wd NA +Tr(mQM) (N — F) ( +Tr(mQM)

e Same as F' < N with ' & N with chiral symmetry breaking minimum

2F — 3N m \ F~N)/EN=F)
N |A

Mff/ = f25z’j, with f2 = |A|2 (

e Chiral Lagrangian

9F — 3N m \ F/@GN-F) F 0 + 2k
Vi. = —4(3N — 2F A3 -
o=~ -2 (5 Al eos (!~ G )
g (2F-3Nm N/<2N—F)|A|32F:m_cos N 9+27rk: S

AFN (2F —3N m\V@ev-0 & , —
_2F—3N( ~ |A|) N Zmicos 77+9Q—|—Zt§7rj ,

F — N branches!
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Axion Mass

:—2aA2f2Z—cos 0+an Zt%r]

e Easy to obtain axion mass for general I

fr

a

* |ntegrate out pions to leading order in =~ instead of diagonalizing mass matrix

=P only need to solve linear equations

—1
2
e Axion mass m? _aAn2f (Zm )

n?F f2  Trm?2
2(F —1) f2 Trm,Tr my

. . 2
=P in terms of pion mass m; =

f2 My, My 9 2 f2 ZNLD)
- [=7: m2 = 2aAn? -~ —n
¢ f2my +my T f2 (my, + mg)?
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AMSB

* Anomaly mediation: SUSY breaking effects where scale invariance is broken

=P effects described with chiral compensator with F' term

Pomarol, Rattazzi ‘99

L = / d*0P* DK + / d?0P3W + c.c. with ® =1+ 6’m

* (Generates tree-level scalar potential

Vireo = BiW g7 O;W* + m*m (9K g7 07K — K) +m (9,W g7 97K — 3W ) + h.c.

Csaki et al ‘22
¢ Gluino and squark masses are loop generated
2 4

_ 2 -9 (3N — F)m?2
(BN — F)m, ms (8W2)22CZ(3N F)m

_ g
1672

mx
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Holomorphic vs Physical Scale

RGE invariant scale at two-loops

2 —b1/(2b7)
Ae=p (bogc (MC)> exp (_

82

2miT(p)

A= pe %o

with 7= —5 + —

872

bog? (1

)

Holomorphic scale in superpotential (1-loop exact)

471 v,

g}% 2T

finite in large N limit since
bog> « Ng* = const bo=3N — F

by = 6N? —2NF — 4F(N? —1)/(2N)

Relation between holomorphic and canonical coupling ,ave-function renormalization

Re(7) =

Relation between holomorphic and canonical scale

A = ge(p)™ bl/boll»exp(

872
gc

o

7

'4

+ 2T (Ad) log g + Z T (i) log Z;

Dynkin index for adjoint and matter representations

872

bOgc (,LL)

)=

34

bo
872

) b1/(2b3)

Ac

for N > F
|A| x NPA,
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