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Lattice Gauge Theories

I don’t work on lattice fermions
I’ve been awed by enormous progress in 
working QCD physics on lattices
only practical tool for precision non-
perturbative calculations in QFT
lot of potential for non-QCD theories
I’m looking forward to learn a lot during this 
week about the progress
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Why Chiral Gauge Theories

I don’t work on lattice fermions

All I know is chiral fermions are difficult

vector-like chiral symmetry

chiral gauge theories: last frontier

Chiral Gauge Theories are difficult

difficult to formulate with lattice fermions

difficult to “guess” the universality class

conjecture has been tumbling hypothesis
new conjecture based on supersymmetry
Which one is right?
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Nature is chiral

Standard model is a chiral gauge theory
Nature taught us

abelian theory (QED)
non-abelian confining theory (QCD)
non-abelian broken theory (EW)

There can be more
dark matter, axion, dark energy, inflation
likely that some of them are chiral

need to know what chiral gauge theories do!
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Outline

Why chiral gauge theories

Tumbling and ’t Hooft anomaly matching

near-SUSY QCD-like theories

near-SUSY chiral gauge theories

2D Yang-Mills Theories
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Tumbling and ’t Hooft 
anomaly matching



QCD-like theories

We think they break global symmetries

SU(N) with Nf F + F*


SU(Nf)LxSU(Nf)R to SU(Nf)V

SO(N) with Nf V


SU(Nf) to SO(Nf)

Sp(N) with 2Nf F


SU(2Nf) to Sp(Nf)

Not that we can prove it analytically

we think this is the case at least for small Nf

massless NGBs, no massless composite fermion
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’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
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UV



G

G

G

’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
needs spectator fermions to cancel anomalies 
to make the gauged theory consistent
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UV+spec-

tators

G

G

G0 =



G

G

G

’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
needs spectator fermions to cancel anomalies 
to make the gauged theory consistent
In the IR, G may be broken to H


Wess-Zumino Witten term if π5(G/H)≠0

massless composite fermions
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G

G

’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
needs spectator fermions to cancel anomalies 
to make the gauged theory consistent
In the IR, G may be broken to H


Wess-Zumino Witten term if π5(G/H)≠0

massless composite fermions

no changes to spectator fermions
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G

G

G

’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
needs spectator fermions to cancel anomalies 
to make the gauged theory consistent
In the IR, G may be broken to H


Wess-Zumino Witten term if π5(G/H)≠0

massless composite fermions

no changes to spectator fermions
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G

G

G

’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
needs spectator fermions to cancel anomalies 
to make the gauged theory consistent
In the IR, G may be broken to H


Wess-Zumino Witten term if π5(G/H)≠0

massless composite fermions

no changes to spectator fermions
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H

H

’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
needs spectator fermions to cancel anomalies 
to make the gauged theory consistent
In the IR, G may be broken to H


Wess-Zumino Witten term if π5(G/H)≠0

massless composite fermions

no changes to spectator fermions
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H

H

H

’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
needs spectator fermions to cancel anomalies 
to make the gauged theory consistent
In the IR, G may be broken to H


Wess-Zumino Witten term if π5(G/H)≠0

massless composite fermions

no changes to spectator fermions
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H

H

H

’t Hooft anomaly matching
Consider gauging global symmetry G


often it is anomalous
needs spectator fermions to cancel anomalies 
to make the gauged theory consistent
In the IR, G may be broken to H


Wess-Zumino Witten term if π5(G/H)≠0

massless composite fermions

no changes to spectator fermions
anomalies in the UV = anomalies in the IR
also discrete anomalies (Csáki, HM 1997)
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(T a)R1(T
a)R2 =

1

2

[
((T a)R1 + (T a)R2)

2 → (T a)2R1
→ (T a)2R2

]
=

1

2
[C2(R)→ C2(R1)→ C2(R2)]

Chiral theories

by definition, no bilinear gauge invariants
assume  do form nonetheless
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→f1f2↑R
Pick MAC (Most Attractive Channel)

breaks its own gauge invariance
gauge group Higgsed to smaller ones

let it repeat
until the theory becomes vector-like so 
that the last step is QCD-like

Georgi (1979), Dimopoulos-Raby-Susskind (’80)
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V = g2
(T a)R1(T

a)R2

4ωr



SU(N) AN-4 + (N-4)F*-N+2
SU(N) with A + (N-4) F*, global SU(N–4)xU(1)
MAC                  : SU(N)➝SU(4)xSU(N–4)xU(1)
unbroken global SU(N-4)xU(1), gauged SU(4)
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SU(N) AN-4 + (N-4)F*-N+2
SU(N) with A + (N-4) F*, global SU(N–4)xU(1)
MAC                  : SU(N)➝SU(4)xSU(N–4)xU(1)
unbroken global SU(N-4)xU(1), gauged SU(4)
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SU(N) AN-4 + (N-4)F*-N+2
SU(N) with A + (N-4) F*, global SU(N–4)xU(1)
MAC                  : SU(N)➝SU(4)xSU(N–4)xU(1)
unbroken global SU(N-4)xU(1), gauged SU(4)
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SU(N) AN-4 + (N-4)F*-N+2
SU(N) with A + (N-4) F*, global SU(N–4)xU(1)
MAC                  : SU(N)➝SU(4)xSU(N–4)xU(1)
unbroken global SU(N-4)xU(1), gauged SU(4)
SU(4)+6 = SO(6)+V
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SU(N) AN-4 + (N-4)F*-N+2
SU(N) with A + (N-4) F*, global SU(N–4)xU(1)
MAC                  : SU(N)➝SU(4)xSU(N–4)xU(1)
unbroken global SU(N-4)xU(1), gauged SU(4)
SU(4)+6 = SO(6)+V
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N–4

4

(N–4)*N–4 4

(N–4)*

4*

(N–4,N-4)A (N–4*,N-4*)A
(N–4*,N-4*)S

(N–4*,4*)

(N
–4

,4
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SU(N) AN-4 + (N-4)F*-N+2
SU(N) with A + (N-4) F*, global SU(N–4)xU(1)
MAC                  : SU(N)➝SU(4)xSU(N–4)xU(1)
unbroken global SU(N-4)xU(1), gauged SU(4)
SU(4)+6 = SO(6)+V
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SU(N) AN-4 + (N-4)F*-N+2

Unbroken SU(N-4)xU(1) global symmetry
massless composite fermion

SU(N-4) symmetric, charge –N
Non-trivial anomaly matching
SU(N-4)3: -N = -N
SU(N-4)2U(1): (1/2)xNx(-N+2) = (-N+2)/2xN
U(1): N(N-4)x(-N+2)+N(N-1)/2x(N-4) = (N-4)
(N-3)/2x(-N)
U(1)3: N(N-4)x(-N+2)3+N(N-1)/2x(N-4)3 = (N-4)
(N-3)/2x(-N)3
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SU(N) SN+4 + (N+4)F*-N-2
SU(N) with S + (N+4) F*, global G=SU(N+4)xU(1)

MAC                  : SU(N)➝0

unbroken global H=SU(N)xSU(4)xU(1)

no WZW term π5(G/H)=0

anomalies of H need to be reproduced

massless composite fermions

but there is an alternative possibility
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SU(N) SN+4 + (N+4)F*-N-2
SU(N) with S + (N+4) F*, global G=SU(N+4)xU(1)

anomalies of G can to be reproduced by 
massless composite fermions

SU(N+4)3: -N = -N

SU(N+4)2U(1): (1/2)xNx(-N-2) = (-N-2)/2xN

U(1): N(N+4)x(-N-2)+N(N+1)/2x(N+4) = (N+4)
(N+3)/2x(-N)

U(1)3: N(N+4)x(-N-2)3+N(N+1)/2x(N+4)3 = (N+4)
(N+3)/2x(-N)3

13S F*

<latexit sha1_base64="MTQhMycUnSPtkehPlipJ2UXXIMc=">AAACC3icdVDLSsNAFJ3UV62vqEs3g0UQKSHRWnVXEKTLivYBTRom00k7dvJgZiKUkE9w46+4EXGjIPgL/o1JGxcVPTBw5px7mTnHCRkVUte/lMLC4tLySnG1tLa+sbmlbu+0RRBxTFo4YAHvOkgQRn3SklQy0g05QZ7DSMcZX2Z+555wQQP/Vk5CYnlo6FOXYiRTyVYrN/3YRCwcIdMhEiVX/SM7F3q0kl8zB95Zia2Wde0iwwmckVpG9KqhG6fQ0PQpyiBH01Y/zUGAI4/4EjMkRM/QQ2nFiEuKGUlKZiRIiPAYDUk8zZLAg1QaQDfg6fElnKpzc8gTYuI56aSH5Ej89jLxL68XSffciqkfRpL4ePaQGzEoA5gVAweUEyzZJCUIc5r+EOIR4gjLtL5SGv0nH/yftI81o6bVrqvleiMvoQj2wD44BAY4A3XQAE3QAhg8gmfwBt6VB+VJeVFeZ6MFJd/ZBXNQPr4BONSbBQ==</latexit>

SωεF →
ω[i,F

→
εj]

Eichten, Peccei, Preskill, 
Zeppenfeld (1985)



near-SUSY QCD-like 
theories

with Csaba Csáki, Andrew Gomes, Riku Ishikawa, Dan Kondo, 
Zhiyao Lu, Bea Noether, Shota Saito, Ofri Telem, 


Digvijay Roy Varier, Ruoyao Zhang, Yijun Lin



Main point
very few methods to 
study strongly coupled 
systems, e.g., QCD
non-perturbative 
effects are essential
supersymmetry makes 
exact analytic studies 
of non-perturbative 
effects possible
small anomaly-
mediated SUSY 
breaking still allows 
for exact solutions
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BCS-BEC cross over

Attractive interaction
𝑔

𝑚

SQCD&AMSB (ASQCD)

Soft mass

QCD?SQCD+deformation

SUSY breaking

BCS-BEC cross over

Attractive interaction
𝑔

𝑚

SQCD&AMSB (ASQCD)

Soft mass

QCD?SQCD+deformation

EF

U(1)
(kF aS)–1=0

m/Λ=0

SU(3)L×SU(3)R

U(1)
(kF aS)–1≪1

U(1)
(kF aS)–1≫1(kF aS)–1~1

Attractive interaction

SU(3)L×SU(3)R

m/Λ≪1 m/Λ~1

SU(3)L×SU(3)R

m/Λ≫1



Concrete results
Chiral Symmetry Breaking
Confinement (when appropriate)
U(1) problem 
Chiral Lagrangian (Hidden Local Symmetry) 
with Wess-Zumino-Witten term
Large Nc Scaling              etc
quark condensates     , gluon condensates
Witten’s formula on topological susceptibility
0+ hadron mass spectrum
finite electromagnetic corrections
symmetry breaking in chiral gauge theories
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Anomaly Mediation of 
SUSY Breaking (AMSB)

Tree-level piece on dimensionful parameters


loop-level piece from running


determined only by physics at the energy 
scale of interest

UV insensitivity!
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Nc�Nf

+ c.c.

<latexit sha1_base64="zhF2CZX7oIT9GehFRNxr6UUv+3k="></latexit>

V = 2Nf

����
⇤3Nc�Nf

�Nc+Nf

����

2
Nc�Nf

�m(3Nc �Nf )

✓
⇤3Nc�Nf

�2Nf

◆ 1
Nc�Nf

+ c.c.

φ

Supersymmetry
m=0

Broken Supersymmetry m≠0



Nf < Nc
run-away superpotential for 

W = (Nc �Nf )

✓
⇤3Nc�Nf

detM

◆1/(Nc�Nf )

<latexit sha1_base64="+k1jt0q/2+HLONaAQSs5l9jZRB4="></latexit>

M ij = Q̃iQj

<latexit sha1_base64="+ijI3/KtnIeIgd9RLNJix51MPmg=">AAAB93icdVDJSgNBFHzjGuM26kXw0hgET8NMDCQ5CEEvXoQEzALZ6OnpSTrpWejuEYYh/ooXES8K/oW/4N84WTzEpaChqKrmvVd2yJlUpvmprayurW9sZray2zu7e/v6wWFDBpEgtE4CHoiWjSXlzKd1xRSnrVBQ7NmcNu3x9dRv3lMhWeDfqTikXQ8PfOYyglUq9fXj217CRhN0iTqKcYcmtUmPoVpv1NdzplEuFS9KefSbWIY5Qw4WqPb1j44TkMijviIcS9m2zFB1EywUI5xOsp1I0hCTMR7QZLb3BJ2lkoPcQKTPV2imLuWwJ2Xs2WnSw2oof3pT8S+vHSm31E2YH0aK+mQ+yI04UgGaloAcJihRPE4JJoKlGyIyxAITlVaVTU//vg/9Txp5wyoY5VohV7lalJCBEziFc7CgCBW4gSrUgcADPMErvGmx9qg9ay/z6Iq2+HMES9DevwDDMZJr</latexit>

SU(Nf)LxSU(Nf)R➞SU(Nf)V
Proving χSB! 

mesino loop➞WZW term

Nf=1 special

no NGB, gapped

M ij = �ij�2

<latexit sha1_base64="YdBigzywfYzCgkicKo6n0Ymvu98=">AAAB+nicdVDLSgMxFL1TX7W+Rl12EyyCq2GmFtouhKIbN0IF+4BOWzKZTBubeZBkhDJ24a+4EXGj4Ef4C/6N04eL+jgQODnnhNx7nIgzqUzzU8usrK6tb2Q3c1vbO7t7+v5BU4axILRBQh6KtoMl5SygDcUUp+1IUOw7nLac0cXUb91RIVkY3KhxRLs+HgTMYwSrVOrr+atewm4n6AzZLuUKz292NGS9Yl8vmEa1Uj6tFNFvYhnmDAVYoN7XP2w3JLFPA0U4lrJjmZHqJlgoRjid5OxY0giTER7QZDb6BB2nkou8UKQnUGimLuWwL+XYd9Kkj9VQ/vSm4l9eJ1ZepZuwIIoVDcj8Iy/mSIVo2gNymaBE8XFKMBEsnRCRIRaYqLStXLr6937of9IsGlbJqF6XCrXzRQlZyMMRnIAFZajBJdShAQQe4Ale4U271x61Z+1lHs1oizeHsATt/Qv/FJOu</latexit>

<latexit sha1_base64="zhF2CZX7oIT9GehFRNxr6UUv+3k="></latexit>

V = 2Nf

����
⇤3Nc�Nf

�Nc+Nf

����

2
Nc�Nf

�m(3Nc �Nf )

✓
⇤3Nc�Nf

�2Nf

◆ 1
Nc�Nf

+ c.c.

<latexit sha1_base64="R52h7muCFScoKU6w2GlW6NLPpNM="></latexit>

Mij = �ij

 ✓
Nc +Nf

3Nc �Nf

◆Nc�Nf ⇤3Nc�Nf

mNc�Nf

!1/Nc

<latexit sha1_base64="zhF2CZX7oIT9GehFRNxr6UUv+3k="></latexit>

V = 2Nf

����
⇤3Nc�Nf

�Nc+Nf

����

2
Nc�Nf

�m(3Nc �Nf )

✓
⇤3Nc�Nf

�2Nf

◆ 1
Nc�Nf

+ c.c.

φ

Supersymmetry
m=0

Broken Supersymmetry m≠0
Λ



<latexit sha1_base64="eCN24ogMqaW2pGpuEKC2hMz5tWM=">AAACJHicdVDLSgMxAMz6rOur6tFLsAgismyrtPVWEKEHD1W2D+h2l2yadkOzD5OsWkp/x4s/4sGLiAcV/BbTh4f6GAgMMxOSGS9mVEjTfNPm5hcWl5ZTK/rq2vrGZnpruyaihGNSxRGLeMNDgjAakqqkkpFGzAkKPEbqXu9s5NdvCBc0Ci3Zj0krQN2QdihGUklu+ty+o44FbU67vkScR7fQhxOt61441hHU7esEtXWlzaacw1FOpa4cy01nTOO0WDgu5uBvkjXMMTJgioqbfrTbEU4CEkrMkBDNrBnL1gBxSTEjQ91OBIkR7qEuGYxLDuG+ktqwE3F1QgnH6kwOBUL0A08lAyR98dMbiX95zUR2iq0BDeNEkhBPHuokDMoIjhaDbcoJlqyvCMKcqh9C7COOsFS76qr6dz/4P6nljGzeyF+eZErl6QgpsAv2wAHIggIogTKogCrA4AE8g3fwod1rT9qL9jqJzmnTOztgBtrnF7jyo3c=</latexit>

ωT → hωT gTL , ω → h→ωgTR

Deriving Chiral Lagrangian
<latexit sha1_base64="M49rlKLxPBbb/KJopBw81c6UIgo="></latexit>

Q =

✓
v⇠T

0

◆
, Q̃ =

✓
v⇠
0

◆

<latexit sha1_base64="mSYqWN8lk1MoeqgZP0fGWM/RaUk=">AAACAHicdVC9TsMwGHTKXyl/AUYWQ4XEFCUIKB2QKlgYGApq2kptiRzXaa06cWQ7QFV1YeFVWBBiAYkn4BV4G9y0DOXnkz7rdHeWfefHjEpl259GZmZ2bn4hu5hbWl5ZXTPXN6qSJwITF3PGRd1HkjAaEVdRxUg9FgSFPiM1v3c20ms3REjKo4rqx6QVok5EA4qR0pRnbrsnzTsK0xW001VICH4LO94FdPV5dV3xzLxtFYuOXSzA38Cx7HTyYDJlz/xotjlOQhIpzJCUDceOVWuAhKKYkWGumUgSI9xDHTJIAwzhrqbaMOBCb6Rgyk75UChlP/S1M0SqK39qI/IvrZGo4Lg1oFGcKBLh8UNBwqDicNQGbFNBsGJ9DRAWVP8Q4i4SCCvdWU5H/84H/wfVfcs5sg4vD/Kl00kJWbAFdsAecEABlMA5KAMXYPAAnsAreDPujUfj2XgZWzPG5M4mmBrj/QuUCJWV</latexit>

U = ⇠⇠ ! gLUgTR
<latexit sha1_base64="dCTlicNK9QRSWzFzpgw93v8Z6Jc="></latexit>

|DµQ|2 +
���DµQ̃

���
2
=

v2

2
Tr@µU

†@µU
<latexit sha1_base64="wjPUb8aSaV9Ptflyem357qZv27M="></latexit>

f2
⇡ = 2v2 = 2

 ✓
Nc +Nf

3Nc �Nf

◆Nc�Nf ⇤3Nc�Nf

mNc�Nf

!1/Nc

<latexit sha1_base64="LYhaGQZV/I2vf7RxleXCtt3B6Vk="></latexit>

⇤3Nc�Nf = M3Nc�Nf e�8⇡2/g2

h(M)

= M3Nc�Nf e�8⇡2/g2

c(M)Z�Nf (g2c )
�Nc

= M3Nc�Nf e�8⇡2Nc/g
2

tH
(M)Z�NfNNc

c (g2
tH
)�Nc

<latexit sha1_base64="fQgj6vFLFrnQklWTKHE+o+uSImA=">AAAB8nicdVDLSgMxFM3UV62v0S7dBIvgapgpau2u6MaVVLAP6NQhk2ba0MxMSO4IpfRH3Ii4UfBD/AX/xvThoj4OBA7nnHDvuaEUXIPrflq5ldW19Y38ZmFre2d3z94/aOo0U5Q1aCpS1Q6JZoInrAEcBGtLxUgcCtYKh1dTv/XAlOZpcgcjybox6Sc84pSAkQK7GAW+5Pdl7EuVSkjxTUADu+Q61arnViv4N/Ecd4YSWqAe2B9+L6VZzBKggmjd8VwJ3TFRwKlgk4KfaSYJHZI+G89WnuBjI/VwlCrzEsAzdSlHYq1HcWiSMYGB/ulNxb+8TgbRRXfME5kBS+h8UJQJbKpN++MeV4yCGBlCqOJmQ0wHRBEK5koFU/27H/6fNMuOd+6c3Z6WapeLI+TRITpCJ8hDFVRD16iOGoiiEXpCr+jNAuvRerZe5tGctfhTREuw3r8ALZuQYQ==</latexit>

f2
⇡ / Nc

Nima Arkani-Hamed and HM, arXiv:hep-th/9707133



U(1) Problem
Classically U(Nf)xU(Nf) global symmetry
We don’t see U(1) NGB in data
U(1) broken by anomaly
Does it lead to a finite mass? 

Witten’s formula

<latexit sha1_base64="mlZPcikaeowbgItlY2a/HvvnVdk="></latexit>

m2
ω→ =

2(3→ x)2x

(1 + x)(1→ x)2
m2 = 18m2x+O(x2)

<latexit sha1_base64="TUwPtErVokhRbvOU09r2+fivTr0=">AAAB8HicdVDLSgMxFL1TX7U+OtWlm2ARXA0zIq1dCAU3XUkF+4C2DJk004ZmHiQZtQzzH25E3Cj4Jf6Cf2P6cFEfBxIO55yQe64XcyaVbX8aubX1jc2t/HZhZ3dvv2iWDtoySgShLRLxSHQ9LClnIW0ppjjtxoLiwOO0402uZn7njgrJovBWTWM6CPAoZD4jWGnJNUsPl31fYJJeu36mL5K5Ztm2atVqrVZBv4lj2XOUYYmma370hxFJAhoqwrGUPceO1SDFQjHCaVboJ5LGmEzwiKbzgTN0oqUh8iOhT6jQXF3J4UDKaeDpZIDVWP70ZuJfXi9R/sUgZWGcKBqSxUd+wpGK0Kw9GjJBieJTTTARTE+IyBjr/krvqKCrf/dD/5P2meVUrMrNebneWC4hD0dwDKfgQBXq0IAmtIDAPTzBK7wZwng0no2XRTRnLN8cwgqM9y/ob5Be</latexit>

x =
Nf

Nc

<latexit sha1_base64="XigOnWoUFxksKtHe2bMLlTU/2Ac="></latexit>

ωµj
µ
1 =

Nf

8ε2
TrGµωG̃

µω →= 0

<latexit sha1_base64="DSuMIV2H9mLxcyOfrr22v1lp658="></latexit>

f2
ωm

2
ε→ =2Nf

(
ω2E
ωε2

)no quarks

ϑ=0
<latexit sha1_base64="5xIvu3XpDWPFuFmLZnPJKKXnF+4="></latexit>(
ω2E
ωε2

)no quarks

ω=0

=
6m!3

Nc

<latexit sha1_base64="F5wt+Y+WFMOcAeop5Ck0RKvvcPY="></latexit>

f2
ωm

2
ε→ = 4

x(3→ x)

(1→ x)2

(
3→ x

1 + x

m

!

)x

m!3 x→0→→→→↑ 12xm!3



<latexit sha1_base64="1m9i1h3qKPBBJ0VEfbz6waSXdeY="></latexit>

hTrGµ⌫G
µ⌫i = 32⇡2m

 ✓
Nc +Nf

3Nc �Nf

◆�Nc�Nf

⇤3Nc�NfmNf

!1/Nc

Non-perturbative Condensates
<latexit sha1_base64="R52h7muCFScoKU6w2GlW6NLPpNM="></latexit>

Mij = �ij

 ✓
Nc +Nf

3Nc �Nf

◆Nc�Nf ⇤3Nc�Nf

mNc�Nf

!1/Nc
<latexit sha1_base64="/Ec04T+iaXh/DiPvSiQ6MaEBslI="></latexit>

hq̄iqji = 4m�ij

 ✓
Nc +Nf

3Nc �Nf

◆�Nf ⇤3Nc�Nf

mNc�Nf

!1/Nc

<latexit sha1_base64="1OxGM/z22EIkhIW2c++7Ss96b/0="></latexit>

hTr��i = 32⇡2

 ✓
Nc +Nf

3Nc �Nf

◆�Nf

⇤3Nc�NfmNf

!1/Nc

<latexit sha1_base64="m+G1LRD3zVK1JUSLxaNlcj4qrsg="></latexit>

m2
⌘0 = 2m2 Nf (3Nc �Nf )2

(Nc �Nf )2(Nc +Nf )
/ N�1

c



Scalar spectrum
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<latexit sha1_base64="DUzSI5ysuFHZgTBWQHJQGXU3zcA=">AAAB/XicdVDLSsNAFJ3UV62vqEtBBotQEUJSrG0XQtGNywq2FdoaJtNJO3YmiTMToYTgxl9xI+JGwV/wF/wb07Qu6uPAwOGcM9x7jxMwKpVpfmqZufmFxaXscm5ldW19Q9/cako/FJg0sM98ceUgSRj1SENRxchVIAjiDiMtZ3g29lt3REjqe5dqFJAuR32PuhQjlUi2vsvtTkCvi/AE4gK3o1ubxvAQpuwmPrD1vGlUK6VStQx/E8swU+TBFHVb/+j0fBxy4inMkJRtywxUN0JCUcxInOuEkgQID1GfROn2MdxPpB50fZE8T8FUnckhLuWIO0mSIzWQP72x+JfXDpVb6UbUC0JFPDwZ5IYMKh+Oq4A9KghWbJQQhAVNNoR4gATCKiksl5z+fR/8nzSLhnVslC6O8rXTaQlZsAP2QAFYoAxq4BzUQQNg8ACewCt40+61R+1Ze5lEM9r0zzaYgfb+BRyJlDU=</latexit>

m2
⇡ = c(mqi +mqj )

<latexit sha1_base64="gqvYttmDtQ1PLlnDOdXU+/HKJZU=">AAACCXicdVBLTwIxGOziC/GFevTSSIyoCdklInAwIXrxiIk8EsBNt3Sh0u6ubdeEbPgFXvwrXozxookX/4L/xrLgAR9f0nQ6M0074wSMSmWan0Zibn5hcSm5nFpZXVvfSG9u1aUfCkxq2Ge+aDpIEkY9UlNUMdIMBEHcYaThDM7HeuOOCEl970oNA9LhqOdRl2KkNGWnD7ndlrTH0XUenkJul/R+BPF+ltvRrU1H+hCjm9GBnc6YuXKpUCgX4W9g5cx4MmA6VTv90e76OOTEU5ghKVuWGahOhISimJFRqh1KEiA8QD0SxUlGcE9TXej6Qi9PwZid8SEu5ZA72smR6suf2pj8S2uFyi11IuoFoSIenjzkhgwqH45rgV0qCFZsqAHCguofQtxHAmGly0vp6N/54P+gns9ZJ7nC5XGmcjYtIQl2wC7IAgsUQQVcgCqoAQwewBN4BW/GvfFoPBsvE2vCmN7ZBjNjvH8BVteYCw==</latexit>

m2
� = m2

8 + c0(mqi +mqj )

Found c’<0

c’=–2.2c
π8

η1
σ1

m

σ8

0- 0+

<latexit sha1_base64="YVwte+9+eu6Jn3Nv20BpGVyIqxI=">AAAB5XicdVDJSgNBFHzjGuMW9eilMQjxMsyIMckt6MWTRjALJDH0dHqSJj0L3W+EEPIJXkS8KPg7/oJ/Y2fxEJeChqKqmvfqebEUGh3n01paXlldW09tpDe3tnd2M3v7NR0livEqi2SkGh7VXIqQV1Gg5I1YcRp4kte9weXErz9wpUUU3uEw5u2A9kLhC0bRSI2b3HWH3TsnnUzWsUvFfL5UIL+JaztTZGGOSifz0epGLAl4iExSrZuuE2N7RBUKJvk43Uo0jykb0B4fTbcck2MjdYkfKfNCJFN1IUcDrYeBZ5IBxb7+6U3Ev7xmgn6xPRJhnCAP2WyQn0iCEZlUJl2hOEM5NIQyJcyGhPWpogzNYdKm+nc/8j+pndruuZ2/PcuWL+ZHSMEhHEEOXChAGa6gAlVgIOEJXuHN6lmP1rP1MosuWfM/B7AA6/0LPS6LPg==</latexit>

O(N0
c )

<latexit sha1_base64="xEshGsXZ9GybIRaKoxk+NmUaCKQ=">AAAB/HicdVDLSgMxFM34rPU16lKEYBHqpkzF2nZXdONKK9gHdMqQSTNtaOZBckcow7jxV9yIuFHwG/wF/8b04aI+DiQczjkh9x43ElyBZX0aC4tLyyurmbXs+sbm1ra5s9tUYSwpa9BQhLLtEsUED1gDOAjWjiQjvitYyx1ejP3WHZOKh8EtjCLW9Uk/4B6nBLTkmAfXtmAe5G1PEppcOV6qL5rakvcHcOyYOatQrZRK1TL+TYoFa4IcmqHumB92L6SxzwKggijVKVoRdBMigVPB0qwdKxYROiR9lkyGT/GRlnrYC6U+AeCJOpcjvlIj39VJn8BA/fTG4l9eJwav0k14EMXAAjr9yIsFhhCPm8A9LhkFMdKEUMn1hJgOiK4BdF9Zvfr3fvh/0jwpFM8KpZvTXO18VkIG7aNDlEdFVEY1dInqqIEoekBP6BW9GffGo/FsvEyjC8bszR6ag/H+BYFqlS8=</latexit>

O

✓
Nf

Nc

◆

Dan Kondo, HM, Bea Noether



SU(Nc) w/ Nc<Nf<3Nc/2
“Confinement without χSB” (Seiberg)

V

φ

Supersymmetry
m=0



SU(Nc) w/ Nc<Nf<3Nc/2
“Confinement without χSB” (Seiberg)

SU(Nf)LxSU(Nf)R➞SU(Nf)V

χSB! 

massless pions

V

φ

Supersymmetry
m=0

Broken Supersymmetry
m≠0

<latexit sha1_base64="7PrcncbtP4hk/yoWyUexzZdSSsk=">AAACBnicdVDLSgMxAMzWV62vVY9egkX0tOxWaetBKHjpsQX7gG5Zstlsmzb7MMkKZdm7F3/Fi4gXBY/+gn9j+vBQHwOBYWZCMuPGjAppmp9abmV1bX0jv1nY2t7Z3dP3D9oiSjgmLRyxiHddJAijIWlJKhnpxpygwGWk446vp37njnBBo/BGTmLSD9AgpD7FSCrJ0U9tF/G0mTkUNp0RvIJ2PKTQ9giTyEnpKIN2SG6h6ehF07isVs6rJfibWIY5QxEs0HD0D9uLcBKQUGKGhOhZZiz7KeKSYkaygp0IEiM8RgOSzmpk8ERJHvQjrk4o4UxdyqFAiEngqmSA5FD89KbiX14vkX61n9IwTiQJ8fwhP2FQRnC6CfQoJ1iyiSIIc6p+CPEQcYSlWq6gqn/3g/+Tdsmwyka5eVGs1Rcj5MEROAZnwAIVUAN10AAtgMEDeAKv4E271x61Z+1lHs1pizuHYAna+xcLhJgS</latexit>

Q̄iQj = ωεij →= 0



Nf

Λ

Nf

m=∞

11

2
Nc

<latexit sha1_base64="9eRUVYkfzFv+1rAqHSJJHwSm4qw=">AAAB73icdVDJSgNBFHwTtxi3UY9eGoPgaZiJgSS3oBdPEsEskIShp9OTNOlZ0t0TCMN8hxcRLwr+ib/g39hZPMSloKGoqua9el7MmVS2/WnkNja3tnfyu4W9/YPDI/P4pCWjRBDaJBGPRMfDknIW0qZiitNOLCgOPE7b3vhm7renVEgWhQ9qFtN+gIch8xnBSkuuafZ8gUnqOFlaytCdS1yzaFu1auWqWkK/iWPZCxRhhYZrfvQGEUkCGirCsZRdx45VP8VCMcJpVuglksaYjPGQpot9M3ShpQHyI6FfqNBCXcvhQMpZ4OlkgNVI/vTm4l9eN1F+tZ+yME4UDclykJ9wpCI0L48GTFCi+EwTTATTGyIywvoASp+ooKt/90P/k1bJcspW7b5crF+vjpCHMziHS3CgAnW4hQY0gcAUnuAV3oyJ8Wg8Gy/LaM5Y/TmFNRjvX/eFjx0=</latexit>

m≠0

3Nc

<latexit sha1_base64="GASKdCkhMGX8J+w86wnzcRo8VxY=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHwNEwWSHILevEkEZwkkITQ09OTNOlZ6H4jhJAf8CLiRcEP8hf8GzuLh7gUNBRV1bxXz0uk0Og4n1ZmY3Nreye7m9vbPzg8yh+ftHScKsZdFstYdTyquRQRd1Gg5J1EcRp6kre98fXcbz9wpUUc3eMk4f2QDiMRCEbRSG6Z3A7YIF9w7HqtWq6VyG9StJ0FCrBCc5D/6PkxS0MeIZNU627RSbA/pQoFk3yW66WaJ5SN6ZBPFyvOyIWRfBLEyrwIyUJdy9FQ60nomWRIcaR/enPxL6+bYlDrT0WUpMgjthwUpJJgTOZ9iS8UZygnhlCmhNmQsBFVlKG5Ss5U/+5H/ietkl2s2PW7SqFxtTpCFs7gHC6hCFVowA00wQUGAp7gFd4s33q0nq2XZTRjrf6cwhqs9y9sdIo1</latexit>

3

2
Nc

<latexit sha1_base64="AzWtAS/fuc7AwtLGxtuXaLUI0Aw=">AAAB7nicdVDJSgNBFHwTtxiXjHr00hgET8NMEkhyC3rxJBHMAkkYejo9SZOehe6eQBjmN7yIeFHwU/wF/8bO4iEuBQ1FVTXv1fNizqSy7U8jt7W9s7uX3y8cHB4dF82T046MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtetObhd+dUSFZFD6oeUyHAR6HzGcEKy25ZnHgC0zSSpaWM3TnEtcs2VajXqvUy+g3cSx7iRKs0XLNj8EoIklAQ0U4lrLv2LEaplgoRjjNCoNE0hiTKR7TdLluhi61NEJ+JPQLFVqqGzkcSDkPPJ0MsJrIn95C/MvrJ8qvD1MWxomiIVkN8hOOVIQW3dGICUoUn2uCiWB6Q0QmWPdX+kIFXf27H/qfdMqWU7Ua99VS83p9hDycwwVcgQM1aMIttKANBBJ4gld4M2Lj0Xg2XlbRnLH+cwYbMN6/AIjujuQ=</latexit>

0

<latexit sha1_base64="NncQKsWrgtXRUb+4g0NXt8tTywk=">AAAB3nicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBePCZgFkhB7Oj1Jk56F7jdCCLl6EfGi4Cf5C/6NncVDXAoaiqpq3qvnJ1JodJxPK7OxubW9k93N7e0fHB7lj0+aOk4V4w0Wy1i1faq5FBFvoEDJ24niNPQlb/njm7nfeuBKizi6w0nCeyEdRiIQjKKR6k4/X3Dsile+8orkN3FtZ4ECrFDr5z+6g5ilIY+QSap1x3US7E2pQsEkn+W6qeYJZWM65NPFejNyYaQBCWJlXoRkoa7laKj1JPRNMqQ40j+9ufiX10kx8HpTESUp8ogtBwWpJBiTeVcyEIozlBNDKFPCbEjYiCrK0FwkZ6p/9yP/k2bRdkt2pV4qVK9XR8jCGZzDJbhQhircQg0awIDDE7zCm3VvPVrP1ssymrFWf05hDdb7FxFtiNo=</latexit>

0

<latexit sha1_base64="NncQKsWrgtXRUb+4g0NXt8tTywk=">AAAB3nicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBePCZgFkhB7Oj1Jk56F7jdCCLl6EfGi4Cf5C/6NncVDXAoaiqpq3qvnJ1JodJxPK7OxubW9k93N7e0fHB7lj0+aOk4V4w0Wy1i1faq5FBFvoEDJ24niNPQlb/njm7nfeuBKizi6w0nCeyEdRiIQjKKR6k4/X3Dsile+8orkN3FtZ4ECrFDr5z+6g5ilIY+QSap1x3US7E2pQsEkn+W6qeYJZWM65NPFejNyYaQBCWJlXoRkoa7laKj1JPRNMqQ40j+9ufiX10kx8HpTESUp8ogtBwWpJBiTeVcyEIozlBNDKFPCbEjYiCrK0FwkZ6p/9yP/k2bRdkt2pV4qVK9XR8jCGZzDJbhQhircQg0awIDDE7zCm3VvPVrP1ssymrFWf05hDdb7FxFtiNo=</latexit>

run-away

moduli
Nc � 1

<latexit sha1_base64="8upp88UkWFwMThYzPuXseJH4zCc=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jATA0luQS+eJIKTBJIQeno6SZOehe43Qgj5AS8iXhT8IH/Bv7GzeIhLQUNRVc179fxECo2O82ll1tY3Nrey27md3b39g/zhUUPHqWLcY7GMVcunmksRcQ8FSt5KFKehL3nTH13P/OYDV1rE0T2OE94N6SASfcEoGsm77bELt5cvOHa1Ur6sFMlv4trOHAVYot7Lf3SCmKUhj5BJqnXbdRLsTqhCwSSf5jqp5gllIzrgk/mKU3JmpID0Y2VehGSuruRoqPU49E0ypDjUP72Z+JfXTrFf6U5ElKTII7YY1E8lwZjM+pJAKM5Qjg2hTAmzIWFDqihDc5Wcqf7dj/xPGkXbLdnVu1KhdrU8QhZO4BTOwYUy1OAG6uABAwFP8ApvVmA9Ws/WyyKasZZ/jmEF1vsXfdOKQA==</latexit>

Nc

<latexit sha1_base64="eVcRIpvi+2rD0sPnTXXN2qoiKgM=">AAAB4HicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQCa3oBdPEtEskITQ0+lJmvQsdL8RQsjdi4gXBb/IX/Bv7Cwe4lLQUFRV8149P5FCo+N8Wpm19Y3Nrex2bmd3b/8gf3jU0HGqGK+zWMaq5VPNpYh4HQVK3koUp6EvedMfXc385gNXWsTRPY4T3g3pIBKBYBSNdHfTY718wbErXvnCK5LfxLWdOQqwRK2X/+j0Y5aGPEImqdZt10mwO6EKBZN8muukmieUjeiAT+YLTsmZkfokiJV5EZK5upKjodbj0DfJkOJQ//Rm4l9eO8XA605ElKTII7YYFKSSYExmbUlfKM5Qjg2hTAmzIWFDqihDc5Ocqf7dj/xPGkXbLdmV21Kherk8QhZO4BTOwYUyVOEaalAHBgN4gld4s3zr0Xq2XhbRjLX8cwwrsN6/AKbtic4=</latexit>

Nc + 1

<latexit sha1_base64="/INnkk3ze8qGiqb/z+NGE2sgwe4=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUEQhGEmBpLcgl48SQQnCSQh9PR0kiY9C91vhBDyA15EvCj4Qf6Cf2Nn8RCXgoaiqpr36vmJFBod59PKrK1vbG5lt3M7u3v7B/nDo4aOU8W4x2IZq5ZPNZci4h4KlLyVKE5DX/KmP7qe+c0HrrSIo3scJ7wb0kEk+oJRNJJ322MXbi9fcOxqpXxZKZLfxLWdOQqwRL2X/+gEMUtDHiGTVOu26yTYnVCFgkk+zXVSzRPKRnTAJ/MVp+TMSAHpx8q8CMlcXcnRUOtx6JtkSHGof3oz8S+vnWK/0p2IKEmRR2wxqJ9KgjGZ9SWBUJyhHBtCmRJmQ8KGVFGG5io5U/27H/mfNIq2W7Krd6VC7Wp5hCycwCmcgwtlqMEN1MEDBgKe4BXerMB6tJ6tl0U0Yy3/HMMKrPcvet2KPg==</latexit>

Nc + 2

<latexit sha1_base64="wM6vbeVn/4i4urz2pzD8YvJCedM=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUEQhGEmBpLcgl48SQQnCSQh9HR6kiY9C91vhBDyA15EvCj4Qf6Cf2Nn8RCXgoaiqpr36vmJFBod59PKrK1vbG5lt3M7u3v7B/nDo4aOU8W4x2IZq5ZPNZci4h4KlLyVKE5DX/KmP7qe+c0HrrSIo3scJ7wb0kEkAsEoGsm77bGLYi9fcOxqpXxZKZLfxLWdOQqwRL2X/+j0Y5aGPEImqdZt10mwO6EKBZN8muukmieUjeiAT+YrTsmZkfokiJV5EZK5upKjodbj0DfJkOJQ//Rm4l9eO8Wg0p2IKEmRR2wxKEglwZjM+pK+UJyhHBtCmRJmQ8KGVFGG5io5U/27H/mfNIq2W7Krd6VC7Wp5hCycwCmcgwtlqMEN1MEDBgKe4BXerL71aD1bL4toxlr+OYYVWO9ffFeKPw==</latexit>

3

2
Nc

<latexit sha1_base64="AzWtAS/fuc7AwtLGxtuXaLUI0Aw=">AAAB7nicdVDJSgNBFHwTtxiXjHr00hgET8NMEkhyC3rxJBHMAkkYejo9SZOehe6eQBjmN7yIeFHwU/wF/8bO4iEuBQ1FVTXv1fNizqSy7U8jt7W9s7uX3y8cHB4dF82T046MEkFom0Q8Ej0PS8pZSNuKKU57saA48DjtetObhd+dUSFZFD6oeUyHAR6HzGcEKy25ZnHgC0zSSpaWM3TnEtcs2VajXqvUy+g3cSx7iRKs0XLNj8EoIklAQ0U4lrLv2LEaplgoRjjNCoNE0hiTKR7TdLluhi61NEJ+JPQLFVqqGzkcSDkPPJ0MsJrIn95C/MvrJ8qvD1MWxomiIVkN8hOOVIQW3dGICUoUn2uCiWB6Q0QmWPdX+kIFXf27H/qfdMqWU7Ua99VS83p9hDycwwVcgQM1aMIttKANBBJ4gld4M2Lj0Xg2XlbRnLH+cwYbMN6/AIjujuQ=</latexit>

3Nc

<latexit sha1_base64="GASKdCkhMGX8J+w86wnzcRo8VxY=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHwNEwWSHILevEkEZwkkITQ09OTNOlZ6H4jhJAf8CLiRcEP8hf8GzuLh7gUNBRV1bxXz0uk0Og4n1ZmY3Nreye7m9vbPzg8yh+ftHScKsZdFstYdTyquRQRd1Gg5J1EcRp6kre98fXcbz9wpUUc3eMk4f2QDiMRCEbRSG6Z3A7YIF9w7HqtWq6VyG9StJ0FCrBCc5D/6PkxS0MeIZNU627RSbA/pQoFk3yW66WaJ5SN6ZBPFyvOyIWRfBLEyrwIyUJdy9FQ60nomWRIcaR/enPxL6+bYlDrT0WUpMgjthwUpJJgTOZ9iS8UZygnhlCmhNmQsBFVlKG5Ss5U/+5H/ietkl2s2PW7SqFxtTpCFs7gHC6hCFVowA00wQUGAp7gFd4s33q0nq2XZTRjrf6cwhqs9y9sdIo1</latexit>

no χSB

free

magnetic

IR

fixed point

IR free

IR free

χSB

m=0

???

χSB

Banks-Saks

fixed point

χSB

� ⇠ O(1)g4 �O(Nc)g
6

<latexit sha1_base64="XkO1PpO6eWK1H9t2fg8QNWl6wuo=">AAAB/nicdVDLSgMxFM3UV62vUZcuDBahXTjMSGvbXdGNK61gH9Bph0yamYZmHiQZoZSCG3/FjYgbBT/BX/BvTB8u6uNA4HDOCffe48aMCmman1pqaXlldS29ntnY3Nre0Xf3GiJKOCZ1HLGIt1wkCKMhqUsqGWnFnKDAZaTpDi4mfvOOcEGj8FYOY9IJkB9Sj2IkleToh7ZLJIK2oAG8zll5v1uAJ4pdOTgP/e6Zo2dNo1Iul4pF+JtYhjlFFsxRc/QPuxfhJCChxAwJ0bbMWHZGiEuKGRln7ESQGOEB8slouv4YHiupB72IqxdKOFUXcigQYhi4Khkg2Rc/vYn4l9dOpFfujGgYJ5KEeDbISxiUEZx0AXuUEyzZUBGEOVUbQtxHHGGpGsuo07/vg/+TxqlhFYzKTSFbPZ+XkAYH4AjkgAVKoAouQQ3UAQYP4Am8gjftXnvUnrWXWTSlzf/sgwVo719WZJL1</latexit>

χSB ?

ph
as

e 
tr

an
si

tio
n



confinement vs screening

We’ve derived χSB in SU(Nc) QCD

strictly speaking, it has no confinement

massless quarks in the fundamental rep 
can screen any color charges

Wilson loop is perimeter law

SO(Nc) QCD with quarks in vector rep

cannot screen Z2 center (e.g. spinor rep)

rigorous definition of confinement

can we see an interplay with χSB?

Complete classification of t-confining theories

<latexit sha1_base64="b5bPjrw+CKC/ry4qcChpRrL1nd8="></latexit>

→Trei
∮
Adx↑ ↓ e→L

<latexit sha1_base64="SkE2H2CEh86ND8GaNiS6H2aUK04="></latexit>

→Trei
∮
Adx↑ ↓ e→A

Csaba Csáki, HM, Ofri Telem
Riku Ishikawa, HM, Shota Saito



Nf = Nc-2
for Mij=QiQj≠0 with 
rank M=Nf, SO(Nc) is 
broken to SO(2)
Coulomb branch
two singularities
u = detM = 0

<latexit sha1_base64="wZbr0I91RMX3qnUQbnqHue9+Txs=">AAAB63icdVDLSgMxFL1TX7W+qi7dBIvgapiphbaLQtGNG6GCfUBbSyaTaUOTmSHJCGXoV7gRcaPgv/gL/o3pw0V9HAgczjnh3nO9mDOlHefTyqytb2xuZbdzO7t7+wf5w6OWihJJaJNEPJIdDyvKWUibmmlOO7GkWHictr3x1cxvP1CpWBTe6UlM+wIPQxYwgrWR7pNa2pMC+VRPb2rOIF9w7GqlfFEpot/EtZ05CrBEY5D/6PkRSQQNNeFYqa7rxLqfYqkZ4XSa6yWKxpiM8ZCm812n6MxIPgoiaV6o0VxdyWGh1ER4JimwHqmf3kz8y+smOqj0UxbGiaYhWQwKEo50hGbFkc8kJZpPDMFEMrMhIiMsMdHmPDlT/bsf+p+0irZbsqu3pUL9cnmELJzAKZyDC2WowzU0oAkEJDzBK7xZwnq0nq2XRTRjLf8cwwqs9y8pQY4o</latexit>

dyons: q
±
i

<latexit sha1_base64="ziROZcHS7AqW1eC4qjcbXTtJ8Dc=">AAAB5HicdVDJTgJBFHyDG+KGevTSkZh4mswgCXAjevGIiSwJIOlpeqBDz2L3GxNC+AMvxnjRxO/xF/wbewAPuFTSSaWqOu/V82IpNDrOp5VZW9/Y3Mpu53Z29/YP8odHTR0livEGi2Sk2h7VXIqQN1Cg5O1YcRp4kre88VXqtx640iIKb3ES815Ah6HwBaNopNZ9X9x146CfLzh2tVK+qBTJb+LazhwFWKLez390BxFLAh4ik1TrjuvE2JtShYJJPst1E81jysZ0yKfzJWfkzEgD4kfKvBDJXF3J0UDrSeCZZEBxpH96qfiX10nQr/SmIowT5CFbDPITSTAiaWMyEIozlBNDKFPCbEjYiCrK0NwlZ6p/9yP/k2bRdkt29aZUqF0uj5CFEziFc3ChDDW4hjo0gMEYnuAV3izferSerZdFNGMt/xzDCqz3L9eKi7Y=</latexit>

u = detM = ⇤2Nf

<latexit sha1_base64="mj2oYYkOs4dHsYP1yfcHC5Z5wqA=">AAAB+nicdVDLSsNAFJ34rPUVddnNYBFchaQW2i4KRTcuVCrYBzQ1TCaTdujkwcxEKDELf8WNiBsFP8Jf8G+cPlzUx4GBwznnMvceN2ZUSNP81JaWV1bX1nMb+c2t7Z1dfW+/LaKEY9LCEYt410WCMBqSlqSSkW7MCQpcRjru6Gzid+4IFzQKb+Q4Jv0ADULqU4ykkhy9kNRTmwfQIzK7rNsXatJDt2npyvEzRy+aRq1aOamW4G9iGeYURTBH09E/bC/CSUBCiRkSomeZseyniEuKGcnydiJIjPAIDUg6XT2DR0ryoB9x9UIJp+pCDgVCjANXJQMkh+KnNxH/8nqJ9Kv9lIZxIkmIZx/5CYMygpMeoEc5wZKNFUGYU7UhxEPEEZaqrbw6/fs++D9plwyrbNSuy8XG6byEHCiAQ3AMLFABDXAOmqAFMHgAT+AVvGn32qP2rL3MokvafOYALEB7/wJQSZPj</latexit>

monopoles: 
W = (u� ⇤2Nf )E+E�

<latexit sha1_base64="Db2knfyTDbhmZ3sqjC5CFEKb/DI=">AAAB+3icdVDJSgNBFOxxjXEb9aiHxiBEJGEmBpIchKAIHkQimAWyDD09PUmTnoXuHiEMc/FXvIh4UfAf/AX/xs7iIS4FD4qqerzFDhkV0jA+tYXFpeWV1dRaen1jc2tb39ltiCDimNRxwALespEgjPqkLqlkpBVygjybkaY9vBj7zXvCBQ38OzkKSddDfZ+6FCOpJEs/aJ5lo1znWnU4qBcXbiw3OYaXvRNVOUvPGPlKuXRaLsDfxMwbE2TADDVL/+g4AY484kvMkBBt0whlN0ZcUsxIku5EgoQID1GfxJPdE3ikJAe6AVflSzhR53LIE2Lk2SrpITkQP72x+JfXjqRb7sbUDyNJfDwd5EYMygCOHwEdygmWbKQIwpyqDSEeII6wVO9Kq9O/74P/k0Yhbxbzldtipno+e0IK7INDkAUmKIEquAI1UAcYPIAn8AretER71J61l2l0QZv17IE5aO9fW1GShg==</latexit>

both monopoles and 
meson condense!

W =
1

µ
M ijq+i q

�
j

<latexit sha1_base64="b2xGPHqQ3Wzx5hbZHDrx+6jKXrA=">AAAB/3icdVDLSgMxFM3UV62vUZdugkUQxDJTC20XQtGNG6GCfUCnHTJppk2beTTJCGWYhRt/xY2IGwX/wF/wb0wfLurjQOBwzgn33uOEjAppGJ9aaml5ZXUtvZ7Z2Nza3tF39+oiiDgmNRywgDcdJAijPqlJKhlphpwgz2Gk4QwvJ37jjnBBA/9WjkPS9lDPpy7FSCrJ1mHj3HI5wrGZxJYXJfC6E9NBMrJp52RkDzqntp41cuVS8ayUh7+JmTOmyII5qrb+YXUDHHnEl5ghIVqmEcp2jLikmJEkY0WChAgPUY/E0/0TeKSkLnQDrp4v4VRdyCFPiLHnqKSHZF/89CbiX14rkm6pHVM/jCTx8WyQGzEoAzgpA3YpJ1iysSIIc6o2hLiPVB1SVZZRp3/fB/8n9XzOLOTKN4Vs5WJeQhocgENwDExQBBVwBaqgBjB4AE/gFbxp99qj9qy9zKIpbf5nHyxAe/8CPtyWGQ==</latexit>

u

|E±| = (m⇤)1/2

<latexit sha1_base64="5U1p0XRQwwJWwHbj2MF4eWgYMok=">AAAB+nicdVDLSgMxFM3UV62vUZfdBItQN+NMLbRdCEURXLioYB/QaUsmk2lDMw+SjFCmXfgrbkTcKPgR/oJ/Y/pwUR8HAodzziX3HidiVEjT/NRSK6tr6xvpzczW9s7unr5/0BBhzDGp45CFvOUgQRgNSF1SyUgr4gT5DiNNZ3g59Zv3hAsaBndyFJGOj/oB9ShGUkk9PTu+6tqRP4bnMO9D+0ZNuuikm1inhUlPz5lGpVw6Kxfgb2IZ5gw5sECtp3/YbohjnwQSMyRE2zIj2UkQlxQzMsnYsSARwkPUJ8ls9Qk8VpILvZCrF0g4U5dyyBdi5Dsq6SM5ED+9qfiX146lV+4kNIhiSQI8/8iLGZQhnPYAXcoJlmykCMKcqg0hHiCOsFRtZdTp3/fB/0mjYFhFo3JbzFUvFiWkQRYcgTywQAlUwTWogTrA4AE8gVfwpo21R+1Ze5lHU9pi5hAsQXv/AlHJkpM=</latexit>

V ⇡ �
✓

�2

16⇡2

◆4

m4

<latexit sha1_base64="TX1gpk1dT6IWJ8UEWovEu7YeOm4="></latexit>

V = �Nfm
2⇤2

<latexit sha1_base64="4Mpfc5j2tR2RRDMcc5j7rYX3nzU=">AAAB83icdVDJSgNBFHwTtxi3cbl5aQyCF4fJGEhyEIJePIhEMAtkGXo6PUmTnoXuHiGGfIkXES8K/oe/4N/YWTzEpaChqKpHv1dezJlUtv1ppJaWV1bX0uuZjc2t7R1zd68mo0QQWiURj0TDw5JyFtKqYorTRiwoDjxO697gcuLX76mQLArv1DCm7QD3QuYzgpWWXPOgdn564/oo6Dioda3nurjjuGbWtkrFwlnRQb9JzrKnyMIcFdf8aHUjkgQ0VIRjKZs5O1btERaKEU7HmVYiaYzJAPfoaLrzGB1rqYv8SOgXKjRVF3I4kHIYeDoZYNWXP72J+JfXTJRfbI9YGCeKhmT2kZ9wpCI0KQB1maBE8aEmmAimN0SkjwUmSteU0ad/34f+JzXHyuWt0m0+W76Yl5CGQziCE8hBAcpwBRWoAoEHeIJXeDMS49F4Nl5m0ZQxn9mHBRjvX26oj9Y=</latexit>

u = detM

<latexit sha1_base64="+K+w8EORsTFpZlu52LFAZA+zA+U=">AAAB6XicdVDJSgNBFHwTtxi3qEcvjUHwNMzEQJKDEPTiRYhgFsiE0NPTkzTpWeh+I4QhH+FFxIuCP+Mv+DdOFg9xKWgoqqp5r54bS6HRsj6N3Nr6xuZWfruws7u3f1A8PGrrKFGMt1gkI9V1qeZShLyFAiXvxorTwJW8446vZ37ngSstovAeJzHvB3QYCl8wipnkJJepowLicZzeDooly6zXqhe1MvlNbNOaowRLNAfFD8eLWBLwEJmkWvdsK8Z+ShUKJvm04CSax5SN6ZCn802n5CyTPOJHKnshkrm6kqOB1pPAzZIBxZH+6c3Ev7xegn6tn4owTpCHbDHITyTBiMxqE08ozlBOMkKZEtmGhI2oogyz4xSy6t/9yP+kXTbtilm/q5QaV8sj5OEETuEcbKhCA26gCS1gEMMTvMKbMTYejWfjZRHNGcs/x7AC4/0LNQONpw==</latexit>



Near-SUSY 

Chiral gauge theories

with Csaba Csáki, Dan Kondo,  Andrew Goh, Jacob Leedom, 
Zhiyao Lu, Pablo Quilez, Shota Saito, Gurpreet Singh, Bethany 

Suter, Cameron Sylber, Ofri Telem, Jason Wong



non-perturbative run-away superpotential

SU(Nc-4)xU(1) broken to Sp(k-2)
no massless fermions

ϕ

V

Supersymmetric
ADS potential

together with
AMSB

SUSY + AMSB, Nc=2k

Pouliot

(1995)W =

✓
⇤2N+3

(PfAF̄ F̄ )(PfA)

◆1/3

<latexit sha1_base64="Gg753ZJlBZ5HydcMgBVBSAHIIck="></latexit>

<latexit sha1_base64="+AKFXjQOOsG2xdDyirEcbjhTq5Y="></latexit>

A =

(
aJ(Nc→4) 0

0 bJ4

) <latexit sha1_base64="pvJjbgcHMDS++P22deeAmSOtDac="></latexit>

F̄ =

(
cJ(Nc→4)

0

)
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SUSY + AMSB, Nc=2k+1

non-perturbative run-away superpotential

SU(2k-3)xU(1) broken to Sp(k-2)xU(1)
massless fermions (2k—4,Nc)
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SO(10) with Nf 16

SU(Nf) global symmetry
Tumbling: MAC is <16i 16j>=<10ij>=<10ji>

breaks gauge group SO(10) to SO(9)
breaks global symmetry SU(Nf) to SO(Nf)
all 16 acquire “constituent quark mass”

reduces to pure SO(9) YM
Overall, SU(Nf)/SO(Nf)

SO(Nf) has no anomalies
no massless fermions
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SO(10) with two 16

SU(2) global symmetry
                                 is SU(2) singlet

D-flat direction breaks SO(10) to G2

gaugino condensate generates superpotential

gapped, no symmetry breaking
SU(2) non-anomalous 10=even
testable predictions!
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SO(10) with three 16

SU(3) global symmetry
                       is SU(3) symmetric tensor

D-flat direction breaks SO(10) to SU(2)
gaugino condensate generates superpotential

breaks SU(3) to SO(3)
low-energy: SU(3)/SO(3) chiral L with WZW
testable predictions!
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3

UV theory SUSY + AMSB Tumbling

NF Gglobal Hglobal mf = 0 Hglobal mf = 0

SU(NC) +A( ) + (NC → 4 +NF )F̃ (¯) +NFF ( ), NC =Odd [15, 20]

0 SU(NC → 4)↑U(1) Sp(NC → 5)↑U(1) + 1 SU(NC → 4)↑U(1)

1 SU(NC → 3)↑U(1)2 Sp(NC → 3)↑U(1) SU(NC → 4)↑U(1)

2 SU(NC → 2)↑ SU(2)↑U(1)2 Sp(NC → 3)↑U(1)2 SU(NC → 4)↑ SU(2)↑U(1) ( , 1)

SU(NC) +A( ) + (NC → 4 +NF )F̃ (¯) +NFF ( ), NC =Even [15, 20]

0 SU(NC → 4)↑U(1) Sp(NC → 4) none SU(NC → 4)↑U(1)

1 SU(NC → 3)↑U(1)2 Sp(NC → 4)↑U(1) none SU(NC → 4)↑U(1)

2 SU(NC → 2)↑ SU(2)↑U(1)2 Sp(NC → 4)↑ SU(2)↑U(1) none SU(NC → 4)↑ SU(2)↑U(1) ( , 1)

SU(NC) + S( ) + (NC + 4)F̃ (¯) [18]

0 SU(NC + 4)↑U(1) SO(NC + 4) none SU(NC + 4)↑U(1)

SO(10) +NFω(16) [19]

1 none none none none none

2 SU(2) SU(2) none SO(2) none

3 SU(3) SO(3) none SO(3) none

E6 +NFω(27) [This Work]

1 none none none none none

2 SU(2) none none SO(2) none

3 SU(3)

SU(3)

SO(3) noneU(1)↑U(1) Siii(i = 1, 2, 3)

none none

TABLE I. Conjectured global symmetries and massless fermion content of the non-supersymmetric chiral gauge theories.
Representations of massless fermions are shown in Young tableaux of unbroken non-abelian groups. The SUSY + AMSB
column shows the exact results valid for m → ! which extend continuously to m ↑ ! if there is no phase transition at m ↓ !.
The Tumbling column shows the hypotheses predicted by a sequential self-breaking of the gauge group by fermion bilinear
operators in the Most Attractive Channel (MAC).

SU(2) ↓ SO(2), while SUSY+AMSB suggests no global
symmetry left. The case NF = 3 is interesting. We
found three local minima, each with di!erent symmetry
breaking patterns. Any one of them could persist to the
non-SUSY limit m ↓ ↔. In particular, the case NF = 3
with unbroken SU(3) with massless composite fermions

in the Sijk = i j k representation was totally unan-

ticipated.

III. ANOMALY MEDIATION

With anomaly mediated supersymmetry breaking
(AMSB), we infinitesimally breakN = 1 supersymmetry.
All supersymmetry breaking is parametrized in terms of
the Weyl compensator superfield ” = 1 + ε

2
m where ε

is the usual Grassmann coordinate in superspace. All di-
mensionful fields in the supersymmetric Lagrangian are
multiplied by the Weyl compensator, producing a new



New BSM 

model building tools

SUSY + AMSB appears useful to gain insight 
into strong gauge dynamics
new possibilities:


massless composite fermions

light composite scalars

new symmetry breaking patterns

also many (in principle) testable predictions 
on dynamics


look forward to future developments on 
lattice
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composite axion

Gherghetta, HM, Quilez



Axion Quality Problem

there have been arguments that 
quantum gravity does’t respect 
global symmetries

string theory: no global 
symmetries

Is U(1)PQ broken at Planck scale?

can shift the axion minimum away 
from θQCD=0

θQCD < 10–10, fa>109 GeV would 

require n≥9
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Axion Quality Problem

there have been arguments that 
quantum gravity does’t respect 
global symmetries

string theory: no global 
symmetries

Is U(1)PQ broken at Planck scale?

can shift the axion minimum away 
from θQCD=0

θQCD < 10–10, fa>109 GeV would 

require n≥9
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can write models of composite 
axion using the exact SUSY 
dynamics to avoid the quality 
problem (Gherghetta, HM, 
Noether, Quilez)
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2D Yang-Mills Theories
HM, Bea Noether, Digvijay Varier, Ruoyao Zheng


in preparation



Compact U(1) in 1+1D

Many similarities with 
pure Yang-Mills in 4D


theta term

confinement


Can be solved exactly

Electric dipole moment

partition function with 
full 𝜃-dependence

deconfinement at 𝜃=π
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modular transformation of Jacobi elliptic 
theta functions (Poisson summation)


equivalent to summation over instantons

Path Integral
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Electric Dipole Moments

𝜃 violates P and C but not CP

EDM is induced by 𝜃

deconfinement at 𝜃=π, EDM diverges
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Pure YM in 1+1D
Exact solutions go back to Migdal (1975): 


wave functions are characters

energy eigenvalues are 2nd order Casimirs


Consider S1 = [0,L]

wave functions are characters for irreps


Ground state is singlet

all non-trivial representations confined
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Pure YM in 1+1D
SU(N)/ZN: N different definitions due to ZN-
valued Stiefel-Whitney classes w2(SU(N)/ZN) 
Ahanory, Seiberg, Tachikawa (2015)

canonical: subspace of Hilbert space with k 
mod N boxes of Young tableaux (N-ality)

cast to path integral using Poisson summation

corresponding path integrals are weighted by 
Stiefel-Whitney class w2:                

 (odd N) or  (even N=2m)

without weighting by w2, adjoint confined for 
odd N, not for even N
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Sloppily, 𝜃=π and 0 switched



Interpretation 

of the ground state

<latexit sha1_base64="9tQD2LlYepdi3Q6oOHigDR7R1ZM=">AAAB4HicdVDJSgNBFHwTtxi3UY9eGoPgaZiJGuMt4CXHuGSBJISeTk/SpGeh+40QQu5eRLwo+EX+gn9jZ/EQl4KGoqqa9+r5iRQaXffTyqysrq1vZDdzW9s7u3v2/kFdx6livMZiGaumTzWXIuI1FCh5M1Gchr7kDX94PfUbD1xpEUf3OEp4J6T9SASCUTTS3W132LXzrnNVKlwUzshv4jnuDHlYoNq1P9q9mKUhj5BJqnXLcxPsjKlCwSSf5Nqp5gllQ9rn49mCE3JipB4JYmVehGSmLuVoqPUo9E0ypDjQP72p+JfXSjEodcYiSlLkEZsPClJJMCbTtqQnFGcoR4ZQpoTZkLABVZShuUnOVP/uR/4n9YLjFZ3izXm+XFkcIQtHcAyn4MEllKECVagBgz48wSu8Wb71aD1bL/Noxlr8OYQlWO9fmGqJxw==</latexit>

Rk
<latexit sha1_base64="GZb+R2ePxlXZwJzycXSyCebHRaw=">AAAB63icdVDLSgMxFL1TX7W+Rl26CRbB1TBTtdZdwU2XVewD2loyaaYNzUyGJCOUoV/hRsSNgv/iL/g3Ztq6qI8DgcM555J7rh9zprTrflq5ldW19Y38ZmFre2d3z94/aCqRSEIbRHAh2z5WlLOINjTTnLZjSXHoc9ryx9eZ33qgUjER3elJTHshHkYsYARrI913hTGz2fS2P5727aLrXFVKF6Uz9Jt4jjtDERao9+2P7kCQJKSRJhwr1fHcWPdSLDUjnE4L3UTRGJMxHtJ0tusUnRhpgAIhzYs0mqlLORwqNQl9kwyxHqmfXib+5XUSHVR6KYviRNOIzD8KEo60QFlxNGCSEs0nhmAimdkQkRGWmGhznoKp/t0P/U+aJccrO+Wb82K1tjhCHo7gGE7Bg0uoQg3q0AACEp7gFd6s0Hq0nq2XeTRnLWYOYQnW+xdLU47t</latexit>

Rk

<latexit sha1_base64="o4YML5HOOSvDccrNymC8mJOTd6o=">AAAB3nicdVDLTgIxFL2DL8QX6tJNIzFxNZkZYMAdiRuWYOSRAMFO6UBD55G2Y0IIWzfGuNHET/IX/Bs7gAuMnqTJyTmnufdcL+ZMKsv6MjJb2zu7e9n93MHh0fFJ/vSsLaNEENoiEY9E18OSchbSlmKK024sKA48Tjve9Db1O49USBaF92oW00GAxyHzGcFKS827Yb5gmTdV1yk7yDItq+IU3ZQ4lZJTRLZWUhRgjcYw/9kfRSQJaKgIx1L2bCtWgzkWihFOF7l+ImmMyRSP6Xy53gJdaWmE/EjoFyq0VDdyOJByFng6GWA1kb+9VPzL6yXKrw7mLIwTRUOyGuQnHKkIpV3RiAlKFJ9pgolgekNEJlhgovRFcrr6Tz/0P2k7pu2abrNUqNXXR8jCBVzCNdhQgRrUoQEtIEDhGd7g3XgwnowX43UVzRjrP+ewAePjGwjYiNY=</latexit>

R

<latexit sha1_base64="9tQD2LlYepdi3Q6oOHigDR7R1ZM=">AAAB4HicdVDJSgNBFHwTtxi3UY9eGoPgaZiJGuMt4CXHuGSBJISeTk/SpGeh+40QQu5eRLwo+EX+gn9jZ/EQl4KGoqqa9+r5iRQaXffTyqysrq1vZDdzW9s7u3v2/kFdx6livMZiGaumTzWXIuI1FCh5M1Gchr7kDX94PfUbD1xpEUf3OEp4J6T9SASCUTTS3W132LXzrnNVKlwUzshv4jnuDHlYoNq1P9q9mKUhj5BJqnXLcxPsjKlCwSSf5Nqp5gllQ9rn49mCE3JipB4JYmVehGSmLuVoqPUo9E0ypDjQP72p+JfXSjEodcYiSlLkEZsPClJJMCbTtqQnFGcoR4ZQpoTZkLABVZShuUnOVP/uR/4n9YLjFZ3izXm+XFkcIQtHcAyn4MEllKECVagBgz48wSu8Wb71aD1bL/Noxlr8OYQlWO9fmGqJxw==</latexit>

Rk
<latexit sha1_base64="GZb+R2ePxlXZwJzycXSyCebHRaw=">AAAB63icdVDLSgMxFL1TX7W+Rl26CRbB1TBTtdZdwU2XVewD2loyaaYNzUyGJCOUoV/hRsSNgv/iL/g3Ztq6qI8DgcM555J7rh9zprTrflq5ldW19Y38ZmFre2d3z94/aCqRSEIbRHAh2z5WlLOINjTTnLZjSXHoc9ryx9eZ33qgUjER3elJTHshHkYsYARrI913hTGz2fS2P5727aLrXFVKF6Uz9Jt4jjtDERao9+2P7kCQJKSRJhwr1fHcWPdSLDUjnE4L3UTRGJMxHtJ0tusUnRhpgAIhzYs0mqlLORwqNQl9kwyxHqmfXib+5XUSHVR6KYviRNOIzD8KEo60QFlxNGCSEs0nhmAimdkQkRGWmGhznoKp/t0P/U+aJccrO+Wb82K1tjhCHo7gGE7Bg0uoQg3q0AACEp7gFd6s0Hq0nq2XeTRnLWYOYQnW+xdLU47t</latexit>

Rk

<latexit sha1_base64="o4YML5HOOSvDccrNymC8mJOTd6o=">AAAB3nicdVDLTgIxFL2DL8QX6tJNIzFxNZkZYMAdiRuWYOSRAMFO6UBD55G2Y0IIWzfGuNHET/IX/Bs7gAuMnqTJyTmnufdcL+ZMKsv6MjJb2zu7e9n93MHh0fFJ/vSsLaNEENoiEY9E18OSchbSlmKK024sKA48Tjve9Db1O49USBaF92oW00GAxyHzGcFKS827Yb5gmTdV1yk7yDItq+IU3ZQ4lZJTRLZWUhRgjcYw/9kfRSQJaKgIx1L2bCtWgzkWihFOF7l+ImmMyRSP6Xy53gJdaWmE/EjoFyq0VDdyOJByFng6GWA1kb+9VPzL6yXKrw7mLIwTRUOyGuQnHKkIpV3RiAlKFJ9pgolgekNEJlhgovRFcrr6Tz/0P2k7pu2abrNUqNXXR8jCBVzCNdhQgRrUoQEtIEDhGd7g3XgwnowX43UVzRjrP+ewAePjGwjYiNY=</latexit>

R

<latexit sha1_base64="9tQD2LlYepdi3Q6oOHigDR7R1ZM=">AAAB4HicdVDJSgNBFHwTtxi3UY9eGoPgaZiJGuMt4CXHuGSBJISeTk/SpGeh+40QQu5eRLwo+EX+gn9jZ/EQl4KGoqqa9+r5iRQaXffTyqysrq1vZDdzW9s7u3v2/kFdx6livMZiGaumTzWXIuI1FCh5M1Gchr7kDX94PfUbD1xpEUf3OEp4J6T9SASCUTTS3W132LXzrnNVKlwUzshv4jnuDHlYoNq1P9q9mKUhj5BJqnXLcxPsjKlCwSSf5Nqp5gllQ9rn49mCE3JipB4JYmVehGSmLuVoqPUo9E0ypDjQP72p+JfXSjEodcYiSlLkEZsPClJJMCbTtqQnFGcoR4ZQpoTZkLABVZShuUnOVP/uR/4n9YLjFZ3izXm+XFkcIQtHcAyn4MEllKECVagBgz48wSu8Wb71aD1bL/Noxlr8OYQlWO9fmGqJxw==</latexit>

Rk
<latexit sha1_base64="GZb+R2ePxlXZwJzycXSyCebHRaw=">AAAB63icdVDLSgMxFL1TX7W+Rl26CRbB1TBTtdZdwU2XVewD2loyaaYNzUyGJCOUoV/hRsSNgv/iL/g3Ztq6qI8DgcM555J7rh9zprTrflq5ldW19Y38ZmFre2d3z94/aCqRSEIbRHAh2z5WlLOINjTTnLZjSXHoc9ryx9eZ33qgUjER3elJTHshHkYsYARrI913hTGz2fS2P5727aLrXFVKF6Uz9Jt4jjtDERao9+2P7kCQJKSRJhwr1fHcWPdSLDUjnE4L3UTRGJMxHtJ0tusUnRhpgAIhzYs0mqlLORwqNQl9kwyxHqmfXib+5XUSHVR6KYviRNOIzD8KEo60QFlxNGCSEs0nhmAimdkQkRGWmGhznoKp/t0P/U+aJccrO+Wb82K1tjhCHo7gGE7Bg0uoQg3q0AACEp7gFd6s0Hq0nq2XeTRnLWYOYQnW+xdLU47t</latexit>

Rk

<latexit sha1_base64="+s9RN3IeHHZAXlI2D2L6hPRW0wc=">AAAB/3icdVDLSgMxFM3UV62vUZdugkVwNcxIae2u4KbLWuwDOmXIpJk2NJMMSUYoQxdu/BU3Im4U/AN/wb8x09aFrwMhh3PuTe49YcKo0q77YRXW1jc2t4rbpZ3dvf0D+/Coq0QqMelgwYTsh0gRRjnpaKoZ6SeSoDhkpBdOr3K/d0ukooLf6FlChjEacxpRjLSRAhu2oU85bAdT6AtNY6LMbRry9zKjzgO77Dr1ulupVeBv4jnuAmWwQiuw3/2RwGlMuMYMKTXw3EQPMyQ1xYzMS36qSILwFI1Jtph/Ds+MNIKRkOZwDRfqtzoUKzWLQ1MZIz1RP71c/MsbpDq6HGaUJ6kmHC8/ilIGtYB5GHBEJcGazQxBWFIzIcQTJBHWJrKSWf1rP/g/6V44XtWpXlfKjeYqhCI4AafgHHigBhqgCVqgAzC4B4/gBbxad9aD9WQ9L0sL1qrnGHyD9fYJ5l2V7A==</latexit>

R → Rk ↑Rk

<latexit sha1_base64="W1lrhcmwT+3w3tGu5Q3POqsJgBk=">AAACA3icdVDLTgIxFO3gC/GFunTTiCauyGAIyI7EDUsk8kgYMumUDjR02kl7x4QQlm78FTfGuNHEvb/g31geLvBxkqY355x723ODWHADrvvppNbWNza30tuZnd29/YPs4VHLqERT1qRKKN0JiGGCS9YEDoJ1Ys1IFAjWDkbXM719x7ThSt7COGa9iAwkDzklYCk/e9bAnlTgcYkb/gh7CnjEjL1t02zmxLJTP5tz85WKWywX8e+ikHfnyKEl6n72w+srmkRMAhXEmG7BjaE3IRo4FWya8RLDYkJHZMAm8wxTfG6pPg6VtkcCnrMrPhIZM44C64wIDM1PbUb+pXUTCK96Ey7jBJiki4fCRGBQeLYQ3OeaURBjWxCquf0hpkOiCQW7toyN/p0P/1+0LvOFUr50U8xVa8slpNEJOkUXqIDKqIpqqI6aiKIH9IRe0Ztz7zw6z87Lwppylj3HaAXO+xcrYJfB</latexit>

R →↑ Rk ↓Rk



Conclusions

Mysteries about chiral gauge theories

we don’t know what they do

conjectures to universality class, e.g. tumbling
new addition: exact results near SUSY


near-SUSY to non-SUSY cross over

results do not agree with past conjectures

nature may use them! e.g. dark matter, axion
curious behavior of 2D YM
Looking forward to the rest of the meeting!
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