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Closed

My talk is about closed quantum systems in 
QFT


no Schwinger-Keldysh


but this group loves quantum and challenges


“studying quantum properties of matter”


hopefully it is still interesting
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Non-Perturbative

We know perturbation theory is good only 
when couplings are small

It is an asymptotic series that does not 
converge

Strong interaction (QCD) is indeed strong

confinement, chiral symmetry breaking

any method to study it without perturbation?

I propose to use supersymmetry
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Crazy things

approach the theory in unusual way


D=4-ε and expand in ε=1 to reach D=3


Nc➝∞ first and expand in 1/Nc=1/3, 1


g≪1 first and extrapolate to g≫1


the key is continuity of universality class (i.e. 
symmetry of the ground state) and dynamics
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Critical Phenomena

condensed matter systems with O(N) 
symmetry exhibit 2nd order phase transition


Naive Landau theory:


doesn’t work!
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V =
1

2
µ2ωε2 +

ϑ

4
(ωε2)2

<latexit sha1_base64="8t22ELl/nEBTOUVcI1d38QYCoJc=">AAAB9HicdVDLSgMxFM3UV62vUXHlJliEunCYqbXaXcFNlxX6gk4dMmmmDc1MhiRTKEP/xI2IGwW/w1/wb0wfLurjQOBwzgn3nuvHjEpl259GZm19Y3Mru53b2d3bPzAPj1qSJwKTJuaMi46PJGE0Ik1FFSOdWBAU+oy0/dHdzG+PiZCURw01iUkvRIOIBhQjpSXPPHHD5KEI3VjwWHFYaFw2PHzhmXnbqlSuSqVr+Js4lj1HHixR98wPt89xEpJIYYak7Dp2rHopEopiRqY5N5EkRniEBiSdLz2F51rqw4AL/SIF5+pKDoVSTkJfJ0OkhvKnNxP/8rqJCm57KY3iRJEILwYFCYO63uwCsE8FwYpNNEFYUL0hxEMkEFb6Tjld/bsf/J+0ipZTtsr3pXy1tjxCFpyCM1AADrgBVVADddAEGKTgCbyCN2NsPBrPxssimjGWf47BCoz3L6rakJU=</latexit>

µ2 → (T ↑ Tc)
<latexit sha1_base64="rwVLqmB/LxGZ7J9ukcnX7MI1dFg=">AAAB+XicdVDLSgMxFM34rPU16k43wSLUheNMrdXuCm66rNAXdOqQSTNtaGYmJBmhDAV/xY2IGwV/wl/wb0wfLurjQOBwzgn3nutzRqWy7U9jaXlldW09s5Hd3Nre2TX39psyTgQmDRyzWLR9JAmjEWkoqhhpc0FQ6DPS8oc3E791T4SkcVRXI066IepHNKAYKS155qHLBxS6XMRcxTBf9/BZ/fQudc4LY8/M2Va5fFEsXsLfxLHsKXJgjppnfri9GCchiRRmSMqOY3PVTZFQFDMyzrqJJBzhIeqTdLr5GJ5oqQeDWOgXKThVF3IolHIU+joZIjWQP72J+JfXSVRw3U1pxBNFIjwbFCQM6pKTM8AeFQQrNtIEYUH1hhAPkEBY6WNldfXvfvB/0ixYTskq3RZzler8CBlwBI5BHjjgClRAFdRAA2DwAJ7AK3gzUuPReDZeZtElY/7nACzAeP8CFleSfg==</latexit>

ω → (Tc ↑ T )1/2

N 1 2 3 ∞
ν 0.630 0.672 0.711 1

ν

T>Tc T<Tc



<latexit sha1_base64="Y13bz+iMWmU8EdHsbKzphoKjGec="></latexit>∫
dω(εωϑ)

2 + (ϖ→ϑ)2 =
1

2
ϖ→ϑ0

ϖ→ϑ0 +
→∑

n=0

(2ϱnkT )2ϑ↑
nϑn + ϖ→ϑ↑

n
ϖ→ϑn

3D QFT
finite temperature is periodic in the 
imaginary time direction

Near the critical temperature Tc, correlation 
length becomes very long

4D becomes a 3D pancake


Expand in Matsubara modes of “mass” = n T


only n=0 mode important at long distances
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ω = ⊋/kT = 1/T

<latexit sha1_base64="gA+HVosTtToqdvG9eh+M/hYbtUI="></latexit>

ω(ε, ϑx) = T 1/2
→∑

n=↑→
ωn(ϑx)e

2ωinεkT

T–1

T>Tc

T<TcT–1



3D QFT

3D theory becomes very strong in the IR


perturbation theory doesn’t work


what can we do?


4D theory is trivial in the IR


D=4-ε and expand in ε=1 to reach D=3


Crazy!

<latexit sha1_base64="s7ceI8sWMrfKJ5QrerYRs/86TpA=">AAAB6nicdVDLSsNAFL2pr1pfUZduBovgKiQaq90V3HRZwT6giWUymbRDJw9nJkIp/Qk3Im4U/Bh/wb9x+nBRHwcGDuec4d5zg4wzqWz70yisrK6tbxQ3S1vbO7t75v5BS6a5ILRJUp6KToAl5SyhTcUUp51MUBwHnLaD4fXUbz9QIVma3KpRRv0Y9xMWMYKVlnyP62iIvWzA7tyeWbatavXcdS/Qb+JY9gxlWKDRMz+8MCV5TBNFOJay69iZ8sdYKEY4nZS8XNIMkyHu0/Fs1Qk60VKIolTolyg0U5dyOJZyFAc6GWM1kD+9qfiX181VdOWPWZLliiZkPijKOVIpmvZGIROUKD7SBBPB9IaIDLDAROnrlHT1737of9I6s5yKVblxy7X64ghFOIJjOAUHLqEGdWhAEwjcwxO8wpvBjUfj2XiZRwvG4s8hLMF4/wLdno4K</latexit>

ωε4

<latexit sha1_base64="s7ceI8sWMrfKJ5QrerYRs/86TpA=">AAAB6nicdVDLSsNAFL2pr1pfUZduBovgKiQaq90V3HRZwT6giWUymbRDJw9nJkIp/Qk3Im4U/Bh/wb9x+nBRHwcGDuec4d5zg4wzqWz70yisrK6tbxQ3S1vbO7t75v5BS6a5ILRJUp6KToAl5SyhTcUUp51MUBwHnLaD4fXUbz9QIVma3KpRRv0Y9xMWMYKVlnyP62iIvWzA7tyeWbatavXcdS/Qb+JY9gxlWKDRMz+8MCV5TBNFOJay69iZ8sdYKEY4nZS8XNIMkyHu0/Fs1Qk60VKIolTolyg0U5dyOJZyFAc6GWM1kD+9qfiX181VdOWPWZLliiZkPijKOVIpmvZGIROUKD7SBBPB9IaIDLDAROnrlHT1737of9I6s5yKVblxy7X64ghFOIJjOAUHLqEGdWhAEwjcwxO8wpvBjUfj2XiZRwvG4s8hLMF4/wLdno4K</latexit>

ωε4
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Wilson-Fisher fixed point

(1971)

renormalization group equation
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ω→ =
8ε2

N + 8
ϑ



forge ahead: ε expansion

perturbation in λ ~ ε

resummation (Borel sum)


works surprisingly well!
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N 1 2 3 ∞
ν 0.630 0.672 0.711 1
ε=1 0.630 0.674 0.705

Zinn-Justin 1993

conformal

bootstrap



picture
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fails for some other universality classes



no guarantee

CPN–1 models U(N)/U(N-1)xU(1)


D=2, N=∞: asymptotically free, confinement, 
mass gap, very much like Yang-Mills!


But N=2 is free massless fermions (Bethe 
ansatz, Haldane conjecture in anti-
ferromagnet, WZW model)


it still goes a lot of mileage from N=∞ to 3
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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

e�8⇡2/g2~

<latexit sha1_base64="/c849PvLP70BzOPchz3kyuQfE90=">AAAB83icdVDJSgNBFHwTtxi3cbl5aQyCF8eZkGByC3rxGMEskElCT6cnadKz0N0jxCFf4kXEi4L/4S/4N3YWD3EpaCiqqnnvlRdzJpVtfxqZldW19Y3sZm5re2d3z9w/aMgoEYTWScQj0fKwpJyFtK6Y4rQVC4oDj9OmN7qe+s17KiSLwjs1jmknwIOQ+YxgpaWeeUS76XnZjVm3cDHoFtyhh8WkZ+Ztq1Iu2XYJ/SaOZc+QhwVqPfPD7UckCWioCMdSth07Vp0UC8UIp5Ocm0gaYzLCA5rOdp6gUy31kR8J/UKFZupSDgdSjgNPJwOshvKnNxX/8tqJ8sudlIVxomhI5oP8hCMVoWkBqM8EJYqPNcFEML0hIkMsMFG6ppw+/fs+9D9pFCynaFVui/nq1aKELBzDCZyBA5dQhRuoQR0IPMATvMKbkRiPxrPxMo9mjMWfQ1iC8f4FcgmQfw==</latexit>

18 HM, 2104.01179, PRL 126 (2021) 251601 



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

only for S-wave, not for P-wave



wasn’t planned

I got interested in the possibility that dark 
matter, axion, etc may be composite


had to know more non-perturbative physics


immediately hit limits of our understanding


became a desperate theorist


tried crazy things
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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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<latexit sha1_base64="8uqnoA5vX3QS82V7Qp0ItRNCzLg=">AAAB9XicdVDLSgMxFM34rPU1KrhxEyxC3QwzRVq7K7jpSivYB3TqkEkzbWhmEpKMUmo/xY2IGwV/w1/wb0wfLurjQOBwzgn3nhsKRpV23U9raXlldW09s5Hd3Nre2bX39huKpxKTOuaMy1aIFGE0IXVNNSMtIQmKQ0aa4eBi4jfviFSUJzd6KEgnRr2ERhQjbaTAPowCX9DbAvSF5EJzeJW/DPBpYOdcp1wqlctF+Jt4jjtFDsxRC+wPv8txGpNEY4aUanuu0J0RkppiRsZZP1VEIDxAPTKabj2GJ0bqwohL8xINp+pCDsVKDePQJGOk++qnNxH/8tqpjs47I5qIVJMEzwZFKYOm3eQEsEslwZoNDUFYUrMhxH0kEdbmUFlT/bsf/J80Co5XdIrXZ7lKdX6EDDgCxyAPPFACFVAFNVAHGDyAJ/AK3qx769F6tl5m0SVr/ucALMB6/wLSrJFK</latexit>

f
2
ω → O(Nc)

<latexit sha1_base64="H8BCoLmqXyy29zn4709JsHJnAU8=">AAAB7nicdVDJSgNBFHzjGuOSUY9eGoPoaZgJkpiLBLzkGMEskMShp9OTNOlZ6H4jhCG/4UXEi4Kf4i/4N04WD3EpaCiqqnmvnhdLodG2P4219Y3Nre3cTn53b/+gYB4etXSUKMabLJKR6nhUcylC3kSBkndixWngSd72xjczv/3AlRZReIeTmPcDOgyFLxjFTHLNQuCmPY70fHpfItfEds2ibVUrlWq1TH4Tx7LnKMISDdf86A0ilgQ8RCap1l3HjrGfUoWCST7N9xLNY8rGdMjT+bpTcpZJA+JHKnshkrm6kqOB1pPAy5IBxZH+6c3Ev7xugv5VPxVhnCAP2WKQn0iCEZl1JwOhOEM5yQhlSmQbEjaiijLMLpTPqn/3I/+TVslyylb59rJYqy+PkIMTOIULcKACNahDA5rAIIEneIU3IzYejWfjZRFdM5Z/jmEFxvsXmvKOSQ==</latexit>

m2
ω→ > 0

<latexit sha1_base64="p8odw9KIUy2iCI4gUmsJ2DWDXes=">AAAB+HicdVDLSgMxFL1TX7W+Rl2Jm2ARXA1TkdbuCm66rGBboVNKJs20oZnMNMkIdSj+ihsRNwp+hb/g35hO66I+DgQO55xw7z1+zJnSrvtp5VZW19Y38puFre2d3T17/6ClokQS2iQRj+StjxXlTNCmZprT21hSHPqctv3R1cxv31GpWCRu9CSm3RAPBAsYwdpIPfvI41gMOEWej2U6nqIx8mSm9Oyi61QrlWq1jH6TkuNmKMICjZ794fUjkoRUaMKxUp2SG+tuiqVmhNNpwUsUjTEZ4QFNs8Wn6NRIfRRE0jyhUaYu5XCo1CT0TTLEeqh+ejPxL6+T6OCymzIRJ5oKMh8UJBzpCM1aQH0mKdF8YggmkpkNERliiYk2XRXM6d/3of9J69wplZ3y9UWxVl+UkIdjOIEzKEEFalCHBjSBwAM8wSu8WffWo/VsvcyjOWvx5xCWYL1/AURgk10=</latexit>

→q̄q↑
<latexit sha1_base64="E6o7bnPT7zqjrtCt1Ye7LwdU3F0=">AAACA3icdVDLSgMxAMz6rPW16tFLsAqelq1Ia28FD+2xgn1Aty7ZNNuGZrNLHkJZevTir3gR8aLg3V/wb0y37aE+BgLDzIRkJkgYlcp1v6yV1bX1jc3cVn57Z3dv3z44bMlYC0yaOGax6ARIEkY5aSqqGOkkgqAoYKQdjK6nfvueCEljfqvGCelFaMBpSDFSRvLtU48hPmAE1vzUi7TH9aR2t2DQE5np2wXXqZTLlUoJ/iZFx81QAHM0fPvT68dYR4QrzJCU3aKbqF6KhKKYkUne05IkCI/QgKRZhwk8M1IfhrEwhyuYqUs5FEk5jgKTjJAayp/eVPzL62oVXvVSyhOtCMezh0LNoIrhdBDYp4JgxcaGICyo+SHEQyQQVma2vKm+6Af/J60Lp1hySjeXhWp9PkIOHIMTcA6KoAyqoA4aoAkweATP4A28Ww/Wk/Vivc6iK9b8zhFYgvXxDUP8mHU=</latexit>

→GµωG
µω↑

<latexit sha1_base64="w4HtxhjzZNEp3h42bh64Nw8PNQQ=">AAACDHicdVBJSwMxGM241rqNevQSLIIXh2mR1h6Eggg9VrALdNqSSTOd0MxC8o1QyvwFL/4VLyJeFMS/4L8xXRTq8iDw5b2X5T03FlyBbX8YS8srq2vrmY3s5tb2zq65t99QUSIpq9NIRLLlEsUED1kdOAjWiiUjgStY0x1eTvTmLZOKR+ENjGLWCcgg5B6nBDTVM08d6nN8gR1PEjp2YiKBE9Et4Kv0e4cd8BmQbiHtmTnbKpdK5XIR/x7ylj1FDs1R65nvTj+iScBCoIIo1c7bMXTGk3upYGnWSRSLCR2SARtPw6T4WFN97EVSrxDwlF3wkUCpUeBqZ0DAVz+1CfmX1k7AO++MeRgnwEI6e8hLBIYIT5rBfS4ZBTHSA6GS6x9i6hNdC+j+sjr6Vz78/9AoWPmiVbw+y1Wq8xIy6BAdoROURyVUQVVUQ3VE0T16RC/o1bgzHown43lmXTLmZw7QAoy3T754m1Q=</latexit>

ω =
ε2E

εϑ2

colored: challenging on lattice



Do we understand QCD?
When we first learn about quarks,           
we get told we can never see them


Scam?

Confinement  !

asymptotic freedom 

can’t prove confinement


Another puzzle: proton and pion              
are made of same quarks


why pion ≈ massless ≪ proton?

<latexit sha1_base64="C+w3LOuS1zMYoHtLK2xyd9JX4yI=">AAAB6HicdVDLSgMxFL3js9ZX1aWbYBFdDdMqbV0IBTddVrAPaEu5k2ba2MxkSDJCKf0HNyJuFPwaf8G/MX24qI8DgcM5J9x7rh8Lro3nfTorq2vrG5uprfT2zu7efubgsK5loiirUSmkavqomeARqxluBGvGimHoC9bwhzdTv/HAlOYyujOjmHVC7Ec84BSNlVr16zaKeIBnRHUzWc+9KhUvSnnym+Rcb4YsLFDtZj7aPUmTkEWGCtS6lfNi0xmjMpwKNkm3E81ipEPss/Fs0Qk5tVKPBFLZFxkyU5dyGGo9Cn2bDNEM9E9vKv7ltRITlDpjHsWJYRGdDwoSQYwk09akxxWjRowsQaq43ZDQASqkxt4mbat/9yP/k3rezRXcwu1ltlxZHCEFx3AC55CDIpShAlWoAQUJT/AKb8698+g8Oy/z6Iqz+HMES3DevwC/IozB</latexit>

V = ω→r
αs(MZ

2) = 0.1179 ± 0.0010

α s
(Q

2 )

Q [GeV]

τ decay (N3LO)
low Q2 cont. (N3LO)

DIS jets (NLO)
Heavy Quarkonia (NLO)

e+e- jets/shapes (NNLO+res)
pp/p-p (jets NLO)

EW precision fit (N3LO)
pp (top, NNLO)

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 1  10  100  1000

<latexit sha1_base64="+aPuOQPJgEikvDlXjaP5AV4f+ns=">AAAB63icdVDLSsNAFL2pr1pfVZduBosgCCGp0taFUHDTZQXTFpq2TCaTdujkwcxEKKFf4UbEjYL/4i/4N04fLurjwMDhnDPce66XcCaVZX0aubX1jc2t/HZhZ3dv/6B4eNSScSoIdUjMY9HxsKScRdRRTHHaSQTFocdp2xvfzvz2AxWSxdG9miS0F+JhxAJGsNJS301Y/+ImdT0sMn86KJYs87pWvayV0W9im9YcJViiOSh+uH5M0pBGinAsZde2EtXLsFCMcDotuKmkCSZjPKTZfNcpOtOSj4JY6BcpNFdXcjiUchJ6OhliNZI/vZn4l9dNVVDrZSxKUkUjshgUpBypGM2KI58JShSfaIKJYHpDREZYYKL0eQq6+nc/9D9plU27Ylburkr1xvIIeTiBUzgHG6pQhwY0wQECAp7gFd6M0Hg0no2XRTRnLP8cwwqM9y+4k46O</latexit>

ω+ = ud̄

<latexit sha1_base64="fxBwm+9AtC2+3N4FKnH3j3CiL4o=">AAAB4nicdVDJSgNBFHzjGuMW9eilMQiehpkoSTwIAS85RnCSQBJCT09P0qRnpulFCCE/4EXEi4If5C/4N3YWD3EpaCiqqnmvXig4U9rzPp219Y3Nre3cTn53b//gsHB03FSZkYQGJOOZbIdYUc5SGmimOW0LSXESctoKR7czv/VApWJZeq/HgvYSPEhZzAjWVgrEjTFRv1D03Otq5bJaQr+J73pzFGGJRr/w0Y0yYhKaasKxUh3fE7o3wVIzwuk03zWKCkxGeEAn8xWn6NxKEYozaV+q0VxdyeFEqXES2mSC9VD99GbiX17H6Ljam7BUGE1TshgUG450hmZ9UcQkJZqPLcFEMrshIkMsMdH2Knlb/bsf+p80S65fdst3V8VafXmEHJzCGVyADxWoQR0aEAABBk/wCm9O5Dw6z87LIrrmLP+cwAqc9y9QIorS</latexit>

p = uud



Elements in the Universe

Credit: Wikimedia CommonsUnless pions are light, we wouldn’t exist!



ideas <M+>≠0

Qualitative ideas help us

Confinement


dual Meissner effect (Mandelstam)

assume monopole condensation

quarks confined by electric flux tube

but where are monopoles in QCD?


Chiral symmetry breaking (Nambu)

massless QCD invariant under 
SU(Nf)LxSU(Nf)RxU(1)B

assume broken to SU(Nf)VxU(1)B 

pion = Nambu-Goldstone boson = massless

but does QCD really break chiral symmetry?

<e–e–>≠0
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Progress with

Supersymmetry

symmetry between bosons and fermions

Confinement (Seiberg-Witten)


N=2 SU(2) Supersymmetric Gauge Theory

SU(2) ➝ U(1): magnetic monopoles!

special points = massless monopolen

N=1 perturbation: monopole condensation!


Chiral symmetry breaking

N=2 doesn’t have chiral symmetry 

N=1 (Seiberg) has too unusual phases


doesn’t look like the real world!



Landau levels
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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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31.4 Anomaly-Mediated Super symmetry Breaking 337

This formula is valid only to lowest order in GF2, but to all orders (and
even non-perturbatively) in the non-gravitational interactions responsible
for the spontaneous breakdown of supersymmetry.

It is convenient for some purposes to express mg in terms of the
expectation values (s) and (p) of the spinless auxiliary gravitational fields.
Note that for the vacuum state to have zero spacetime curvature, the
vacuum energy density F2/2 of matter fields must be balanced by the
negative vacuum energy of gravitation and its interaction with the hidden
sector fields, which is given in terms of (5) and (p) by Eqs. (31.2.18) and
(31.2.16) as -(4/3)((s)2 + (p)2), so

F2/2 = (4/3)((s)2 + (p)2). (31.3.18)

We can therefore write Eq. (31.3.17) as

It is sometimes convenient to introduce a complex gravitino mass, defined
as

(31.3.20)

whose absolute magnitude is the physical gravitino mass (31.3.19).

31.4 Anomaly-Mediated Supersymmetry Breaking

In Section 28.3 the possibility was raised that supersymmetry may be
broken in some sort of hidden sector of superfields that do not carry
the SU(3) x SU(2) x 1/(1) quantum numbers of the standard model, and
communicated to observable particles gravitationally. In this section we
will deal with one class of supersymmetry-breaking effects in the mini-
mum supersymmetric standard model, those of first order in K = ^JSnG.
This includes the gaugino masses and the parameters A\j and B in the
Lagrangian density (28.4.1). Other supersymmetry-breaking effects such
as squark and slepton squared masses are of second order in K, and will
be taken up in Section 31.7, when we consider gravity-mediated super-
symmetry breaking using the general supergravity formalism described in
Section 31.6.

We can find the effects of gravity-mediated supersymmetry breaking to
first order in K by simply replacing the component fields of the gravi-
tational supermultiplet in the interaction (31.1.34) with their expectation
values. The only ones of these component fields that can acquire non-
vanishing vacuum expectation values from the spontaneous breakdown
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Electron mass is natural 
by doubling #particles
Electron creates a force 
to repel itself

10–4 fine-tuning?
quantum mechanics and 
anti-matter
⇒ only 10% of mass even 

for Planck-size re~10–33cm
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Higgs mass is natural 
by doubling #particles?

Higgs also repels itself

Double #particles again   
⇒ superpartners

only log sensitivity to UV

Standard Model made 
consistent up to higher 
energies
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Naturalness 

works!

Why is the Universe big?

Inflation


horizon problem

flatness problem

large entropy
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Planck Collaboration: Cosmological parameters

0

1000

2000

3000

4000

5000

6000

D
T

T
�

[µ
K

2
]

30 500 1000 1500 2000 2500
�

-60
-30
0
30
60

�
D

T
T

�

2 10
-600
-300

0
300
600

Fig. 1. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94% of the sky. The best-fit base ⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties.

sults to the likelihood methodology by developing several in-
dependent analysis pipelines. Some of these are described in
Planck Collaboration XI (2015). The most highly developed of
these are the CamSpec and revised Plik pipelines. For the
2015 Planck papers, the Plik pipeline was chosen as the base-
line. Column 6 of Table 1 lists the cosmological parameters for
base ⇤CDM determined from the Plik cross-half-mission like-
lihood, together with the lowP likelihood, applied to the 2015
full-mission data. The sky coverage used in this likelihood is
identical to that used for the CamSpec 2015F(CHM) likelihood.
However, the two likelihoods di↵er in the modelling of instru-
mental noise, Galactic dust, treatment of relative calibrations and
multipole limits applied to each spectrum.

As summarized in column 8 of Table 1, the Plik and
CamSpec parameters agree to within 0.2�, except for ns, which
di↵ers by nearly 0.5�. The di↵erence in ns is perhaps not sur-
prising, since this parameter is sensitive to small di↵erences in
the foreground modelling. Di↵erences in ns between Plik and
CamSpec are systematic and persist throughout the grid of ex-
tended ⇤CDM models discussed in Sect. 6. We emphasise that
the CamSpec and Plik likelihoods have been written indepen-
dently, though they are based on the same theoretical framework.
None of the conclusions in this paper (including those based on

the full “TT,TE,EE” likelihoods) would di↵er in any substantive
way had we chosen to use the CamSpec likelihood in place of
Plik. The overall shifts of parameters between the Plik 2015
likelihood and the published 2013 nominal mission parameters
are summarized in column 7 of Table 1. These shifts are within
0.71� except for the parameters ⌧ and Ase�2⌧ which are sen-
sitive to the low multipole polarization likelihood and absolute
calibration.

In summary, the Planck 2013 cosmological parameters were
pulled slightly towards lower H0 and ns by the ` ⇡ 1800 4-K line
systematic in the 217 ⇥ 217 cross-spectrum, but the net e↵ect of
this systematic is relatively small, leading to shifts of 0.5� or
less in cosmological parameters. Changes to the low level data
processing, beams, sky coverage, etc. and likelihood code also
produce shifts of typically 0.5� or less. The combined e↵ect of
these changes is to introduce parameter shifts relative to PCP13
of less than 0.71�, with the exception of ⌧ and Ase�2⌧. The main
scientific conclusions of PCP13 are therefore consistent with the
2015 Planck analysis.

Parameters for the base ⇤CDM cosmology derived from
full-mission DetSet, cross-year, or cross-half-mission spectra are
in extremely good agreement, demonstrating that residual (i.e.
uncorrected) cotemporal systematics are at low levels. This is
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Fig. 3. Frequency-averaged T E and EE spectra (without fitting for T -P leakage). The theoretical T E and EE spectra plotted in the
upper panel of each plot are computed from the Planck TT+lowP best-fit model of Fig. 1. Residuals with respect to this theoretical
model are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the
best-fit temperature-to-polarization leakage model of Eqs. (11a) and (11b), fitted separately to the T E and EE spectra.
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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
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Nf = Nc-2
for Mij=QiQj≠0 with 
rank M=Nf, SO(Nc) is 
broken to SO(2)

Coulomb branch

two singularities




dyons: 




monopoles: 




both monopoles and 
meson condense!

u = detM = 0
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complete list of 

“t-confining” theories
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theory SUSY With AMSB

(A) G Z2h → Z2 no symmetries

(B) Spin(k) + (k ↑ 4)V i Z2k→8 ↓ SU(k ↑ 4)↓ U(1)R
→ Zk→4 ↓ SU(k ↑ 4)↓ U(1)R

Z2k→8 ↓ SU(k ↑ 4)

→ Zk→4 ↓ SO(k ↑ 4)

(C) Spin(k) + (k ↑ 3)V i Z2k→6 ↓ SU(k ↑ 3)↓ U(1)R
no breaking

Z2k→6 ↓ SU(k ↑ 3)

→ Zk→3 ↓ SO(k ↑ 3)

(D) SU(6) +A
ijk Z6 ↓ U(1)R → Z2 ↓ U(1)R Z6 → 1

(E) Sp(k) +A
ij Z2k→2 ↓ U(1)R → Zk→1 ↓ U(1)R Z2k→2 → Z2

(F) SU(2k) +A
ij + Ãij

Z4k→4 ↓ U(1)V ↓ U(1)R
→ Z2k→2 ↓ U(1)V ↓ U(1)R

Z4k→4 ↓ U(1)V
→ Z2 ↓ U(1)V

(G) Spin(12) + 2S
Z16 ↓ SU(2)↓ U(1)R
→ Z8 ↓ SU(2)↓ U(1)R

Z16 ↓ SU(2) → SO(2)

Table 2. Summary of symmetry breaking patterns in SUSY and non-SUSY vacua

for an analytic treatment and helped us understand the qualitative behavior of t-confining
theories with AMSB. For theories (E) and (F), we predicted that the vacua connected by
symmetry transformations are given by Zk→1 and Z2k→2. We also conjectured that the
global minima occur on branches with nearly equal numbers of positive and negative signs
in the ADS superpotential. Since these theories had only one flavor, they did not possess
a continuous moduli space. On the other hand in theory (G), as in theories (B) and (C),
the Nambu-Goldstone modes associated with the breaking of the flavor SU(2) symmetry
formed the vacuum moduli space. These theories demonstrated that the symmetry breaking
patterns due to AMSB were di!erent from those of the SUSY theories. Namely a small but
non-zero SUSY breaking abandons the SUSY vacua in the branch without superpotential
and moves the vacua to the branch with an ADS-type superpotential.

An important open question is whether the small AMSB regime studied here is contin-
uously connected to the limit m ↔ ! in which the superpartners decouple and the theories
approach genuinely non-SUSY gauge theories. If no phase transition occurs, our results
give predictions for the symmetry breaking patterns of non-SUSY t-confining theories.

We regard our results to be candidate ground states for non-SUSY t-confining theories.
We hope our work stimulates interest in the lattice gauge theory community to either
confirm or refute the symmetry breaking patterns we presented here.
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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, Bea Noether



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!

48



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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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


to appear soon



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
<latexit sha1_base64="skSpnsGn0HKBQNRVvneWTLhejls="></latexit>
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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

<latexit sha1_base64="Z5ikgewKimbVBpBiDbuALmtqJaA="></latexit>
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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 confines but not other 𝜃



Interpretation 

of the ground state
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Conclusions

it is good sometimes to be crazy

exact results near SUSY


near-SUSY to non-SUSY cross over (?)

many non-perturbative effects reproduced


Mysteries about chiral gauge theories

we don’t know what they do

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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