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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 fo study it without perturbation?

@ I propose to use supersymmetry
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Crazy things

@ approach the theory in unusual way
@ D=4-¢ and expand in ¢=1 to reach D=3
@ N.—oo first and expand in 1/N¢=1/3, 1
@ gl first and extrapolate to g>1

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

10
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Critical Phenomena?

NS
4‘ N\

ansY

o
/”"o““-"o“\‘\

'.. QN T
W ..%"ga“
II!‘?,‘AK;I...'

28 @ condensed matter systems with O(N) el

symmeitry exhibit 2nd order phase transition

@ Naive Landau theory: v — %uqu? + %(52)2

p oc (T + Tt ¢ Bl ~T) 2

A\ | 2 3 0O
vV 10.630/0.672(0.711| |

@ doesnt work!

V
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AT Y AV AV 2T T T AV 7

T<TC AT T T _aT e eV T _aV _”

@ finite temperature is periodic in the
imaginary time direction 7 = h/kT = 1/T

@ Near the critical temperature T, correlation
length becomes very long

@ 4D becomes a 3D pancake

R O S ' s R o I i [9) w1 T
d Expand in Matsubara modes of "mass” = n T

T1/2 Z ¢n 27m'n/rkT

[ dr(o0 + <%> — VgoVio + Z kT2 + V5V
n=0

@ only n=0 mode important at long distances
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3D QFT

@ 3D )\¢4’rheory becomes very strong in the IR
@ perturbation theory doesnt work

@ what can we do?

@ 4D A9 theory is trivial in the IR

@ D=4-¢ and expand in ¢=1 to reach D=3

@ Crazy!

13



Wilson-Fisher fixed point
(1971)

@ renormalization group equation
d\

_ ariwee < 3
,ud——ﬂ()\)— 6)\+(N—|—8)87T2 + O(\°)

D=4  D=38 * D=



forge ahead: € expansion

NEs B T T
V_10.630/0.672[0.711| 1 |
¢=1 |0.630|0.674|0.705

@ perturbation in A ~¢
@ resummation (Borel sum)

@ works surprisingly well!
Zinn-Justin 1993
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fails for some other universality classes

picture
D
Sy . S CWERERET | . S Loh
3 @ @ @
2T T o5



no guarantee

@ CPN-1 models U(N)/U(N-1)xU(1)

@ D=2, N=co: 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=co to 3

17



Main point

@ very few methods to study
strongly coupled systems,
e.g., QCD

@ non-perturbative effects
e 87 /9°h are essential

@ supersymmetry makes exact
analytic studies of non-
perturbative effects possible

@ small anomaly-mediated
SUSY breaking still allows
for exact solutions

g HM,2104.01179,PRL 126 (2021) 251601



only for S-wave, not for P-wave

BCS-BEC cross over

Vo
WiLP Y
o o 7
U(| )F - Bﬁ% W 7 )
(kr as)'=0  (kr as)~'<]| (ke as)~'~1 (kr as)~"> 1 g

Attractive interaction

SQCD&AMSB (ASQCD)

SQCD +deformation QCD?
SU(3):xSU3)r SUBY*STT)R SUBYSOT3)R
m/N=0 miN« | mi/N~| m/NA> | m

SUSY breaking



wasnt planned

@ I got interested in the possibility that dark
matter, axion, efc 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 Symmeftry Breaking
@ Confinement (when appropriate)
@ U(1) problem m:;, > 0
@ Chiral Lagrangian (Hidden Local Symmetry)
with Wess-Zumino-Witten term
@ Large N¢ Scaling fZ «x O(N.) etc
@ quark condensates (7q), gluon condensates (G .. G"")
o O%F
@ 0+ hadron mass spectrum e
@ finite electromagnetic corrections
@ symmetry breaking in chiral gauge theories

21



Do we understand QCD? %ﬁ'

T decay (N°LO) =
low Q? cont. (N*LO) e

DIS jets (NLO)
Heavy Quarkonia (NLO)

@ When we first learn about quarks, | T

=3 Scam?

@ Confinement V =a'r |

@ asymptotic freedom

3 cant prove confinement

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

@ why pion = massless <« proton?

p = uud
T = ud
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pions are light, we wouldn’t exist!



Quark confinement

Superconductor

Solenoid

S - ————_ Y ¥ v
'
” m—— Codt =] = .___|‘| -
b >01enoia

@ Qualitative ideas help us
@ Confinement
@ dual Meissner effect (Mandelstam)
6 monopole condensation
@ quarks confined by electric flux fube
@ but where are monopoles in QCD?
@ Chiral symmetry breaking (Nambu)
@ massless QCD invariant under
SU(N£).xSU(N¢)rxU(1)s
S broken to SU(N¢)yxU(1)s <qi67j> — ”035; #* 0
@ pion = Nambu-Goldstone boson = massless
@ but does QCD really break chiral symmetry?




Progress with
Supersymmetry

@ symmetry between bosons and fermionsk=Z=z
@ 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 doesnt have chiral symmetry

@ N=1 (Seiberg) has too unusual phases
@ doesnt look like the real world!



Landau levels

F B
e e g %2
— Supersymmetry
breaking
boson fermion
h? e im % & e
H=— (pSZA Bl = i A2
Qm(p C ) 2m(p C ) gmc
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Anomaly Mediation of
SUSY Breaking (AMSB)

@ Tree-level piece on dimensionful parameters

VaMsB = —m (qﬁﬁa‘z 3W>

@ loop-level piece from running

9 :
i 7 1

— 5(% + ¥ + Yk )M3 /2

202 mgso, M; = st/zv
@ determined only by physics at the energy
scale of interest

@ UV insensitivity!
Randall, Sundrum (1998)

Giudice, Luty, HM, Rattazzi (1998)



- netimes convenient to mtroduce a complex gravitino mass, aefn

2K

n%—ﬁ(@+wmy (31.3

bsolute magnitude is the physical gravitino mass (31.3.19).

THEORYRDF

FIELDS
31.4 Anomaly-Mediated Supersymmetry Breaking

STEVEN WEINE
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 U(1l) 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 = /8nG.
This includes the gaugino masses and the parameters A;; 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



Saved by
time differences

AFRIC A

@ worked in summer 1998
at CERN to come up
with theory of
supersymmetry before
LHC discovers it

@ left CERN with a half-
finished draft

@ Giudice, Rattazzi@CERN

@ Luty@Maryland
1669 citations




Electron mass is natural
by doubling #particles

Y

@ Electron creates a force 6_4&—6—

to repel itself

@ |0 fine-tuning?
o

= only 10% of mass even

for Planck-size re~10-33cm




Higgs mass is natural
by doubling #particles?

Double #particles again
=> superpartners

only log sensitivity to UV

Standard Model made
consistent up to higher

. 04
2 2
energies Amy; ~ —mig gy log(myry)

47T

| still take it seriously

32
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Naturalness
works!

@ Why is the Universe big?
@ Inflation

@ horizon problem
@ flatness problem

@ large entropy

360
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3-30
3-60
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1000

1500

2000

2500
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Split [530543], Max Probability of 1.07e-01 at m = 7.74e+01 TeV

109 - Amg
—  AMp
— Amg
c 1071 5 — AMps
2 .
g —— BR(b - sy)
._uc_; 10—2 BR(IJ_’eY)
;*_? — BR(T-ey)
§ BR(T - uy)
_3 _
g 10 — Am%u
I
Z — Amj
1074 - —— Atan(B)
— Wino-like DM
—  fotal
10_5 T T T T T
102 10° 104 104 10° 108

HM, Risshin Okabe, Gup Singh, Bethany Suter in preparation




Supersymmetry as
a mathematical tool



NF<NC

@ run-away superpotential for M%7 = Q'Q’

ASNe—Ny 1/(Ne—=Ny) e e,
ASNC_Nf

NCENJ: ASNC—Nf NciNf
— m(3N. — Ny) Y CLC.
L Pt N.+ Ny Ne o NS GA 3N —N; i §

(3 B A 3Nc it Nf mNc_Nf

S <@ZQj> i me,;j # 0
upersymmetry
m=0 SU(Ng)LXSU(Nf)R—SU(Nf)v

Proving xSB!
mesino loop—=WZW term

V =2N;

¢Nc—|—Nf

Al
Broken Supersymmetry m#0 no NGB, gapped

N¢=1 special




fgm/:

U(1) Problem

@ Classically U(N¢)xU(N¢) global symmetry

@ We dont see U(1) NGB in data

@ U(1) broken by anomaly 0, " = &T Ere N
: : D g2 s e

@ Does it lead to a finite mass?

5 AR

i il R )2

Ny
B .

m m? = 18m-°z + O(z°) N —

; : 825 no quarks
@ Wittens formula fim; =2N; ( ! 92>

i i T 2 noquarks
gl (3 xm) mA3 2225 12zmA3 2Ny <39§> — 12zmA°

[

G

JU 0V 000’00 JO V() (




Scalar spectrum

Found ¢’<0O

My = c(mg, +mg,) Mg = mg + (Mg, +mg,)

m [MeV| pseudoscalars m [MeV] scalars

> 0, ( N ((3 ) £,(980) a,(980) _
O

=0 I=1 I=1/2 =0 I=1 I=1/2

=) — (s =il o=l 8= ==l
O+ e=—2)c

Dan Kondo, HM, Bea Noether



SU(Nc) W/ NC<NF<3Nc/2

@ "Confinement without xSB” (Seiberg)

Supersymmetry
m=0

Broken Supersymmetry @
m=0

N ) e SU(Ng)LxSU(Nf)r—SU(Ng)v
RiQj = ¢0i; 7 0 @ ¥ SB!
@ massless pions
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N¢ : N
: e IR free
i - Ne=—Banks-Saks
| fixed poumL
IR free | B~ O(l)g* — O(N.)g°
i v 3. . 3N
IR
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free 25 E i
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confinement vs screening

@ We've derived ¥SB in SU(N.) QCD
@ strictly speaking, it has no confinement
@ massless quarks in the fundamental rep
can screen any color charges
@ Wilson loop is perimeter law (Tre'# 49%) o ¢
@ SO(Nc) QCD with quarks in vector rep
@ cannot screen Z; center (e.g. spinor rep)
@ rigorous definition of confinement (Tre' ¥ 497) o ¢4
@ can we see an interplay with xSB?
@ Complete classification of t-confining theories

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

— L



NF — NC-Z

@ for Mi=QiQJi#0 with
rank M=N¢, SO(N.) is
broken to SO(2)

@ two singularities V &~ —
A u—=detM =0

b 1 id 5
@ dyons: 47 W = ;M JQELCI]'

@ Coulomb branch v = detM (

1672

)\2 >4 4A &
m

e

@ u =detM = A*N/
@ monopoles:
W= (u—2ig Ve
EE| = (mA)!/?
@ both monopoles and
meson condense!

b= —me2A2



complete

list of

"t-confining” theories

theory SUSY With AMSB

(A) G Liop, — Lo no symmetries

. _ i ng_g X SU(]C—ZL) X U(l)R ng_g X SU(]C—4)
(B) Spin(k) 4 (k= )V X SUGk—4) x U1)n  — Zas x SOk — 4)

. B i ng_(; X SU(k—B) X U(l)R ZQk_G X SU(k—B)
(C) Spin(k) + (k= 3)V no breaking — Zy—3 X SO(k — 3)
(D) SU(6) + AV Zg x U()r = Zy x U(1)r Zg — 1 one-form symmetry
(E)  Sp(k) + A Zopo X U g — Zi1 x UM R Zopo — Zo useful to define
B suR s a4 4, Pk x U0y x U Zu_u x U(1), Criteria for confinement

*J — ng_g X U(l)v X U(l)R — Zz X U(l)v

(G)  Spin(12) + 28 Zi x SU(2) x U(1)r Zas x SU(2) = SO(2)

— Zg x SU(2) x U(1)r

Table 2. Summary of symmetry breaking patterns in SUSY and non-SUSY vacua
Riku Ishikawa, HM, Shota Saito, to appear soon




Finite T, u

@ Bai, de Lima, Stolarski, 2506.18964
@ Arthur Platschorre, to appear

@ Still learning how to do it correctly
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Near-SUSY
Chiral gauge theories

with Csaba Csaki, 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!
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UV theory SUSY + AMSB Tumbling
Np Gglobal Hgiobal my =0 Hgiobal my =0
SU(Ne) + A(H) + (Ne — 4 + Np)F(0) + NpF(1), No =0dd [15, 20]
0 SU(Ne — 4) x U(1) Sp(Ne — 5) x U(1) SE SU(Ne — 4) x U(1) T
1| SUNe—3) x U(1)2 Sp(Ne — 3) x U(1) - SU(Ne — 4) x U(1) mm
2 |SU(N¢ —2) x SU(2) x U(1)? Sp(Ne — 3) x U(1)? H SU(Ne —4) x SU(2) x U(1)| (C13,1)

SU(Ne) + A(H) + (Ne — 4+ Np)F(D) + NpF(1), No =Even [15, 20]

0 SU(N¢ — 4) x U(1) Sp(Ne — 4) none SU(N¢ — 4) x U(1) [

1 SU(N¢ — 3) x U(1)2 Sp(Ne — 4) x U(1) none SU(N¢ — 4) x U(1) )

2 [SU(N¢ — 2) x SU(2) x U(1)2{|Sp(Ne — 4) x SU(2) x U(1) none SU(N¢ —4) x SU(2) x U(1)| (c13,1)

SU(Ng) + S(t0) + (No + 4)F(0) [19]

0 SU(Nc +4) x U(1) SO(Ne + 4) none SU(Ne +4) x U(1) H
SO(10) + Npy)(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

Es + Npy)(27) [This Work]

1 none none none none none

2 SU(2) none none SO(2) none
SU(3) EEN

3 SU(3) U(1) x U(1) Siiii =1,2,3) S0(3) none

none

none




New BSM
model building tools

@ SUSY + AMSB appears useful to gain insight
info strong gauge dynamics
@ new possibilities:
@ massless composite fermions composite axion
@ light composite scalars Gherghetta, HM, Quilez
@ new symmetry breaking patterns
@ also many (in principle) testable predictions
on dynamics
@ look forward to future developments on
lattice
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Axion Quality Problem

fa Ge\/]

10 10'7 1016 10% 10 10 10'2 10M 109 100 108 107

@ there have been arguments that [ - . [IEE 4
quantum gravity does’t respect 0 BeSe
global symmetries

@ string theory: no global
symmetries ¢ = f,e'/ /s

@ Is U(l)rq broken at Planck scale? Ve et

@ can shift the axion minimum away R “;nf[&g] S
from 6 qcp=0

@ can write models of composite
@ 0qcp < 10719, £:>10° GeV would axion using the exact SUSY

require n29 dynamics to avoid the quality
problem (Gherghetta, HM,
Noether, Quilez)



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 6-dependence

@ deconfinement at O=m
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1 5 0
T B O gl e
27( & )ZW
1

(ig?LT)

2T

Path Im‘egral E
i Ze G o) 6_%92LT(ﬂ)219(z;7')

@ modular transformation of Jacobi elliptic
theta functions (Poisson summation)

o L (27n)%+ind
s <e2ﬁL> LV

n

@ equivalent to summation over instantons




Electric Dipole Moments

o —p2 + —62|x\ —I—e2 7
27

@ O violates P and C but not CP
@ EDM is induced by 0
@ deconfinement at 6=m, EDM diverges




Pure YM in 141D

@ Exact solutions go back to Migdal (1975):

@ wave functions are characters

@ energy eigenvalues are 2nd order Casimirs
@ Consider S! = [O,L]

@ wave functions are characters for irreps

1
Hi~ : i - il B

1
ER - 592L02(R)

@ Ground state is singlet
@ all non-trivial representations confined



Pure YM in 141D

@ SU(N)/Zn: N different definitions due to Zn-
valued Stiefel-Whitney classes w2(SU(N)/Zy)
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 wa:
2™k w2/N (odd N) or e2™iktm)w2/N (oyen N=2m)

@ without weighting by w;, adjoint confined for
odd N, not for even N

Sloppily, 6=m confines but not other 6



I3

Interpretation
of the ground state

Rec Ry ® Ry

R & Ry, ® Ry,



Conclusions

@ it iIs good sometimes fo be crazy
@ exact results near SUSY

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

@ many non-perturbative effects reproduced
@ Mysteries about chiral gauge theories

@ we dont know what they do

@ results do not agree with past conjectures
@ nature may use them! e.qg. dark matter, axion
@ curious behavior of 2D YM
@ Looking forward to the rest of the meeting!
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