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QCD



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

αs(MZ
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<latexit sha1_base64="plh9O4e9nhS+mtaw358+pfWLxKE=">AAACCXicdVDLSgMxAMzWV62vqkcvwSKIh7JbSm1vRS8eK9gHdMuSTbNtaHYTkqy0LPsFXvwVLyJeFLz4C/6N2bYeKjoQGGYmJDO+YFRp2/6ycmvrG5tb+e3Czu7e/kHx8KijeCwxaWPOuOz5SBFGI9LWVDPSE5Kg0Gek60+uM797T6SiPLrTM0EGIRpFNKAYaSN5xQs39Pk0kSgakRS6SAjJp9ANJMKJO/aRTJPQcwWFOPWKJbtsG9RqMCNO3XYMaTTqlUoDOnPLtktgiZZX/HSHHMchiTRmSKm+Yws9SJDUFDOSFtxYEYHwBI1IMm+SwjMjDWHApTmRhnN1JYdCpWahb5Ih0mP128vEv7x+rIP6IKGRiDWJ8OKhIGZQc5jNAodUEqzZzBCEJTU/hHiMzArajFcw1X/6wf9Jp1J2quXGbbXUvFqOkAcn4BScAwdcgia4AS3QBhg8gmfwBt6tB+vJerFeF9GctbxzDFZgfXwD66ua9Q==</latexit>



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          ?

<latexit sha1_base64="eGvZF5sQ6ThaAn+X9sIX2eMO/k0=">AAACCXicdVDJSgNBEO2JW4zbqEcvTYIgCGEiouYW9OIxglkgE0JPpyZp0tMz6e4RhiFXL179DC8eFPHqH3jL39hZBNcHBY/3qqiq50WcKe04YyuzsLi0vJJdza2tb2xu2ds7dRXGkkKNhjyUTY8o4ExATTPNoRlJIIHHoeENLiZ+4wakYqG41kkE7YD0BPMZJdpIHRu7nIgeB+x6RKbDER5iV84VAUPsdOyCUyyXHQP8m5SKzhSFSt49vB9XkmrHfne7IY0DEJpyolSr5ES6nRKpGeUwyrmxgojQAelBy1BBAlDtdPrJCO8bpYv9UJoSGk/VrxMpCZRKAs90BkT31U9vIv7ltWLtn7VTJqJYg6CzRX7MsQ7xJBbcZRKo5okhhEpmbsW0TySh2oSXMyF8for/J/WjYumkeHxl0jhHM2TRHsqjA1RCp6iCLlEV1RBFt+gBPaFn6856tF6s11lrxprP7KJvsN4+ALjbnLQ=</latexit>

hq̄qi 6= 0



Feeling even better
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


Chiral gauge theories

Standard Model is one of them

But even definition is not clear

Very little known about dynamics

W =
p
2Q̃i�Q

i
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Λ
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m=∞
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2
Nc
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no ground

state

moduli
Nc � 1
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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
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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 to non-SUSY 
limit, but local minima are still useful

*Not always



Anomaly-Mediated

Supersymmetry Breaking

Randall, Sundrum (1998)

Giudice, Luty, HM, Rattazzi (1998)



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!

mQ̃
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“superspacetime background”


all effects of SUSY breaking encoded in 

it can be removed by conformal 
transformation  if no mass params 
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“superspacetime background”


dimensionful parameters receive SUSY 
breaking
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Cutoff scale also acquires SUSY breaking


determined only by physics at the energy 
scale of interest

UV insensitivity!

Superconformal Anomaly
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Superconformal Anomaly

Cutoff scale also acquires SUSY breaking


determined only by physics at the energy 
scale of interest

UV insensitivity!
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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!
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Surprising result: AMSB depends only on 
physics at the energy scale of interest

No matter how complicated the UV physics is, 
they all disappear from low-energy soft 
SUSY breaking

e.g., decouple a massive matter field:


Changes the beta function

one-loop threshold correction precisely 
account for the change in gaugino mass
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decouple a massive 
matter field

two-loop threshold 
correction precisely 
account for the change 
in the anomalous 
dimension and hence 
the scalar mass
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FIG. 5. Diagrams that contribute to the h4 threshold correction that exclusively include scalars. These diagrams may be
defined in terms of the integral I(m,n, l) as defined in the text. Where X̃ is shown, it corresponds to both X̃1 and X̃2, as
appropriate. Also, the three point scalar couplings shown here are the vertices hM τ̃X̃Ỹ ∗. As described in the text, this vertex
can be replaced with the ετ̃X̃X̃ vertex, yielding additional diagrams.
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FIG. 6. Diagrams that contribute to the h4 threshold correction that include fermions.
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Ỹ

τ̃

X̃ X̃

X̃ X̃

Graph 5-6

τ̃ X̃ X̃ τ̃
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Graphs 2-3, 2-4, and 2-5 cancels Graph 2-1. Then we are
left with two-loop diagrams from Fig. 5 and Fig. 6, all
of which contribute below threshold. We split our com-
putation into three parts. First, there are diagrams in
which all trilinear vertices are of the form h0M τ̃X̃Ỹ , and
supersymmetry-breaking comes from a pair of mass in-
sertions Mm3/2 on the scalar lines. Second, there are dia-
grams with a single ε trilinear vertex and a single Mm3/2

insertion. Finally, there are the same diagrams which ex-
isted above threshold, where two trilinear vertices are of
the form h0εm3/2τ̃X̃1X̃2. Using the integrals I(m, n, l),
F (m, n, l), and G(m, n, l) as defined in the Appendix, we
write down the values for the Feynman diagrams in a
compact form in Table II.

Expanding the integrals and summing all contri-
butions, we find exact cancellation, matching Equa-
tion (9.8) and verifying ultraviolet insensitivity. In par-
ticular, the cancellation among the O(ε0) terms looks like

0 = i(h∗
0h0)

2
m2

3/2

(4π)4(M2)2ε
(−5 + 10 − 5) (9.20)

where the contributions are respectively from graphs with
zero, one, or two h0εm3/2τ̃X̃1X̃2 vertices. (Table VII
gives O(ε0) expansions for the integrals, but the spurion
computation assures us that the cancellation is exact,
and it does indeed extend to all orders in ε.)

Now it is instructive to revisit our puzzle of Section III.
When we found a vanishing threshold correction and a re-
sulting lack of ultraviolet insensitivity, it was because we
had not calculated all contributions to the scalar mass.
In the language of this section, we calculated the first sec-
tion of Table II, along with a cross-term from Graph 4-1

and Graphs 2-4 and 2-5. We then added in a contribution
from the A-term by hand. This gave an erroneous result.
We have seen that the correct procedure is to calculate
the entirety of Table II, and see that the contributions
sum to zero.

5. Finite Computation for (h∗h)2

In contrast to the DRED calculation above, we present
an additional calculation that does not depend on this
type of regularization. In the language of section III,
this calculation corresponds one where we have implic-
itly used a holomorphic regularization scheme. So, we
may compare this calculation to the spurion calculation
done with holomorphic regularization. This provides an
additional demonstration of the ultraviolet insensitivity.

As described in section III, we must keep all inte-
grals in four-dimensions, paying attention to the finite-
ness of the integrals. By integrating out the cut-off de-
pendent supersymmetry-breaking operators, we recover
the anomaly mediated piece of Equation (1.2). If we
choose Pauli-Villars as our holomorphic regulator, this

Graph 5-1 4M2 I(3, 1, 1)
Graph 5-2 24M6 I(5, 1, 1) + 12M6 I(4, 2, 1) + 4M6 I(3, 3, 1)
Graph 5-3 12M4 I(3, 2, 1) + 12M4 I(4, 1, 1)
Graph 5-4 4M2 I(4, 1, 0) + 2M2 I(3, 2, 0)
Graph 5-5 6M4 I(3, 2, 1) + 6M4 I(4, 1, 1)
Graph 5-6 2M4 I(3, 3, 0) + 12M4 I(5, 1, 0)
Graph 5-7 4M4 I(3, 3, 0)
Graph 6-1 −8M2 F (4, 1, 1)
Graph 6-2 −24M4 F (5, 1, 1)
Graph 6-3 4M6 G(3, 3, 1)

Graph 5-2 24εM4 I(4, 1, 1) + 8εM4 I(3, 2, 1)
Graph 5-3 12εM2 I(3, 1, 1) + 4εM2 I(2, 2, 1)
Graph 5-5 4εM2 I(2, 2, 1) + 4εM2 I(3, 1, 1)
Graph 5-6 8εM2 I(4, 1, 0)
Graph 5-7 4εM2 I(3, 2, 0)
Graph 6-2 −16εM2 F (4, 1, 1)

Graph 5-2 8ε2 I(3, 1, 1)
Graph 5-3 4ε2 I(2, 1, 1)
Graph 5-5 2ε2 I(2, 1, 1)
Graph 5-6 2ε2 I(3, 1, 0)
Graph 5-7 ε2 I(2, 2, 0)
Graph 6-2 −4ε2 F (3, 1, 1)

TABLE II. Below-threshold contributions to (h∗
0h0)

2 terms
in the scalar mass-squared. The three sets of values represent
diagrams in which zero, one, or two trilinear vertices are of
the form h0εm3/2τX1X2. The integrals I(m,n, l), F (m,n, l),
and G(m, n, l) are defined in the Appendix. We have pulled
out a common factor i(h∗

0h0)
2m2

3/2.

τ̃

X̃

τ̃

X̃ Ỹ⊗

hAτXX hM

Graph 7-1

FIG. 7. Additional diagram for the finite h4 calculation.
It is effectively a two loop diagram, as there is a one loop
suppression through the A-term vertex.
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Graph 8-2
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Graph 8-3
τ̃

τ̃

τ̃

X̃, Ỹ

Graph 8-4

τ̃ τ̃

X̃, Ỹ , τ̃ X̃, Ỹ , τ̃

X̃, Ỹ , τ̃ X̃, Ỹ , τ̃

Graph 8-5
τ̃

τ

τ̃

X

X̃

Graph 8-6
τ̃ τ̃

X̃, Ỹ

Graph 8-7

FIG. 8. Diagrams that contribute to the cancellation in g′4. These diagrams all contain the heavy fields X̃ and Ỹ .
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UV insensitivity cont.
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4
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3/2
, Aijk = −

1
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(γi + γj + γk)m3/2
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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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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 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

3(Nc � 2)

<latexit sha1_base64="RJoRx808aktUF2/+Xb8OdXKk4hY=">AAAB5XicdVDJSgNBFHzjGuMW9eilMQjx4DCTBJLcgl48SQSzQBJCT6cnadKz0P1GCCGf4EXEi4K/4y/4N3YWD3EpaCiqqnmvnhdLodFxPq219Y3Nre3UTnp3b//gMHN03NBRohivs0hGquVRzaUIeR0FSt6KFaeBJ3nTG13P/OYDV1pE4T2OY94N6CAUvmAUjdQq5G577DJ/0ctkHbtSLhXKefKbuLYzRxaWqPUyH51+xJKAh8gk1brtOjF2J1ShYJJP051E85iyER3wyXzLKTk3Up/4kTIvRDJXV3I00HoceCYZUBzqn95M/MtrJ+iXuxMRxgnykC0G+YkkGJFZZdIXijOUY0MoU8JsSNiQKsrQHCZtqn/3I/+TRt52i3blrpitXi2PkIJTOIMcuFCCKtxADerAQMITvMKbNbAerWfrZRFds5Z/TmAF1vsXtLSK4w==</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

Coulomb
Nc � 3

<latexit sha1_base64="akIFPLh+J1mk9yEigGVMYHJGqEI=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jCTBJLcgl48SQQnCSQh9HR6kiY9C91vhBDyA15EvCj4Qf6Cf2Nn8eBW0FBUVfNePT+RQqPjfFiZtfWNza3sdm5nd2//IH941NRxqhj3WCxj1fap5lJE3EOBkrcTxWnoS97yx1dzv3XPlRZxdIeThPdCOoxEIBhFI3k3fXZR6ucLjl2rVkrVIvlNXNtZoAArNPr59+4gZmnII2SSat1xnQR7U6pQMMlnuW6qeULZmA75dLHijJwZaUCCWJkXIVmo33I01HoS+iYZUhzpn95c/MvrpBhUe1MRJSnyiC0HBakkGJN5XzIQijOUE0MoU8JsSNiIKsrQXCVnqn/1I/+TZtF2y3bttlyoX66OkIUTOIVzcKECdbiGBnjAQMAjvMCrNbAerCfreRnNWKs/x/AN1tsngMeKQg==</latexit>

Nc � 2

<latexit sha1_base64="k0gNcqWcohMn3lGPeeNN+5DC97o=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jATA0luQS+eJIKTBJIQejo9SZOehe43Qgj5AS8iXhT8IH/Bv7GzeIhLQUNRVc179fxECo2O82ll1tY3Nrey27md3b39g/zhUUPHqWLcY7GMVcunmksRcQ8FSt5KFKehL3nTH13P/OYDV1rE0T2OE94N6SASgWAUjeTd9thFsZcvOHa1Ur6sFMlv4trOHAVYot7Lf3T6MUtDHiGTVOu26yTYnVCFgkk+zXVSzRPKRnTAJ/MVp+TMSH0SxMq8CMlcXcnRUOtx6JtkSHGof3oz8S+vnWJQ6U5ElKTII7YYFKSSYExmfUlfKM5Qjg2hTAmzIWFDqihDc5Wcqf7dj/xPGkXbLdnVu1KhdrU8QhZO4BTOwYUy1OAG6uABAwFP8ApvVt96tJ6tl0U0Yy3/HMMKrPcvf02KQQ==</latexit>

Nc � 1

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

3

2
(Nc � 2)

<latexit sha1_base64="ZpgJeABX7j1+LLTSvufmXrRwrUE=">AAAB8XicdVDJSgNBFHzjGuM2xqOXxiDEg8NkEkhyC3rxJBHMAkkYejo9SZOehe4eMQz5EC8iXhT8EX/Bv7GzeIhLQUNRVc179byYM6ls+9NYW9/Y3NrO7GR39/YPDs2jXEtGiSC0SSIeiY6HJeUspE3FFKedWFAceJy2vfHVzG/fUyFZFN6pSUz7AR6GzGcEKy25Zq7nC0zS0jR1poUbl1w4566Zt61atVKqOug3KVr2HHlYouGaH71BRJKAhopwLGW3aMeqn2KhGOF0mu0lksaYjPGQpvONp+hMSwPkR0K/UKG5upLDgZSTwNPJAKuR/OnNxL+8bqL8aj9lYZwoGpLFID/hSEVoVh8NmKBE8YkmmAimN0RkhPUJlD5SVlf/7of+Jy3HKpat2m05X79cHiEDJ3AKBShCBepwDQ1oAoEHeIJXeDOk8Wg8Gy+L6Jqx/HMMKzDevwDeFY+S</latexit>

3(Nc � 2)

<latexit sha1_base64="RJoRx808aktUF2/+Xb8OdXKk4hY=">AAAB5XicdVDJSgNBFHzjGuMW9eilMQjx4DCTBJLcgl48SQSzQBJCT6cnadKz0P1GCCGf4EXEi4K/4y/4N3YWD3EpaCiqqnmvnhdLodFxPq219Y3Nre3UTnp3b//gMHN03NBRohivs0hGquVRzaUIeR0FSt6KFaeBJ3nTG13P/OYDV1pE4T2OY94N6CAUvmAUjdQq5G577DJ/0ctkHbtSLhXKefKbuLYzRxaWqPUyH51+xJKAh8gk1brtOjF2J1ShYJJP051E85iyER3wyXzLKTk3Up/4kTIvRDJXV3I00HoceCYZUBzqn95M/MtrJ+iXuxMRxgnykC0G+YkkGJFZZdIXijOUY0MoU8JsSNiQKsrQHCZtqn/3I/+TRt52i3blrpitXi2PkIJTOIMcuFCCKtxADerAQMITvMKbNbAerWfrZRFds5Z/TmAF1vsXtLSK4w==</latexit>

no χSB

free

magnetic

IR

fixed point

IR free

IR free

χSB

m=0

???

χSB

Banks-Saks

fixed point

χSB
Nc � 4

<latexit sha1_base64="DFNeu8/kC0IZuPKNlZPkOXTb844=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jATA0luQS+eJIKTBJIQejo9SZOehe43Qgj5AS8iXhT8IH/Bv7GzeIhLQUNRVc179fxECo2O82ll1tY3Nrey27md3b39g/zhUUPHqWLcY7GMVcunmksRcQ8FSt5KFKehL3nTH13P/OYDV1rE0T2OE94N6SASgWAUjeTd9thFqZcvOHa1Ur6sFMlv4trOHAVYot7Lf3T6MUtDHiGTVOu26yTYnVCFgkk+zXVSzRPKRnTAJ/MVp+TMSH0SxMq8CMlcXcnRUOtx6JtkSHGof3oz8S+vnWJQ6U5ElKTII7YYFKSSYExmfUlfKM5Qjg2hTAmzIWFDqihDc5Wcqf7dj/xPGkXbLdnVu1KhdrU8QhZO4BTOwYUy1OAG6uABAwFP8ApvVt96tJ6tl0U0Yy3/HMMKrPcvgkGKQw==</latexit>

Nc � 5

<latexit sha1_base64="B/czTNxr3kfyDVfenEx77n26UeM=">AAAB4nicdVDJSgNBFHwTtxi3qEcvjUHw4jCJkSS3oBdPEsGJgSSEnp6epEnPQvcbIYT8gBcRLwp+kL/g39hZPMSloKGoqua9el4ihUbH+bQyK6tr6xvZzdzW9s7uXn7/oKnjVDHusljGquVRzaWIuIsCJW8litPQk/zeG15N/fsHrrSIozscJbwb0n4kAsEoGsm96bGzi16+4Ni1auW8WiK/SdF2ZijAAo1e/qPjxywNeYRMUq3bRSfB7pgqFEzySa6Tap5QNqR9Pp6tOCEnRvJJECvzIiQzdSlHQ61HoWeSIcWB/ulNxb+8dopBtTsWUZIij9h8UJBKgjGZ9iW+UJyhHBlCmRJmQ8IGVFGG5io5U/27H/mfNEt2sWzXbsuF+uXiCFk4gmM4hSJUoA7X0AAXGAh4gld4s3zr0Xq2XubRjLX4cwhLsN6/AIO7ikQ=</latexit>

Nc

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

2 branches
2 branches

3

2
(Nc � 2)

<latexit sha1_base64="ZpgJeABX7j1+LLTSvufmXrRwrUE=">AAAB8XicdVDJSgNBFHzjGuM2xqOXxiDEg8NkEkhyC3rxJBHMAkkYejo9SZOehe4eMQz5EC8iXhT8EX/Bv7GzeIhLQUNRVc179byYM6ls+9NYW9/Y3NrO7GR39/YPDs2jXEtGiSC0SSIeiY6HJeUspE3FFKedWFAceJy2vfHVzG/fUyFZFN6pSUz7AR6GzGcEKy25Zq7nC0zS0jR1poUbl1w4566Zt61atVKqOug3KVr2HHlYouGaH71BRJKAhopwLGW3aMeqn2KhGOF0mu0lksaYjPGQpvONp+hMSwPkR0K/UKG5upLDgZSTwNPJAKuR/OnNxL+8bqL8aj9lYZwoGpLFID/hSEVoVh8NmKBE8YkmmAimN0RkhPUJlD5SVlf/7of+Jy3HKpat2m05X79cHiEDJ3AKBShCBepwDQ1oAoEHeIJXeDOk8Wg8Gy+L6Jqx/HMMKzDevwDeFY+S</latexit>

Λ

χSB χSB



Nf = Nc-2
for Mij=QiQj≠0 with rank M=Nf, 
SO(Nc) is broken to SO(2)=U(1)

’t Hooft Polyakov monopoles!

Coulomb branch

two singularities




dyons: 




monopoles: 




both monopoles and meson 
condense!

u = detM = 0

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

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>

W = (u� ⇤2Nf )E+E�

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

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>

<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
“Quantum Modified Moduli Space”


non-trivial ’t Hooft anomaly matching implies 
Kähler potential is regular for M, B

go to canonical normalization for M, B


Naive dimensional analysis: 

SU(Nf)LxSU(Nf)R➞SU(Nf)V

χSB! Proving Nambu for SU(3) with u, d, s

massless pions, massive baryons!

W = X

✓
�
detM

⇤Nc�2
� B̃B � ⇤2

◆

<latexit sha1_base64="jb4Z6A2jL4OtjjQfhdBgTwpJJU8="></latexit>

B = detQ, B̃ = detQ̃

<latexit sha1_base64="1z6mCbnLZHKLBiFU2bvAMoGufqo=">AAACCXicdVBLSwMxGMzWV62vqkcvwSKIyLJbC20PQqkXjy3YB7SlZLNpG5p9kHwrlGV/gRf/ihcRLwpe/Av+G9OHSH0MBIaZCcmMEwquwLI+jNTK6tr6Rnozs7W9s7uX3T9oqiCSlDVoIALZdohigvusARwEa4eSEc8RrOWMr6Z+65ZJxQP/BiYh63lk6PMBpwS01M+eVS/jrvSwyyCpn+MucOGyuJp8qwupnvSzOcssl4oXpTz+TWzTmiGHFqj1s+9dN6CRx3yggijVsa0QejGRwKlgSaYbKRYSOiZDFs+aJPhESy4eBFIfH/BMXcoRT6mJ5+ikR2CkfnpT8S+vE8Gg1Iu5H0bAfDp/aBAJDAGezoJdLhkFMdGEUMn1DzEdEUko6PEyuvpXP/w/aeZNu2CW64VcpboYIY2O0DE6RTYqogq6RjXUQBTdo0f0gl6NO+PBeDKe59GUsbhziJZgvH0C0AqaTQ==</latexit>

M ij = ��1/Nc⇤�ij , B = B̃ = 0,

X = ��2/Ncm, V = �Nc�
�2/Ncm2⇤2

<latexit sha1_base64="Y67EGkldip1Jsg7ez0t85NJ4CzY="></latexit>

detM � B̃B = ⇤2Nc

<latexit sha1_base64="DmS6CCRwYs/1PCVkK4NCMsRWvpM=">AAACDHicdVDLSgMxFM34rPVVdenmYhHctExrwboQSt24UFGwVXBqyWTSNjTzILkjlGF+wY2/4kbEjYL4C/6Naa2L+rgQOJxzcpNz3EgKjbb9YU1Nz8zOzWcWsotLyyurubX1pg5jxXiDhTJUVy7VXIqAN1Cg5FeR4tR3Jb90+4dD/fKWKy3C4AIHEW/5tBuIjmAUDdXOFRJH+eBxTOEEsgAFcFBIjyf1FOpwAM6x2eXRm6R82mZpO5e3i/vVvd1qGX6DUtEeTZ6M56yde3e8kMU+D5BJqvV1yY6wlVCFgkmeZp1Y84iyPu3yZBQmhW1DedAJlTkBwoid8FFf64HvGqdPsad/akPyL+06xk61lYggipEH7OuhTiwBQxg2A55QnKEcGECZEuaHwHpUUYamv6yJ/p0P/gfNcrFUKe6fV/K1+riEDNkkW2SHlMgeqZEjckYahJF78kheyKt1Zz1YT9bzl3XKGt/ZIBNjvX0CKnWZAw==</latexit>

� ⇡ (4⇡)Nc/2,  ⇡ 4⇡

<latexit sha1_base64="1PgesX1hj89mQxwrFsOx89mjFTA=">AAACGHicdVDLSgMxAMzWV11fVY9egkWoIOu2Ftreil48SQX7ALcu2WzahmZ3Y5IVS+mPePFXvIh6UfDm35htK1IfA4FhZkIy43FGpbLtDyM1N7+wuJReNldW19Y3MptbDRnFApM6jlgkWh6ShNGQ1BVVjLS4ICjwGGl6/ZPEb94QIWkUXqgBJ+0AdUPaoRgpLbmZisN02EfQQZyL6Bbmig6n+1fDMxcfFkYH0LmOkW86fW1/h5KMm8naVqVcOioX4G+St+wxsmCKmpt5dvwIxwEJFWZIysu8zVV7iISimJGR6cSScIT7qEuG42IjuKclH3YioU+o4FidyaFAykHg6WSAVE/+9BLxL+8yVp1ye0hDHisS4slDnZhBFcFkJehTQbBiA00QFlT/EOIeEggrvaWpq3/1g/+TRsHKF63KeTFbPZ6OkAY7YBfkQB6UQBWcghqoAwzuwSN4BW/GnfFgPBkvk2jKmN7ZBjMw3j8B3nue5A==</latexit>

a loose end: need to assume  > �2/Nc

<latexit sha1_base64="NqATjAB18gf4Aalx9ngRQ8rJSJo=">AAAB93icdVDLSsNAFJ34rPUVdSO4GSyCq5jUQs1Gim5cSQX7gKaGyWTSDp0kw8xECKX+ihsRNwr+hb/g3zh9uKiPAwOHc85l7j0BZ1Qq2/40FhaXlldWC2vF9Y3NrW1zZ7cp00xg0sApS0U7QJIwmpCGooqRNhcExQEjrWBwOfZb90RImia3KuekG6NeQiOKkdKSb+57A8Q5gufQY3oqRHfD8sm1j0e+WbIt1z11qi78TRzLnqAEZqj75ocXpjiLSaIwQ1J2HJur7hAJRTEjo6KXScIRHqAeGU72HsEjLYUwSoV+iYITdS6HYinzONDJGKm+/OmNxb+8Tqais+6QJjxTJMHTj6KMQZXCcQkwpIJgxXJNEBZUbwhxHwmEla6qqE//vg/+T5ply6lY7k2lVLuYlVAAB+AQHAMHVEENXIE6aAAMHsATeAVvRm48Gs/GyzS6YMxm9sAcjPcvZy2SLw==</latexit>



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


W =
detM � B̃MB

⇤2Nc�1

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



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 prepAndrea Luzio, Ling-Xiao Xu2202.01239



fermion bilinear
M ij = q̃i⇤L q̃jR + ✓2q̄iLq

j
R

<latexit sha1_base64="rIJRcCEHD2n5hbxyyX72EfcL7eY="></latexit>
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1
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104

Nc = 3, Nf = 2

<latexit sha1_base64="vKPcLOVlFhylpq+BU7qLITQeGdM=">AAAB7nicdVDLSgMxFM34rPXRUZdugkVwIUNmplpnUSi6cVUq2Ae0ZcikmTY08yDJCKX0N9yIuFHwU/wF/8b04aKiBwKHc06499wg5UwqhL6MtfWNza3t3E5+d2//oGAeHjVlkglCGyThiWgHWFLOYtpQTHHaTgXFUcBpKxjdzvzWIxWSJfGDGqe0F+FBzEJGsNKSbxZqPoEV9wLW/BBWoOObRWTZru0iByLL87wrr6wJctxLrwRtC81RBEvUffOz209IFtFYEY6l7NgoVb0JFooRTqf5biZpiskID+hkvu4UnmmpD8NE6BcrOFdXcjiSchwFOhlhNZS/vZn4l9fJVHjdm7A4zRSNyWJQmHGoEjjrDvtMUKL4WBNMBNMbQjLEAhOlL5TX1X/6wf9J07HskuXdl4rVm+URcuAEnIJzYIMyqII7UAcNQEAGnsEbeDdS48l4MV4X0TVj+ecYrMD4+AanOIz4</latexit>

Nc = 3, Nf = 5

<latexit sha1_base64="ciLB4hM+vawSSGBqWt3/BUmlCiA=">AAAB7nicdVDLSgMxFM3UV62Pjrp0EyyCCxkyndY6i0LRjatSwT6gLUMmzbShmQdJRiilv+FGxI2Cn+Iv+DemDxcVPRA4nHPCvef6CWdSIfRlZDY2t7Z3sru5vf2Dw7x5dNyScSoIbZKYx6LjY0k5i2hTMcVpJxEUhz6nbX98O/fbj1RIFkcPapLQfoiHEQsYwUpLnpmvewRWnUtY9wJYhWXPLCDLdmwHFSGyXNe9ciuaoKJTdkvQttACBbBCwzM/e4OYpCGNFOFYyq6NEtWfYqEY4XSW66WSJpiM8ZBOF+vO4LmWBjCIhX6Rggt1LYdDKSehr5MhViP525uLf3ndVAXX/SmLklTRiCwHBSmHKobz7nDABCWKTzTBRDC9ISQjLDBR+kI5Xf2nH/yftIqWXbLc+1KhdrM6QhacgjNwAWxQATVwBxqgCQhIwTN4A+9GYjwZL8brMpoxVn9OwBqMj2+rpoz7</latexit>

q̃i⇤R q̃jL ⇠
�
mNf�Nc⇤3Nc�Nf

�1/Nc

<latexit sha1_base64="GIkuUUp2/q3XYRvccAn0wWnC4nA="></latexit>

q̄iRq
j
L ⇠ m

�
mNf�Nc⇤3Nc�Nf

�1/Nc

<latexit sha1_base64="6O4nZTWB5jwdv48A9AZDrJd/tzA="></latexit>

m

<latexit sha1_base64="nA+hO3k55uXXWQmcIYDGEvy6eRg=">AAAB3nicdVDLSgMxFL3js9ZX1aWbYBFcDTOlUrsrunHZgn1AW2omvdOGZiZDkhFK6daNiBsFP8lf8G9MHy7q40DgcM4J954bJIJr43mfztr6xubWdmYnu7u3f3CYOzpuaJkqhnUmhVStgGoUPMa64UZgK1FIo0BgMxjdzPzmAyrNZXxnxgl2IzqIecgZNVaqRb1c3nPL5YJXuiS/ie96c+RhiWov99HpS5ZGGBsmqNZt30tMd0KV4UzgNNtJNSaUjegAJ/P1puTcSn0SSmVfbMhcXcnRSOtxFNhkRM1Q//Rm4l9eOzXhVXfC4yQ1GLPFoDAVxEgy60r6XCEzYmwJZYrbDQkbUkWZsRfJ2urf/cj/pFFw/aJbrhXzlevlETJwCmdwAT6UoAK3UIU6MEB4gld4c+6dR+fZeVlE15zlnxNYgfP+BVZPiQg=</latexit>

m

<latexit sha1_base64="nA+hO3k55uXXWQmcIYDGEvy6eRg=">AAAB3nicdVDLSgMxFL3js9ZX1aWbYBFcDTOlUrsrunHZgn1AW2omvdOGZiZDkhFK6daNiBsFP8lf8G9MHy7q40DgcM4J954bJIJr43mfztr6xubWdmYnu7u3f3CYOzpuaJkqhnUmhVStgGoUPMa64UZgK1FIo0BgMxjdzPzmAyrNZXxnxgl2IzqIecgZNVaqRb1c3nPL5YJXuiS/ie96c+RhiWov99HpS5ZGGBsmqNZt30tMd0KV4UzgNNtJNSaUjegAJ/P1puTcSn0SSmVfbMhcXcnRSOtxFNhkRM1Q//Rm4l9eOzXhVXfC4yQ1GLPFoDAVxEgy60r6XCEzYmwJZYrbDQkbUkWZsRfJ2urf/cj/pFFw/aJbrhXzlevlETJwCmdwAT6UoAK3UIU6MEB4gld4c+6dR+fZeVlE15zlnxNYgfP+BVZPiQg=</latexit>

⇤

<latexit sha1_base64="UyuV0L/wDAPJE+j5PnMrwXp1TrQ=">AAAB5HicdVDJSgNBFHwTtxi3qEcvjUHwNMyESMwt6MWDhwhmgSSEnp6epEnPQvcbIYT8gRcRLwp+j7/g39iZxENcChqKqmreq+clUmh0nE8rt7a+sbmV3y7s7O7tHxQPj1o6ThXjTRbLWHU8qrkUEW+iQMk7ieI09CRve+Prud9+4EqLOLrHScL7IR1GIhCMopHavVsT9emgWHLsWq3sVC/Ib+LaToYSLNEYFD96fszSkEfIJNW66zoJ9qdUoWCSzwq9VPOEsjEd8mm25IycGcknQazMi5Bk6kqOhlpPQs8kQ4oj/dObi3953RSDy/5UREmKPGKLQUEqCcZk3pj4QnGGcmIIZUqYDQkbUUUZmrsUTPXvfuR/0irbbsWu3VVK9avlEfJwAqdwDi5UoQ430IAmMBjDE7zCmxVYj9az9bKI5qzln2NYgfX+BXY8i3Q=</latexit>

⇤

<latexit sha1_base64="UyuV0L/wDAPJE+j5PnMrwXp1TrQ=">AAAB5HicdVDJSgNBFHwTtxi3qEcvjUHwNMyESMwt6MWDhwhmgSSEnp6epEnPQvcbIYT8gRcRLwp+j7/g39iZxENcChqKqmreq+clUmh0nE8rt7a+sbmV3y7s7O7tHxQPj1o6ThXjTRbLWHU8qrkUEW+iQMk7ieI09CRve+Prud9+4EqLOLrHScL7IR1GIhCMopHavVsT9emgWHLsWq3sVC/Ib+LaToYSLNEYFD96fszSkEfIJNW66zoJ9qdUoWCSzwq9VPOEsjEd8mm25IycGcknQazMi5Bk6kqOhlpPQs8kQ4oj/dObi3953RSDy/5UREmKPGKLQUEqCcZk3pj4QnGGcmIIZUqYDQkbUUUZmrsUTPXvfuR/0irbbsWu3VVK9avlEfJwAqdwDi5UoQ430IAmMBjDE7zCmxVYj9az9bKI5qzln2NYgfX+BXY8i3Q=</latexit>



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

Loose end: we need the initial.           
condition below the fixed line

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
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HM, Bea Noether, Digvijay Roy Varier

arxiv:2111.09690
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SO(10) with 16’s
Dan Kondo, HM, Cameron Sylber, 2209.09287



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

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



Superpotentials

Nf=1: Dynamical SUSY breaking (HM,       
hep-th/9505082), both goldstino and      
U(1)R NGB acquire mass by AMSB

Nf=2: S is SU(2) singlet


Nf=3: S is SU(3) 


Nf=4: S is SO(6) Sij=Sji
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Reasonable
In the non-SUSY limit, it is clear there is no 
massless fermion

16 is odd under Z2 center

Gauge-invariant operators are even in 16

No way to match SU(Nf)3 anomaly

It has to be broken to an anomaly-free 
subgroup

164 is              or

MAC is                            SU(Nf)/SO(Nf)

But Sp(Nf) is also conceivable for even Nf


no useful description of SUSY limit Nf>4
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Satisfying!
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, 2209.14306
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