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QCD: theory of
strong nuclear force



Can we solve QCD?

@ When we first learn about quarks, we get
told we can never see them
@ Internet Scam?




Dear friend,

| 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. | 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
| 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. | 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 | 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. | 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........cc..............

2. YOUr age/SeX ......ceveeveennnineannnn.

3. your occupation ................

4. Your residential address ..................

5. Your nationality ..............

6. Your private phone number ..................
7. Your fax number ...................

| will be waiting for your response.
Thanks for your understanding.
Have a great day.

Yours.
Andre Ouedraogo



Can we
understand QCD?

0.35

T decay (N°LO) =
low Q2 cont. (N’LO) e
DIS jets (NLO) =

Heavy Quarkonia (NLO)

@ When we first learn about quarks, | R e
we gef told we can never see themg il
@ Internet Scam?

@ Confinement!
@ <0 and asymptotic freedom
@ only suggestive, doesnt prove confinement

@ Another puzzle: proton and pion are made of
same quarks
@ why pion = massless « proton?

@ very mysterious!
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1500 —

other mesons @ @

1000 Il e eg proton & neutron

C
proton and pions are made of the same quarks
500 why such different masses?

@. pions

0

mass ( MeV )

Credit: Kavli IPM
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If pions are heavy

With real light-weight pions
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elements in the Universe
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elements in the Universe

Unless pions are light, we wouldn’t exist!



@ Qualitative picture makes us feel better
@ Confinement

@ dual Meifner effect (Mandelstam)

o monopole condensation

@ quarks confined by electric flux fube
@ Chiral symmetry breaking (Nambu)

@ massless QCD invariant under

SU(N¢)LxSU(N¢)rxU(1)s

% broken to SU(N¢)vxU(1)s (7gq) # O

@ pion = Nambu-Goldstone boson = massless
@ but still !
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Feeling even better
but not there yet

@ Progress in understanding QCD
@ Confinement (Seiberg-Witten)
@ N=2 SU(2) SYM a triplet field = vacua
@ SU(2) — U(1): magnetic monopoles!
@ special points = massless monopole/dyon
@ N=1 perturbation: monopole condensation!
@ Chiral symmefry breaking
@ N=2 doesnt have the chiral symmetry
@ N=1 (Seiberg) has too unusual phases
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BCS-BEC cross over
(o

Q:\ %&3@ f
S /
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Attractive interaction g
SQCD&AMSB (ASQCD)
SQCD +deformation QCD?
m
Soft mass
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SUSY algebra

@ Poincare: Momentum P, and B G )
Lorentz generators M,y. Add 1

(M, Qa] = 5(")a" Qs

{Qaa Qﬁ} i QPM(O-'UJ)QB

{Q(X)Qﬁ} i {Qaaéﬁ} =0

@ chiral multiplet: (1, 0,0,
blh = —3) =0, |h=0) =bl|h = ~3)

= 28590
i.e., a Weyl fermion and a Qs Qp) = 2E< 0 0 >
complex scalar

spinorial charges Q«
@ Specialize to P.=E(1,0,0,1)

o

DI =kt i=="(1] \hzl}zbﬂhz%)

L
2
l.e.,
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SUSY algebra

@ Poincare: Momentum P, and
Lorentz generators M,y. Add

spinorial charges Q«
@ Specialize to P.=E(1,0,0,1)
helicity
+1 _A_
+1/2 + be

O g T
BV .

g Ao

chiral multiplet
= complex scalar + Weyl fermion 17

[Pm Qoz =0
M™, Qa] = 5(0")a"Qs

{QOM QB} I QPM(O-M)QB
{Qanﬁ} % {Qaaéﬁ} =0
PH = E(1,0,0,1)

B e



N=1 superspace
chiral superfield

@ intfroduce Grassman-odd coordinates 0 «

- - .a
@ superspace: (x*,8q,6q) A;,N;?(xyav_ Vo)
2 =
- 0Pt
Ou T i0 G“ Oy

: . ; 0
@ Covariant derivative Da:ﬁ—leﬁﬁu d,

{DOh QB} {DOU QB} 0

{DocaD }_ —2i0 ( )ocB
@ Can place a constraint Da(p(x 0,0) =0

o solution: o(x,6,8) = 0(y,0) = A(y) + v20y(y) + 62F (y)
@ where ' =x*—i066"0, Dy =0



vector superfield

@ introduce Grassman-odd

x“, 0, O,
coordinates 0 « (", 8a,084)

@ real (vector) superfield:
V(x,0,0)=|C+0x 0% 10 M +0°M {0604, + 6°0L+ 670\ + 6°6°D

@ gauge fransformation: V= VeTe A= ATS

@ A is a chiral superfield R Y A

@ Can eliminate C, y, M: o — e—iA(l)
Wess-Zumino gauge 0'eV 0 : invariant

@ remaining dof: Ay, A, D
@ Field strength chiral superfield:

Wa:DzDaV:ka( ) G,UV ‘u\;—|—6 D
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Kahler and superpotentials

@ Two ways to construct invariants (up to total
derivatives)
@ full superspace integral of general superfield
"Kahler potential”
d*00’e" 0 = DA+ WiPy + F'F + DATTA + (V2AN Ty + h.c.)
@ chiral superspace integral of chiral superfield

"superpotential”: holomorphlc :
/ d*6W (¢ —F Had

zaq)zaqu

Yy
@ gauge Kinetic term

|
/dZO WaWaOL S F,u\/a ol xalpka _DaDa

492 M
% 28 -
@ solve auxﬂmry ﬁelds D = AN, Fi* = a?;
1 gz aW 0
V= —D'D*+|F'|° = 2—(ATT?A)* + | —
2g? L3 2 ( ) '8(1)’




Renormalization

@ Start with the Wilsonian action at scale ¢
/ d‘ey o;e" o;+ / d*0 (izwaw“ + A7 0,0 jq>k>
i 80

@ non-renormalization theorem: only
renormalization is Z, bp = 3Ca- 2 {TF

@ holomorphy, and transivity at scale ¢'= pe-t

/ d*0) 7 oie" o+ / d%((é )Wawuxﬁ)f'kq)iq)jq)k)
i 0)

@ to identify coupling constants, need to
rescale fields to canonical normalization
@ However, rescaling fields yield anomalous

Jacobians



Renormalization

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

/ d4GZ Ore’ d; + / d>0 (( ) WoaW* 4+ 15 00 j¢k>
0

@ Konishi anomaly /@d)i:/@( di)e | FOTHs W

l

" 2 TS o
@ rescaling anomaly /@V:/QD( o [ 88k oW

@ first rescale matter fields

b i y
/ d462¢ Yo+ / d*e ((——Tét—ZT}@ )Wawu kgfkd)id)]-(bk)
@ then rescale the gauge field V—gcV
| e i I

— = 5=t ) dhea i Cuasssin ;
g2 g iR Z "8n2 ABm2 o



Anomaly-Mediated

Supersymmetry Breaking

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



Our Needs

@ Wed like to connect N=1 SUSY results by
Seiberg to non-SUSY gauge theories
@ decouple gauginos and squarks!
@ SUSY breaking m, and mg

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

@ In particular, we need to know signs of their
mass-squared to understand symmetry
breaking patterns and universality classes

@ possible with AMSB or U(1)r D-term
@ but the latter does not have gauging mass



background spacetime

@ Good example of external symmetry is
general coordinate invariance

@ consider QCD in a background metric

|

Locp = V4 (—§g“pg”“TrGwGpa & QGZV“iDu@

@ switch from UV to IR description
@ we know how chiral Lagrangian couples to
the background spacetimel!

2
Lok — /8 (‘ZTgWTr@#UT@,/U AT T + c.c.)



Sequestering

| AL Ty K/2
SUPERgraviiy = n 7t3/2 — € ; W

SUSY breaking

gauge theory



Saved by S
time diff s

AFRICKX

OCEANIA

@ worked in summer 1998
at CERN

@ left CERN with half-
finished draft |

@ Giudice, Rattazzi@CERN

@ Luty@Maryland

1630 citations




Wey| compensator

@ “superspacetime background”
/ d*0E*EK — / d*0E°W
E=1+6°m

@ all effects of SUSY breaking encoded in &
@ it can be removed by conformal

transformation @ = @/€ if no mass params
e / d 080 Oi= / d?0E° N\
— L= /d49¢*¢— /d26A¢3



Wey| compensator
@ “superspacetime background”
/ drOE*EK ~ / d°0E*W
ES Y 0%m ¢ — ¢/E

@ dimensionful parameters receive SUSY
breaking

i dnox o 1k 23 1 2 3
[,—/d6’55¢gb /d@é’ (2M¢+>\¢>
— L = /d49¢*¢ — /d29 (;M&bQ + A¢3>

VaMsB = —m (qb%‘j; 3W>




Superconformal Anomaly

@ Cutoff scale also acquires SUSY breaking

7 (i)~ 3 (i) =~ 50m

LAy o o Dl
/d299—2 (5l e o TRy
Bg”)

2g2
@ determined only by physics at the energy
scale of interest

@ UV insensitivity!

)y, —



AY msensu’rlvn‘y

Vi + V5 + Y )M3 /2

1

9°)
M; = ms3/2, m; = —Zm3/2a Aijk = _2(

@ Surprlsmg 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




Superconformal Anomaly

@ Cutoff scale also acquires SUSY breaking

p p 1 T 15 1 a6
Z(=) = 2(2=)=2(1+7;51 e )
M ME ( TV areae T27a " MrErMe

/d4ez¢*¢ =7 (FF - vé(m*gb*F + moF™) + %vm*mqb*cb)

| |

V = —Z%m*mﬁ@ oz 5(%‘ + 5+ Vk)MAijk$id; O + c.c.

@ determined only by physics at the energy
scale of interest
@ UV insensitivity!



YAV msensu’rlvnL

@ decouple a massive
matter field

@ two-loop threshold
correction precisely
account for the change
in the anomalous
dimension and hence
the scalar mass

2
8D,

1

Vi

A

Boyda, HM, Pierce 2001



Anomaly Mediation of
SUSY Breaking (AMSB)

@ Tree-level piece on dimensionful parameters

VaMsB = —m (qﬁﬁa‘z 3W>

@ loop-level piece from running

2 -
i 7 1

= 5(% + 75+ k)ms)2

202 W3/20 1T = e o

@ determined only by physics at the energy
scale of interest

@ UV insensitivity!



1t 1s sometimes convenient to mtroduce a complex gravitino mass, detined
as

fitg = ?((s) + i<p>) , (31.3.20)

whose absolute magnitude 1s 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 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
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SU(Nc) QCD (N¢23)

HM, 2104.01179
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NF<NC

@ run-away superpotential for M%7 = Q'Q’
AgNC_Nf ) 1/(Ne—Ny)

W:(NC_Nf)( det M

ASNC—NJC NC—Nf ABNc_Nf NC—Nf
V =288 — 3N Ve ( > L0

M’ij e 5ij¢2

¢NC—|—Nf

SNC—N]C H e |

5 1/Ne
NC N N Nf A3NC_Nf
V M;; = 6, (( + [N ) )

SU(N¢)LxSU(N#)r—SU(N¢)v

ADS potential xSB! Proving Nambu
mesino loop=WZW term

Supersymmetric

0
together with N¢=1 special
foee no NGB, gapped




Deriving Chiral Lagrangian

s UgT 1 k= ]
Q—( ) ( ) S il R Sl
VE—Sqd QLU!]R
D,Q +|DMQ| - —Tra Utoru

N _|_N N SEN T ASNC_Nf 1/N.
f2 — 0% =2 = /
o SNC = Nf mNc_Nf
A3Ne—Ny _ MSNC—Nfe—SWQ/g%L(M)

e o MSNC_Nfe_Sﬂ-Q/g?:(M)Z_Nf (gg)_Nc

_ pAf3Ne—Ny ,—8m*Ne/geu (M) 7—Ny NCNC (gtzH)_Nc
[N
Martin & Wells didn’t realize this



Non-perturbative Condensates

2 N.—Nj A3N.—N; 1/Ne ’ e N, + N; —Nj A3N.—Ny
e miy | W Samdi | sy | e

SN 1/Nc
A3Ne—Ny 0 Ny

(TrG JGM) = 32m°m (

Nc‘l_Nf

TrAN) = 3277 | | =
(TrAA) = 327 3N, — IV,

NC—I—Nf
BNC—Nf
Nf(ch _Nf)2

IR R S A S N T
(NC — Nf)z(Nc = Nf)

=Y a5

™eem

5 iy NP
{7 at Large N with ‘\_. fixed

43¢

Scaling of Quark Condensate

1/N.

Laai L S S Y |

ALLlL - i
1

m/Nqen

—

Scaling of Gluon Condensate

N)../ .‘\Q(‘n

Scaling of Gluino Condensate

Ty

Abads
1

'"/I"\Q(‘D

R
1

m/A QCD




Back to near SUSY

Found ¢’<0

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

m [MeV|  pseudoscalars m [MeV] scalars

f,(980) a,(980)

=0 I=1 I=1/2

_'|:|'_3__ S=0 S=0 S=x+1

O+ c=—2.2C



: N‘C i NC:"I detM — BMB
@ “Confinement without ¥SB* W = AZN.—1

W=\ xBMB B; = €ijy.jy, Q" - QM
ONEL o

O = K1A<

NIN; =6 AN; — 3)mo™! + c.c.

2Nf ¥ SNC m) (Nf_Nc)/(QNc—Nf)

A
N} <

SU(N#)LxSU(N¢)r—SU(Ns)v
Supersymmetric % | XSB!
higher power potential :
@ massless pions
@ massive baryons
mB=KF:rcz4ﬂFn

¢

together with
AMSB



Nc+2 £ Nf« 3Nc/2

@ “free magnetic phase”
@ SU(N;) becomes strong, binds baryons, which
break up info dual quarks

B i INe Q1 :0Ng _ 01 INGINcH1 - INg g .
— €
aNC ZNc"‘]..../LNf

5Nf N e

5 51

INc.+1"" ZNf S q?,N _|_1 q’LN Bl 5N
@ magne’rlc IR-free SU(NF- c) gauge theory
|

W = =M% q;G; - AM¥ ¢;G;
1

@ A dimensionless, only loop-level AMSB
@ Np1.48N., magnetic quark has mg2<0
@ leads to SU(Nf)xSU(N¢-Nc) symmetry
@ cant match the anomalies w/o squarks
@ vSB is a local but consistent minimum



Ne1.48N, +Csaki, Gomes, Noether,Varier
(1)

\/ (QQ)
vSB e
baryon
condensate
xSB is a local minimum
but well-defined N »
and still useful Lk »SB i

no similar issues /
with SO, Sp
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N¢ : M;
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confinement and ¥SB

Csaki, Gomes, HM, Telem, 2106.10288, 2107.02813



confinement vs screening

@ We've derived ¥SB in SU(N.) QCD
@ it has no confinement
@ massless quarks in the fundamental rep
can screen any color charges
@ Wilson loop is perimeter law (Tre'# 497) 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

— L
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NF — NC-Z

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

@ two singularities V &~ —

@ Coulomb branch v = detM (
Adu=detM =0

1672

)\2 >4 4A &
m

e

25 1 id i
@ dyons: &7 W = ;M JQELCI]'

@ u=detM = AN/
@ monopoles:
W= (v—2 e
EE| = (mA)'/?
@ both monopoles and
meson condense!

= —me2A2



NF < NC-Z

@ add mass mq to some of the quarks

@ can show monopole VEVs persist mg—c0

@ demonstration of confinement and chiral
symmetry breaking for all N¢ < Nc-2

NC:137 NF:NC_2
mass for last flavor




Chiral gauge theories



Nature is chiral

@ Standard model is a chiral gauge theory
@ but chiral gauge theories are difficult to regularize
@ no lattice simulations yeft!
@ tumbling hypothesis (Dimopoulos, Raby, Stuart)
@ gauge theory breaks itself in the Most
Attractive Channel (MAC) until it becomes

vector-like
@ SU(N¢) with A + (Nc-4) F”, global SU(Nc-4)xU(1)
@ MAC :SU(N¢)—SU(4)xSU(N.-4)

@ A=(6,1)+(4,(Nc=4)"), F=(4",(N.-4))
@ SU(4) vector-like, SU(N¢) unbroken
@ massless composite fermions A*7 £, F

@ never proven
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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
into strong gauge dynamics
@ new possibilities:
@ massless composite fermions
@ light composite scalars
@ new symmeftry breaking patterns
@ hidden jets must be re-studied
@ also many (in principle) testable predictions
on dynamics
@ look forward to future developments on
lattice
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Conclusions
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Conclusions

@ SUSY + AMSB help us
understand quantum dynamics
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Conclusions

@ SUSY + AMSB help us
understand quantum dynamics

@ obtain results consistent with
Yukawa, Nambu

@ no obvious signs of phase
transition as SUSY breaking
IS increased

@ applied to systems not
understood yet, results very
different from past conjectures

@ can be applied to 2+1D, 1+1D
systems (not yet)

@ interested in strongly-coupled
dark sector

o)



