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I felt cheated by QCD

When we first learn about quarks,           
we get told


Here, look at this proton.

There are actually colorful, beautiful 
quarks inside.

But you can never see them, you can 
never take them out.

Nonetheless, believe, they are in there!

Who would buy that? Internet Scam?



From: Andre Ouedraogo andreouedraogo@hotmail.fr
Subject: [SPAM:XXXXXXXXX] ***JUNK MAIL*** waiting for your response

Date: August 28, 2013 at 5:25 PM
To:

Dear friend,
  I am Andre Ouedraogo, a banker by profession from Burkina Faso in West Africa and currently holding the post of Director Auditing
and Accounting unit of the bank. It's my urgent need for a foreign partner that made me to contact you for this business. I have the
opportunity of transferring the left over funds ($11.5 million) of one of my bank clients who died along with his entire family on 31 July
2000 in a plane crash. You can confirm the genuineness of the deceased death by clicking on this website. 
http://news.bbc.co.uk/1/hi/world/europe/859479.stm
I need a foreign partner who will support me because i can not claim this money alone without a foreign partner since the deceased
client (the owner of the fund) was a foreigner.

This fund ($11.5 million) will be shared between us in the ratio of 60/40. I agreed that 40% of this money will be for you as a respect to
the provision of a foreign account while 60% will be for me and I want to assure you that this transaction is absolutely legal and risk
free since i work in this bank and i have all the necessary information that might be needed. Before we proceed, i would like to know
your ability to handle this over there in your country.
Please tell me more about the political/economic stability/monetary policy of your country. I need to know all these because i don't
want to have problem with the Government of your country.

Kindly update me with the
following information because i want to know you more before we proceed on this transaction. Hope you will understand the
importance of this request.

1. Your full name........................
2. Your age/sex ..........................
3. your occupation ................
4. Your residential address ..................
5. Your nationality ..............
6. Your private phone number ..................
7. Your fax number ...................

I will be waiting for your response.
Thanks for your understanding.
Have a great day.
  Yours.
Andre Ouedraogo



Can we solve QCD?

When we first learn about quarks,           
we get told we can never see them


Internet Scam?

Confinement!

β(g2)<0 and asymptotic freedom 

only suggestive, doesn’t prove confinement


Another puzzle: proton and pion are made of 
the same quarks


why pion ≈ massless ≪ proton?

very mysterious!

Very little known about chiral gauge theories
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Feeling better
Qualitative picture makes us feel better

Confinement


dual Meißner effect (Mandelstam)

assume monopole condensation

quarks confined by electric flux tube


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


Are there really monopoles?

How do we know          ?
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hq̄qi 6= 0



Feeling even better

but not there yet

Progress in understanding QCD

Confinement (Seiberg-Witten)


N=2 SYM has Coulomb branch u=TrΦ2

singularities = massless monopole/dyon

N=1 perturbation W = µu - (u-Λ2)M+M- 

M+=M-=√µ≠0: monopole condensation!

can further perturb to N=0 with mλ≠0


Chiral symmetry breaking

N=2 doesn’t have χS 

N=1 (Seiberg) has too unusual phases

W =
p
2Q̃i�Q

i
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no ground

state

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
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Main message
Supersymmetric QCD is “solved” exactly     
by Seiberg in the 90s


but far removed from the real world

Adding small SUSY breaking via anomaly 
mediation still allows for exact solution

derive non-perturbative behavior analytically


chiral symmetry breaking

monopole condensation and confinement


can solve chiral gauge theories exactly, too!

Sometimes phase transitions, but local minima 
are still useful



Our Needs

We’d like to connect N=1 SUSY results by 
Seiberg to non-SUSY gauge theories


decouple gauginos and squarks!

SUSY breaking mλ and 


But we need to deal with composites such as 
mesons and baryons

SUSY breaking effects on composites may be 
non-trivial

Anomaly mediation!


Randall, Sundrum; Giudice, Luty, HM, Rattazzi (1998)

mQ̃
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SUSY breaking
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supergravity

V = eK
⇣
|F |2 � 3 |W |2

⌘

<latexit sha1_base64="/nEKluXmydYWiS9gdTT2jfm/s7c=">AAACH3icdVBJSwMxGM241rqNevQSLEI9OEwXaHsQioIIXirYBbqRSTNtaGYh+UYobX+MF/+KHkS8KPTfOG2nSF0+CHm89z6S9yxfcAWmOdFWVtfWNzZjW/Htnd29ff3gsKK8QFJWpp7wZM0iignusjJwEKzmS0YcS7Cq1b+a6tUHJhX33HsY+KzpkK7LbU4JhFRbL1bwBWatW9wQzIbk/Brha9yQvNuDUSsdP8eZBV39piN01tYTplHI5zL5NP4NUoY5mwSKptTWXxodjwYOc4EKolQ9ZfrQHBIJnAo2jjcCxXxC+6TLhrN8Y3waUh1sezI8LuAZu+QjjlIDxwqdDoGe+qlNyb+0egB2vjnkrh8Ac+n8ITsQGDw8LQt3uGQUxCAEhEoe/hDTHpGEQlhpPIy+yIf/B5W0kcoahbtsongZlRBDx+gEJVEK5VAR3aASKiOKntAr+kCf2qP2rL1p73PrihbtHKGl0SZfzCugPQ==</latexit>

m3/2 = eK/2|W |

<latexit sha1_base64="UWEVszkuFAymgQB5eFrpdTTc6O8=">AAAB9HicdVDLSsNAFL3xWesrKq7cDBbBVUzaQtuFUHQjuKlgH9DWMJlO2qGTBzOTQkn7J25E3Cj4Hf6Cf2PS1kV9HBg4nHOGe+9xQs6kMs1PbWV1bX1jM7OV3d7Z3dvXDw4bMogEoXUS8EC0HCwpZz6tK6Y4bYWCYs/htOkMr1O/OaJCssC/V+OQdj3c95nLCFaJZOvHnh0XLvJTdInoQ3ybsklzYus506iUS4VyHv0mlmHOkIMFarb+0ekFJPKorwjHUrYtM1TdGAvFCKfTbCeSNMRkiPs0ni09RWeJ1ENuIJLnKzRTl3LYk3LsOUnSw2ogf3qp+JfXjpRb7sbMDyNFfTIf5EYcqQClDaAeE5QoPk4IJoIlGyIywAITlfSUTU7/vg/9Txp5wyoalbtirnq1KCEDJ3AK52BBCapwAzWoA4EYnuAV3rSR9qg9ay/z6Iq2+HMES9DevwA+kZBO</latexit>

no interaction

m =
W

M2
Pl

<latexit sha1_base64="rXRXnAb1Xykixed2WkfqMwCN+W4=">AAAB9XicdVDJSgNBFHwTtxi3UcGLl8YgeBomMZDkIAS9eBEimAWSOPR0epImPQvdPUoY51O8iHhR8Df8Bf/GzuIhLgUNRVU1771yI86ksu1PI7O0vLK6ll3PbWxube+Yu3tNGcaC0AYJeSjaLpaUs4A2FFOctiNBse9y2nJHFxO/dUeFZGFwo8YR7fl4EDCPEay05JgHPjpDXU9gkrTS5MpJ6jy9LaaOmbetaqV8Wimi36Rg2VPkYY66Y350+yGJfRoowrGUnYIdqV6ChWKE0zTXjSWNMBnhAU2mW6foWEt95IVCv0ChqbqQw76UY9/VSR+rofzpTcS/vE6svEovYUEUKxqQ2SAv5kiFaFIB6jNBieJjTTARTG+IyBDrCpQuKqdP/74P/U+aRatQsqrXpXztfF5CFg7hCE6gAGWowSXUoQEEHuAJXuHNuDcejWfjZRbNGPM/+7AA4/0LjyuRxg==</latexit>



AMSB Summary

Tree-level piece on dimensionful parameters


loop-level piece from running


determined only by physics at the energy 
scale of interest

UV insensitivity!

Mi = −

βi(g2)

2g2
i

m3/2, m2

i = −

γ̇i

4
m2

3/2
, Aijk = −

1

2
(γi + γj + γk)m3/2

VAMSB = �m
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Nf=1 special

no NGB, gapped
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fermion bilinear
M ij = q̃i⇤L q̃jR + ✓2q̄iLq

j
R
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Light spectrum
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confinement vs screening

We’ve derived χSB in SU(Nc) QCD

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?



Nf = Nc-2
for Mij=QiQj≠0 with rank M=Nf, 
SO(Nc) is broken to SO(2)

’t Hooft Polyakov monopoles!

Coulomb branch

two singularities




dyons: 




monopoles: 




both monopoles and meson 
condense!

u = detM = 0
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u = detM

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

<latexit sha1_base64="JXKdn/A4iF7mvOp7SRGar+iFDVA="></latexit>

Q =

0

BBBBB@

v · · · 0
...

. . .
...

0 · · · v
0 · · · 0
0 · · · 0

1

CCCCCA



Nf < Nc-2

add mass mq to some of the quarks

can show monopole VEVs persist mq➝∞

demonstration of confinement and chiral 
symmetry breaking for all Nf ≤ Nc-2
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Nf = Nc+1
“Confinement without χSB”

W = �
detM

⇤Nf�3
� B̃MB

<latexit sha1_base64="KyL4OAurUiiEAqfgJHUnEPh7DJo="></latexit>

Bi = ✏ij1···jNc
Qj1 · · ·QjNc

<latexit sha1_base64="YOkJIhANFaXhRzpmlHRO+93TWgo=">AAACH3icdZDLSgMxFIYz9VbrbdSlm2ARXA0ztdB2IZS6cSUt2AvYOmQyaRubmQxJRijDPIwbX0UXIm4U+jamt0W9HAj8+f5zSP7jRYxKZdsTI7O2vrG5ld3O7ezu7R+Yh0ctyWOBSRNzxkXHQ5IwGpKmooqRTiQICjxG2t7oauq3H4mQlIe3ahyRXoAGIe1TjJRGrlmtuRRewi6JJGUaJBQ+uA7sYp8rqWVy4+I0zTXuE43TJZ9d55Zr5m2rUi5dlAvwt3Ase1Z5sKi6a752fY7jgIQKMyTlnWNHqpcgoShmJM11Y0kihEdoQJJZvhSeaeTDPhf6hArO6EofCqQcB57uDJAayp/eFP7l3cWqX+4lNIxiRUI8f6gfM6g4nC4L+lQQrNhYC4QF1T+EeIgEwkqvNKejL/PB/0WrYDlFq9Io5qu1xRKy4AScgnPggBKogmtQB02AwTN4A5/gy3gyXox342PemjEWM8dgpYzJN0xOom4=</latexit>

V = Nf�
2 |�|

2Nf�2

⇤2Nf�6
� �(Nf � 3)m�Nf + c.c.

<latexit sha1_base64="gzAUVL2G7+fFZQcmuUheZVsif2w="></latexit>

� = �1⇤

✓
2Nf � 3Nc

Nc

m

⇤

◆(Nf�Nc)/(2Nc�Nf )

⌧ ⇤

<latexit sha1_base64="wF8L4etDco/ncGdfq2sI7bXnu+M="></latexit>

ϕ

V

Supersymmetric
higher power potential

together with
AMSB

SU(Nf)LxSU(Nf)R➞SU(Nf)V

χSB! 

massless pions

Deeper minimum 
with U(1)B breaking

W =
detM � B̃MB

⇤2Nc�1

<latexit sha1_base64="5FfQlNn17P9mnJGrZ/ql8NvfsJ8="></latexit>

Csaki, Gomes, HM, Noether, 

Telem, Varier, in preparation

Andrea Luzio, Ling-Xiao Xu

2202.01239



Nc+2 ≤ Nf < 3Nc/2
“magnetic” IR-free SU(Nf-Nc) theory


go along the meson direction with rank M=Nf

integrate out dual quarks with

pure SU(Nf-Nc) YM forms gaugino condensate


SU(Nf)LxSU(Nf)R➞SU(Nf)V

deeper minimum with U(1)B breaking

W =
1

µ
M ijqiq̃j ! �M̃ ijqiq̃j

<latexit sha1_base64="yRf4MfgudPSO2ATyfQxuiXTuJZ8="></latexit>

W = (Nf �Nc)

✓
NfdetM

⇤3Nc�2Nf

◆1/(Nf�Nc)

<latexit sha1_base64="PYEwgwfBJ6j+b8TP8vMxpCYCgZE="></latexit>

V = Nf⇤
4

����
�

⇤

����
2Nc/(Nf�Nc)

� (2Nf � 3Nc)m⇤3

✓
�

⇤

◆Nf/(Nf�Nc)

+ c.c.

<latexit sha1_base64="gtL/1EuH6KuBjWCSYjj/ITssNjM="></latexit>

� = �1⇤

✓
2Nf � 3Nc

Nc

m

⇤

◆(Nf�Nc)/(2Nc�Nf )

⌧ ⇤

<latexit sha1_base64="wF8L4etDco/ncGdfq2sI7bXnu+M="></latexit>

M ij = ��ij

<latexit sha1_base64="0eV0jR9NonYIjoijemmXlzuWa30=">AAAB+HicdVDLSsNAFL2pr1pfUVfiZrAIrkJSC20XQtGNG6GCfYCpZTKZtGMnD2YmQg3FX3Ej4kbBr/AX/BvTtC7q48DA4Zwz3HuPE3EmlWl+armFxaXllfxqYW19Y3NL395pyTAWhDZJyEPRcbCknAW0qZjitBMJin2H07YzPJv47TsqJAuDKzWKaNfH/YB5jGCVSj197+ImYbdjdILsaMCQ7VKucCb19KJp1KqV42oJ/SaWYWYowgyNnv5huyGJfRoowrGU15YZqW6ChWKE03HBjiWNMBniPk2yxcfoMJVc5IUifYFCmTqXw76UI99Jkz5WA/nTm4h/edex8qrdhAVRrGhApoO8mCMVokkLyGWCEsVHKcFEsHRDRAZYYKLSrgrp6d/3of9Jq2RYZaN2WS7WT2cl5GEfDuAILKhAHc6hAU0g8ABP8Apv2r32qD1rL9NoTpv92YU5aO9fyqaTCg==</latexit>

ϕ

V

Supersymmetric
higher power potential

together with
AMSB

V ⇡ �⇤4
⇣m
⇤

⌘2Nc/(2Nc�Nf )

<latexit sha1_base64="LOQem9Zw6tUVWYjgvECIiFnGMkU="></latexit>

Csaki, Gomes, HM, Noether, Telem, Varier, in preparation



3Nc/2 < Nf < 3Nc
integrate q out like in free magnetic phase


No stable minimum for Nf>2Nc?

Actually remember 

Effective potential


Well-defined local minimum

χSB up to Nf<3Nc

W = (Nf �Nc)

✓
NfdetM

⇤3Nc�2Nf

◆1/(Nf�Nc)

<latexit sha1_base64="PYEwgwfBJ6j+b8TP8vMxpCYCgZE="></latexit>

<latexit sha1_base64="J+6ws0csB/b3aqbWg2D3keOMfe4="></latexit>

ZM (µ) =
⇣µ

⇤

⌘(6Nc�4Nf )/Nf

<latexit sha1_base64="eKXVfiYn6vxX10gvTgLDHciHs5g="></latexit>

V = ZM (�)�1

����
@W

@M

����
2

+ (Nf � 3)mW
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HM, Bea Noether, Digvijay Roy Varier

arxiv:2111.09690

Friedland, de Gouvêa, HM

hep-th/9810020



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>

no ground

state

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>

local

χSB χSB

local

χSB



Chiral gauge theories

It has been very difficult to formulate them 
on lattice because of fermion doubling

Recent progress: domain wall fermions and 
“overlap lattice Dirac operator”

Still challenging numerical problems

Never simulated on lattice

Only hand-waving ideas called “tumbling”


Theory breaks itself due to fermion 
bilinear condensates in the MAC



SO(10) with Nf 16’s
Yoshio Kikukawa: most likely chiral gauge 
theory to be simulated on lattice

SO(10): smallest anomaly-free group with 
complex representations

16: smallest complex representation

Nf=1: dynamical SUSY breaking, gapped

Nf=2: gapped, SU(2) unbroken, not tumbling

Nf=3: SU(3) broken dynamically to SO(3)

Nf=4: SU(4)=SO(6) broken dynamically to 
SO(3)×SO(3) or SO(5)

No massless composite fermions
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Conclusion
N=1 SUSY + AMSB: a great tool to study 
non-SUSY gauge theories

vector-like theories


Can show 

Monopole condensation for SO(Nc)

For Nf>Nc, local minima seem useful


Chiral gauge theories can also be solved

Concrete predictions for SO(10) with 16’s

Also for SU(Nc) with A+Fbar, S+Fbar

Need to understand general symmetry 
breaking patterns with more examples
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Hamiltonian truncation
One can approximate QFT with a finite-
dimensional Hilbert space w/o Wick rotation

Can study scattering problems directly

O(N) sigma model in 2+1 dim with non-
perturbative Wilson-Fischer fixed point

Brian Henning, HM, Francesco Riva, Jed Thompson, 
Matt Walters, appeared today 2209.14306
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