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What are we made of ?

Q Atoms--- We are made of water !

\/0\ 0: 65%, C:18%, H:10%, N:3%,---
e \ \‘\N%& electrons

Proton Neutron
938MeV 940MeV




uud In nature
P??7°?
';;‘;*ﬁgv * * * (current quark mass)
— my =m, =16eV >> 1 —2 16MeV

--udd my =4.T70MeV

Neutron l (by pdg)

__940MeV
Very close ! m,, = mg; ~300MeV ?

(constituent quark mass)



Also,

oot +uud 7?77 In nature
roton m.. =100MeV
938MeV m, = m, ~]6eV D> (bj\TI pda)
...udd
Neutron Same quarks different mass ??7?

ﬂOMeV



Also,

oot +uud ?77? In nature
roton —100MeV
~m, ~]GeV >> M
__/938Mev myp = M ~16e (by pdo)
ooo"dd
Neutron Same quarks different mass 7?7
940MeV

m,, light is important

If m, "'OO heavv... _ P P ‘ meg iS ligh"' - P P ‘

EM can win, Nucleons are bounded.



Let us look at QCD Lagrangian !

The chiral quark field--- defined as eigenstates of y-
Vs (x) = = (x), YsPr(x) = Pr(x)

1
Locp = EW D@ + pPiDy @ — my (B + L)) - 2 Ga,GHve
q

D, = 9, — igA,: covariant derivative

Chiral transformation: v, — ey, , W, — efry,



Chiral transformation: v, - ey, Y, - e'ryp

Z[l/)(q)lD yuw(Q)+¢}gq)lDuyu¢(q) ( q)l/)(q) l/)(CI) (CI))]
q J
|

invariant not invariant

L L R RR; EL

In QCD, it is believed that even if m; — 0, hadrons are massive,

The order parameter of _chiral symmefrv remains non-zero.
(Ol Yrr + YRy |0y =0




Qualitative picture

Ref: arxiv:1411.7853 (lecture of YuKinari Sumino)
Start: perturbative vacuum state |0) (no quarks no gluons)

7

",—

QCD interaction generates quantum fluctuations, B
q

For short time At, uncertainty AE with AtAE ~ 1

At

q 1
AE > qu — Ebind g

q
AE > 0 The smaller AE the longer the lifetime of qgg

AE < 0 The vacuum prefers 1o make bound state,



q z
AE = qu — Ebind g

q

AE < O The vacuum prefers 1o make bound state,

> Vacuum is filled in bound state,
oo &%
q q
q q
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q z
AE = qu — Ebind g
q

AE < O The vacuum prefers 1o make bound state,

> Vacuum is filled in bound state.




. \ . (qar) g,
) 9—@—6

dr
CIRE : \|<\

02

a,(Q%)

Chirality violation by quark condensate

0.15

0.1

Can we understand ?

= 0y(Mz?) = 0.1179 £ 0.0009

Td y(I\3LO) A 1
low Q% cont. (N3LO) e~ |
HERA jets (NNLO) ++
Heavy Quarkonia (NNLO)
e’e” jets/shapes (NNLO-H‘es) e ]
pp/pp (jets NLO) =+
EW precision fit (N°LO) Fe 7]
pp (top, NNLO) F+ 4

005- L MR e | L a9l L a0l i

10 100 1000
Q [GeV]

Ref: PDG QCD review
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SUSY QCD (SQCD)

| —

Super partners
ch,a,. Zuark i L If they are decoupled,

CGluino 1 particle contents are identical.




SU(N.) flavor N, SQCD Lagrangian

“Quark superfield” Q =Q + 06y, +0%F, Q =Q + 0y + 0°F
1, Left-handed quark io%); Right-handed quark

Gauge invariant and Supersvmmefric

L=tr Jd‘* QT 0 + Qe™V QT) +—Im [TdeGWQ“Wa] deHW(Q Q) +h.c
Super potential




SU(N,) flavor N, SQCD Lagrangian

“Quark superfield” Q =Q + 06y, +0%F, Q =Q + 0y + 0°F
1, Left-handed quark io%); Right-handed quark

Gauge invariant and Supersvmmefric
L=tr Jd‘* QT 0 + QeV QT) +—Im [TJdZHW““Wa] deHW(Q Q) +h.c

SUSY --- vacuum energy zero

v =2-(0't%0-0t*0)°  should be zero in SQCD dynamics



Wevyl compensator---encapsulate AMSB process

® =1+ 6%m ---non dynamical spurion of scale invariance
SUSY breaking m is encoded

L =fd49 CID*CI>K+fd29 O3W + c.c

E‘f‘feC','S Tree level Liyee = —M (Qbi ZZI: — 3W> + c.c

(2 | Yi T Vit Yk

:Bl(g )m, 12 — _ﬁmz’ Aijk _ It J m
297 * -

AMSB depends on energy scale of our interest only,

UV insensitive.

Induced mass M? =

Ref: Pomarol et.al JHEP05(1999)013.arxiv:9903448



SU(N,) SQCD

When W = 0--- only loop effects
4

ow
Liree =m qﬁi% —3W | +c.c
l

2 _ 2 _ Y 2
mg =mg = (81)? ZCi(BNC — Nf)m
g2
2 _
my = Te—2 (3NC — Nf)m

» As long as the theory is asymptotically free N, < 3N,

the squarks and gauginos have positive mass,
e (Integrating them out) the light particle contents are
same as those of non-SUSY OQCD!



ow
Effects Treelevel | __ _—_p (qbl- vl BW) +c.c
l
(2 3 Yi T Vit Ve
Induced mass M; = Pilg )m, m; = —yzmz, Aijie = 2 m

292

Naively m — o, super partner decouples. Seemingly back +o original QCD.

ASQCD trustable

SacD QCD?
T 1.

0 A 0o



0 < Nr < N, ADS case
SACD dynamics::+V = %Z(thaQ — @t“@)z =0

t2: generator trt* =0
D-flat directionis 9 = 0 =
M;j = 6;;¢°
Affleck-Dine-Seiberg (ADS) superpotential

3NC_Nf

A Nc-Np N
W = (N, — Nf) Y » My; = Q;0;

Refs: Affleck et al
PhysRevLet151,1026(1983)

Seiberg

NuclPhysB435,129(1995):
PhysRevD49.6857(1994)
Intriligator et.al

NuclPhysB431551(1994)
Q(f (a: color, f: flavor)---QQ7can be diagonalized by unitary matrix

Ne

@

0
0

\

?]3 Ny
¢

0

o/




The potential is

2
1

1 A3Nc_Nf 1/(NC_Nf)
=g ()
2N

ZNfa ¢2Nf

ADS

There is a minimum with AMSB !

V

“ 1| [ susy ADS Runaway |

||||||

2 4 6 8 10

-0.5F
-1.0f

ADS+AMSB

-20F

1
ASNC—Nf Nc—Ny
+ c.c.

— (3NC — Nf)m <W

AMSB

(Nc_Nf)/Nc
4 (N.+ Nf) A
Mij=5ijA2( (N, f) )
— 3NC — Nf m
SU(Nf)L X SU(Nf)R ” SU(Nf)V
...chiral symmetry breaking

Massless particle spectrum is
Nambu-Goldstone bosons

Scalar and fermion partners have mass « m
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Let us see the fluctuation,

0= (") 0=(%)  §-hE 9090008 > W€, 91 gR)EGR U = €

Kinetic term :|D,0|* + [D,G|" =2 Tr[9,Ut9#U] + 2v2Tr (2gp, +i(~£10,¢ - fauff))z

(Ne=Np)/N¢
> Decay constant: .. _g, (Nc + Ny A) !

F2o Al (3.8)

Fre A3 (3.9)

2 N O(N2)--- glueball contribution ?
so that m7 oA zM,. Unfortunately, it is easy to check that .
Egs. (3.8) and (3.9) do not have the same scaling behavior Marn'-ln & Wells

with mg in the formal decoupling limit as the weak-
coupling results Eqgs. (3.3) and (3.4), no matter which of Eqgs.
(3.5]:;, (Z?»g.G), or (3.5."1) a(ppli)es. Furthermore, the large N, scgl- PhVS.Revpss ( ' 998) ' ' 50 ' 3
ing of the large-m., chiral Lagrangian does not conform
with expectations from ordinary QCD. Nonsupersymmetric
chiral perturbation theory implies [18] that Eax N, and Fy
=NV, but the rormal decoupling Imit ol the weakly-coupled
SQCD chiral Lagrangian scales as F2oN° and FN°.




Rescaling anomaly narkani-Hamed & H, Murayama Phys RevD57(1998)6638- 6648

8m*  8m? N N, oo o2
g g2 8mz e

With + Hooft coupling N gz = g
Scaling relation:

— - _ 2 2 _ _ 2 2 _ - N _ 2 2 _
A3Ne=Ng — 3Ne=Ny p—8n?/gp — | 3Nc=Ny p—8m* /g2 (g2)~Ne = 1 3Ne NfNC c o812/ g} (g2)~Ne

N + N A3Ne™Ny Ni \
) fnz = O(N,)

2 — 3
fTL’ (BNC . Nf mNC_Nf

Not necessarily disconnected !



Kawarabayashi and Suzuki Phys RevLett 16(1966)255
p mes On Riazuddin and Fayazuddin PhysRev. 147 (1966)1071

Bando et al PhysRevLett 54(1985) 1215

Bando et al NuclPhys B259 (1985) 493

Traditionally--- p meson as dynamical gauge boson of Hidden Local symmetry (HLS)
Gglobal X Hipeal with eg. Gglobal = SU(2), X SU2)g, Hipear = SU(2)y

L —_ LA + aLV
Ly, is an auxiliary field and a is arbitrary parameter.,

If L., is generated (quantum mechanically), L, = L, + aL, + Ly,
successful phenomenological results can be derived (in particular with a = 2),

Universality of pmeson coupling ( p universality) g,., = g,nn = -+
KSRF relation m; = agj,.f7
Vector meson dominance
Our case---
Kinetic term :|D, 0| + |D,0I" =% Tr [9,UT04U] + S Tr (2gp, + i(~£19,¢ — £9,6T))
»a=1




Wess-Zumino-Witten (WZW) +erm
Effective action W = —ilog|[ dQ dQ dV exp|if d*x L|]

Transformation: Q - ¢*Q, 0 - ¢10

> DQDQ - DQJ(ET)DQJ () Jacobians arise

J(©) = exp |[iNJ Tr (¢7d¢)’| J(ET) = exp |=iN[ Tr (¢d¢t)’]

W'=W —ilogj(§) —ilog/(§")
> NS Tr [(§76)° - (§67)°] = Nof T [(§%dg - gd¢t)*| = N [ Tr[(Utav)’]

(up to local counter term)
N. comes from N, block of fermions and N. — N, block of fermions
Ref: D' Hoker & Farhi, NuclB248(1984)77-89
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For m > A expectation from QCD

(qq) < ASQCD
(GG) o< Njep

QCD expectation

SaCD ; N

0 A



For m > A expectation from QCD

(qq) < Nyp Nearly QCD expected

(GG) < Apep

ASQCD Connected or disconnected?
QCD expectation




How to calculate for m «< A (ASQCD) ?

Quark /Squark condensate

As a chiral superﬂeld
(M) =(Gq*) + 6%(qq)

<\

Potential mininum  F-component by equation of motion
S [w
(qq) = Fu) = —\55-



How to calculate for m «< A (ASQCD) ?

Gluon/Gluino condensate
Generating functional

1
2
logZ O 16nifd 6 tTWWw

l

Promote to spurion, which sources (GG), F-component sources (i1)

(GG)—16'61 Z—16'6V
= lémi——logZ = 16mi (==

(/1/1)—16'al Z—16'aW
= maFT 0gZ = 16mi | —~



(GG)—16'61 Z—16'6V
= lémi——logZ = 16mi (=~

(/1/1)—16'61 Z—16'6W
= maFT 0gZ = 16mi {—-

Remember the dynamical scale

A\ = 21Tl » Jd  2mi A 0
~HEEP BN TN at  3N,—N; oA
(GG = 321 A v
3NC — Nf 0t
(1) = 321 A ow
- 3N.—N; \ot




ADS 0 < N < N,

Quark condensate

(G"q) = 4NpN? (

3NC — me

N, + Ny A

Ny

K

0.10

10

100 Agep

10

100 Aqen




ADS 0 < N; < N,

Gluon condensate
v
(GG) = 128w NA* (311\7:; II\Zf T)N Y .. -
(W)
i 4
(ALY = 3212 N A3 (SI\IZCJ: I\Zf ’X)N .
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How 10 calculate ? !

“ |\ [_susY ADS Runaway |
k ()

Potential -~ We Know the vacuum, S e S E—

! ! ADS+AMSB

Consider fluctuation--- M = ¢, + % (o + im)

2%V 0%V
002 0001 |
92y a2y | 'M=¢¢

dtoo d1c?

Mass matrix is




Example ADS N =3,N, = 4
Mass
Massless case m, = 0 :
singlet o,

) 648 .
Singlet scalar : Tmz - :m_glem‘ T
162 2 octet o

Octet scalar : —m R adhd

Singlet pseudo-scalar : —m
octet
Octet pseudo-scalar : 0 "o

/

Pion is Nambu-Goldstone boson




Example ADS N; = 3,N, = 4

Add quark mass perturbation
WD Tr |myM| Mass

Singlml scalar : singlet o,

648 1496 - J3"
|
- —m? A 79 m(mq1 +mg, + mq3)

162
Octet scalar : ——m? — 3m (mq +mg. ) octet o, sinolet ,

Single+ pseudo-scalar: - -

486 872 - T
° + _m(mCh + mey, + qu)

octet g

7

Octet pseudo-scalar : 2—75 m (mqi + mqj)

/
Pion is pseudo-Nambu-Goldstone boson




Example ADS N; = 3,N, = 4

Compare
P Mass

Singlml scalar : singlet o,

648 1496 - =S
|
7 m 49 m(mql T mCIz T mCI3)

162
Octet scalar : ——m? — 3m (mq +mg. ) octet o, sinolet ,

Single+ pseudo-scalar: - -

486 872 — T — -
7 + _m(mch T qu T qu)

octet rg

Octet pseudo-scalar : 2—75 m (mqi + mqj)




Example ADS N; = 3,N, = 4

Compare Mass
- singlet o,
20406 , 11904 — e =
, 21 175 * 175 m(mq1+mq2 +mq3) -0 T
Mo+ 35 M = o, Singlet - ==
EmZ + Em(mq  tTmg, + mq;;) - ﬂcfe* O singlet 7,

Octet - ==

octet rg




Example ADS N; = 3,N, = 4

Compare Mass
- singlet o,
20406 , 11904 — e =
, 21 175 * 175 m(mq1+mq2 +mq3) -0 T
Mo+ 35 M = o, Singlet - ==
EmZ + Em(mq  tTmg, + mq;;) - che* O singlet 7,

Octet - ==

= m¢ constant to be renormalized

octet rg

mz =mé+cm2;c <0 S PS



Previous implication m2-mZ=cmZz c<o
When we studied SIDM---

m M }:EV] pseudoscalars m [I\Ez\f’] scalars
PDG data (real) —> £,(980) a,(980)
1000+ 7 1000 T e KK
0(980),a7(980) == close 1o KK :E:: 222 K *(700)
Possibly f,(500)---close 10 700+ 700 -
if m,,m, is large 600T _7 600 1 /(500) |
u’ d g . 5004+ K 500 =+
100 + 100 +
300 + 300+ ___-_7m
200 + ) 200 +
Resonance or bound state (molecule) 100 T 100 +
0 0
=0 =1 I=1/2 =0 I=1 I=1/2
S=0 S5=0 5==*1 S5=0 5S=0 S5==+1

Kondo et.al JHEP09(2022)041. arxiv:2205.08088



Conclusion

From xSB ASQCD vaccum,
We derived the chiral Lagrangian and WZW term,
We studied the condensation of quarks and gluons

We studied the mass spectrum,

ASQCD can be a bridge toward understanding QCD.
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