SQACDNHOACD%I%D

Dan Kondo (IPMU)

with Hitoshi Murayama, Bea Noether and
Digvijay Roy Varier

9/2 &AUUFTNIRF O ER at YITP

arxiv: 2111.09690 (JHEP04(2025)152)
arxiv: 2505.18138



2 BEIHE
NAFILATEORAL ASACD OREMS

Chiral Lagrangian & WZW termZz LU TS,
quark X» gluonQ)ifEastgE 1=,

mass spectrum%igNTs,

ASQCD 11t QCDOMAIICTs LI i3S HKRENES R I,



SBRBESERINE

1 Introduction/Motivation
2.5QCD+AMSB (ASQCD)o)B=
3 Chiral Lagrangian+tWZW term
4 Condensates

5 Mass spectrum



2.5QCD+AMSB (ASQCD)o)B=
3 Chiral Lagrangian+tWZW term
4 Condensates

5 Mass spectrum



Bi® : SQCD+AMSBTACDOMA(ICTS Ll 5 S iR EMZES R &5

- JFRENONRIFEEC ()
fil : QCDO)IRmRLE



ESNHEZIC IRIBRIFBERICTF DAN?

A: dynamical scale

035 F——mmr—— 7
[ T decay (N’LO) = ]
low Q% cont. (N3LO) e~ |

HERA jets (NNLQ)

Heavy Quarkonia (NNLO)

e"e” jets/shapes (NNLO+res) F* ]

pp/pp (jets NLO) =
EW precision fit (N°LO) Fe— 7]
pp (top, NNLO) —+ 4

3

®  eee — 1loop — _ _9Y sl
B function logu =P, B —— bo a\

1 1 b n
2~ > t o log— N
g(u) g (o) 81 Ho |
At dynamical scale A, g(A) - «
0 1 b0 Do, A |
—_ 09 — 0.1
g (MO)Z 87-[2 g MO = a (M%) = 0.1179 = 0.0009

87T 0'051 | III“”lIO | II”H1I:]0 | lI””IIOIOO |
Abo — l/lbo eXp _ August 2021

,(Q?)

02

Q [GeV]

Ref: PDG QCD review



SUSY QCD (SACD)

| —

Super partners .
Scalar quark § — < SNidecoupled D&

Cluino 1 QCDERICEIRAMICTS S.

SQCD&AMSB (ASQCD)

SaCcD  SQCD+deformation A QCD?

Soft mass
m



SBEE€HEERESNE
] Introduction/Motivation
3 Chiral Lagrangian+WZW term

4 Condensates
5 Mass spectrum



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

& H—RICFBIRO ICH LT

L=tr Jd‘*e K(®!, o1V) + Udzew(cbi) + h. c]



Wevl compensator---AMSB% BB(@ICEtE T Dk

® =1+ 60%m --SUSYZIRD m HERLUIANSNTIS.
AMSB

L=fd49 CD*CDK+fd26 d3W +c.c

oW
Effects Tree level Liyee = —M (qbl- — BW) +c.c

d;
A2 . Vi + Vi +VY
Induced mass M, = ﬁ‘(gz)m, m? =—-Ym?2 Ay = 2’ “m
29; *
AMSBIFEE 2 ICEIBRO) A DEBLIARILF—OZICUNFHGI),
2F LIUV insensitive,

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



v, SU(N;) SQCD with AMSB results

Not asymptotically free

Ny = 3N Conformal

3

N¢ = N. + 1 S-confinement

Nf — NC
ADS superpotential
N =0 Runaway vacuum

m = 0 (SUSY unbroken)

N = > N. | Free magnetic phase

Nf — 3NC
Chiral
N. = —N symmetry
fm20e breaking
Nf —_ NC

m + 0 (SUSY broken)
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AlELTOo < Ne < N OVBE  Fhisrevietsi 10261983

Seiberg
, . NuclPhys.B435,129(1995):
1 1 [A3Nc—Np\ Y/ (Ne=Ny) A3Ne—Np\Ne=N; Phys.Rev.D49.6857(1994)
= 12N 5 <2—Nf> — (3N, — Nf)m (2—1\,f> +c.c. Intriligator et.al
AN ¢ NuclPhysB431551(1994)

ADS AMSB
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k T \3Ne—Npm
(¢) \
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Conformal window: N;' < Ny < N/

Conformal window---ii:f B A 1]") Rir— IL7F91‘
B -tunction-- 'B(g)_dlogﬂ (as) - (ﬁo (_S) +B1( ) +>

T T

LB (V') IFHRERBMSRED 5, >0, N =165in QCD (N, = 3) (HEHMS)

—h. b1 <0 E& FABGREANFESS (2) = -2

TERR(N! )-- LU CHBITRERICTEND (EORMIFR T—ILTFE).
20 N/ &iRHD OIS LV \RE

LatticelC &S & SU(3) TlF 8 < N' <13 T N; = 12 ICAAILDIFENTI S,
SU(2) T Ny < sEENI TILATRHEOBRBNNEIRCTIISS UL,



SQCD Conformal--- —N < Nf < 3N,

EBRICOUT

_ . 8n%\ _ g% 3Nc—Ng+Nry(g?)
NSVZ g~function (SACD)- f(g) = o () = — 252 i
Anomalous dimension---y(g?) = g’ NC >+ 0(g*) :one loop level

 8n2
x=—=3—¢, (9= —16”2 (NCE —S‘%NCZ) Z2ESHE
> €< 0 (Nf > 3N, ) AEZICHEHABARAT <GS,
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TERICDU1\T - R Eunitarityn &

Scaling dimension DIC?D(\C

Nf 3N,

Meson field 00 ( ) ICEATE 3 E
Nf — N,
Ny

Unitarity &bl D > 1 > Ny 22N,

D=2+4+y=3

SACDTIFHIRAELIF - N, < N; < 3N ORBEMICHBESS.



ASQCDICER » T N = 3N, fJili CTAMSB% BRI T B,
Seiberg duality QR K- 2R EDETENRICRD.

Superpotential W = YN(QQ — M)
l decouple (s)quark
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NS

!

&L Cate¥hiEs\ (RGE)

Ny 1 NZ -1
N, —L_ 2 [2g2 _ 2
da? 3Ne = Np =5 g2\ 29" o — NrlY d|Y|*
9 4

2
_ = —|Y|?|-——| 292 —
g 82 — N,g2 dlog u Y [4n2< g 2N,

—Nf|Y|2>—

c

N
|Y|2]
s



&L 2 HEFATESN (RGE)

Nr 1 N2 -1
f
dg? 3NC_Nf_74_nZ<292 CZNC _mez) d|Y|? ,
= —qg* = —|Y
dlogpu g 8m? — N.g? dlogpu Y]

2

2
BEAIIF |V.|? = SNLZE, g2 = 8Nl7e

BEROALT

a (8IY]? :( 14€ —46) S|y |?
dlogu \ §g2 —441€? 147€%/\ 5g2

1. 0(¢) trajectory converges
2. approaches along 0(e%) trajectories

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

T ~ 2 2 , 2
Kinetic +erm :|D,0|" + [D,0]* =2 Tr (3,004 U] + 2 Tr (29p, + (19, — £0,67))

(Nc¢ Nf)/Nc
> Decay constant: . _g., (Nt A
" 3N, — Ny m
Fo A, (3.8)
FrxAdy (3.9)

2 N O(N2)++ glueball OYFS ?
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
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With + Hooft coupling N gz = g
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— - _ 2 2 _ _ 2 2 _ - N _ 2 2 _
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Scaling of f7-- x = % dependence

C
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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 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© = expif Tr (¢d¢)°] J(ET) = exp |—if Tr (§d¢T)]

W'=W —ilog/(§) —ilogJ(§")

> [Tr [(¢7dg)” - (¢dg?)’| = [ Tr |(¢Tdg — £dgt)’| = [ Tr [(Utav)’]

(up 1o local counter term)

Ref: D' Hoker & Farhi, NuciB248(1984)77-89



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 —ilog/(§) —ilogJ(§")

> NS Tr |(61de)” — (¢ag®)’| = NS Tr |(¢1dg — gag?)’| = N, [ Tr|(Utav)’
(up to local counter term)

N. comes from N, block of fermions and N. — N, block of fermions
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m » A ClFACDA & HICT » TY S ERATT

(qq) < Ayep
(GG) < Apep

ASQCD P3N > TLBDOESHM?
QCDO)ix 5 \ = HATS




m KA CEHETRI DM ?

Quark /Squark condensate

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

~\

Potential minimum ;@EAR5MSF-component it
W
(qq) = Fu) = —\55-



Gluon/Gluino condensate
ﬂiﬁﬁiﬂﬂﬂﬁf& L

log Z 2
ogZ D 16nifd HKWW

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

. oy

(GG) = 16malogZ = 16mi <E>
9 low

(/1/1) — 167Tla_F:[logZ = 167 <E>



(GG)—16'61 Z—16'8V
= lémi——logZ = 16mi (=~

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

Dvnamical scalezE\( \Hid &

Ao 21Tl » Jd  2mi A 9
~HEP N, N dt 3N, —N; oA
(GG = 32m* A v
3NC — Nf 0t
(1) = 32m* A ow
- 3N.—N; \ot




ADS N, < N OB &
Quark condensate
Ny

<~*~>—4N AZ 3NC_me Nc¢
TA= AN+ N, A

Condensate Scaling

quark
squark

Nf=2, Nc=3 (ADS)
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Gluon condensate

Nf=2,Nc=3 (ADS)

Nr 100 — (GG)
3N —N m N
_ 2 4 c f > AA
(GG> = 128w NfA < NC -I-Nf A) % 10 (AA) /
7 1
% 0.100
3N N % § 0.010
_ m\N¢
A = 3272NA3 ¢ f 0.001
(M) = 32Ny (NC yy A)
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ADS N; = 3,N, = 40)ia8
Mass
_ =%
Quark mass m, =0 Q&EZE 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




quark masszHi L1 AD

W o Tr [myM] Mass
Single1l scalar : ~ singlet o,
648 1496 e N
- —m? A 79 m(mq1 T Mmg, +mq3)
162 <
Octet scalar : ——m? — 3m (mq +mg, ) octet o singlet
Smgle+ pseudo-scalar: - 3ITC"
486 872
7 ‘+ _m(mCh T Mg, T qu) octet
5 - s .
Octet pseudo-scalar : 27m (mqi + mqj)

/
Pion is pseudo-Nambu-Goldstone boson




ADS N,

tERI &

21
25

2

m2 + 2

Mg ==

=3,N,. = 40)in&

20406
175

11904
175

m? +

m(mCh + qu + qu)

Singlet
162, 128

My =

—m +—m(mq1 + mg, + mq3)

49 49
Octet
= m? BROBEAEHGS

Mass

singlet o,

octet o, singlet =,

octet g

2=ms+cm2;c<0



Previous implication m2
SIDMERANTEEZXIC:-

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