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AdS/QCD = Holographic QCD (HQCD) — approximation to QCD:
attempt to model Hadronic Physics in terms of fields/strings living in extra
dimensions — anti-de Sitter (AdS) space

HQCD models reproduce main features of QCD at low and high energies

Motivation: AdS/CFT correspondence 1998 (Maldacena, Polyakov, Witten et al)

Dynamics of the superstring theory in AdS,; background is encoded in d
conformal field theory living on the AdS boundary.

More general: extra-dimensional (ED) theories including gravity are
holographically equivalent to the gauge theories living on the boundary of ED
space

Symmetry arguments: Conformal group acting in boundary theory isomorphic to
SO(4,2) — the isometry group of AdS5 space
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2
AdS metric  ds? = £ (dxudx“ -~ d22> Poincaré form
z

z Is extra dimensional (holographic) coordinate; z = 0 is UV boundary

UV asymptotics  Klebanov, Witten

O (x, 2)

_ pd-A [CI)O(QU) n 0(22)} § oA [cpph(x) n 0(z2)]

z—0

®¢(x) is source of the CFT operator O,

A

®,n(x) ~ (O) is physical fluctuation

AdS/CFT dictionary

Gravity
Operator O Bulk field ®(z, z)
A — scaling dimension of O m — mass of ®(z, z)
Source of O Non-normalizable bulk profile near z = 0
(O) Normalizable bulk profile near z =0
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Top-down approaches Low-energy approximation of string theory trying to find a
gravitational background with features similar to QCD (e.g. Sakai-Sugimoto model)

Bottom-up approaches More phenomenological use the features of QCD to
construct 5D dual theory including gravity on AdS space

Towards to QCD:

— Break conformal invariance and generate mass gap

— Tower of normalized bulk fields (Kaluza-Klein modes) < Hadron wave functions
— Spectrum of Kaluza-Klein modes < Hadrons spectrum

Hard-wall:
AdS geometry is cutted by two branes UV (z = € — 0) and IR (z = z1Rr)
Analogue of quark bag model, linear dependence on J(L) of hadron masses

Soft-wall:
Soft cuttoff of AdS space by dilaton field e~ # (%)
Analytical solution of EOM, Regge behavior M? ~ J(L)
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Building HW/SW models

Erlich, Karch, Katz, Son, Stephanov, Da Rold, Pomarol, . ..

¢ Geometry: AdS space near z = 0 corresponds to QCD conformal in the UV

® Truncate AdS space by two branes:
UV (z = 0) and IR (z = zir) in HW or (dilaton) in SW

® 5D gauge groups
Isospin: SU(2) isospin — 5D SU(2) gauge group

Vector mesons —— Vector KK gauge bosons

Chiral symmetry: SU(2) x SU(2) — SU(2) x SU(2) 5D gauge group

Axial mesons — Axial KK gauge bosons

SRS

EBxS — non-normalizable z-profile of scalar 5D field S§j°"(z) = 5z

q)

~
Q|

SBxS —— normalizable z-profile of scalar 5D field Sp°t(2) =

M‘

-p.
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Scalar and Pseudoscalar fields X (z, z) = (S(:c, z) + So(z)) e (2,2)7/ Fr
where So(z) = S{°"(2) + S5°" (2)

Pseudoscalar mesons are dual to the mixing of 7;(x, z) and ¢;(x, z) — longitudinal
component of axial field A, (z, z) = AL (@, 2) + 8,9 (, 2)

Action

ol 1
S = / i ze ! >¢§{——4g2 (F? + F}) — |DX|? +3|X|2}
5

where

p(z) = K222 : gg = 127?2/Nc,

1 1
V= §(AL+AR)7 A= i(AL — AR),
Fg/lz{zv — aMAg,R - 8NAJJ¥,R - i[A%Ra Ag,R] )

DMx =oMX —iAV X +iXAY
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How it works:  Mass spectrum and WFs of vector mesons

Apply axial gauge V, = 0 and derive EOM for the 4D-transverse component VML

z e~ ?(2) 1L _
e?(2) g, { 8ZVMJ-(ac,z)} — 0*V;-(x,2) =0

z

KK expansion V/j- (x,2) =), VMJ-,n (z) vn(2)

e—¥(2)
z

e?(2) 9, { 8zvn(z)} + M2nvn(z) =0

After the substitution vy, (z) = e¥?(#)/2 | /z 4, (z) derive Schrédinger EOM

—83@&”(,’5) + U(2)Yn(2) = M\2/n¢n(z)

where U(z) = k2% + ;25 dilaton potential

Analytical solutions

n! —/-i2z2
M‘2fn — 4k2(n + 1), P (2) = /(n2+1|—)! k2 53/2 ¢ /2 L1 (k222)
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Main results in meson sector

Reproduces concequences of chiral symmetry:

A

Gell-Mann — Oakes — Renner relation M2 F2? = 2m (gq)

Properties of correlators of vector and axial current:

My (Q?) — — 5755 log Q? at Q2 — oo

2
MA(Q2) — % at Q2 — 0

VV (AA) Correlators are expanded as a sum over vector (axial) meson resonances

Mass spectrum (Regge-like behavior)

Form factors with correct power scaling, distribution functions, etc.




Baryonsin soft-wall model

Baryons in soft-wall model: Forkel-Beyer—Frederico, Brodsky—Teramond,
Abidin—Carlson, Gutsche—Lyubovitski—Schmidt-Vega, ...

SW holographic approach for baryons with inclusion of high Fock states dual to
bulk fermion fields of higher dimension.

Objective: Application to nucleon form factors, GPDs, nucleon resonances (Roper)

~p.1



Baryonsin soft-wall model

Bulk fermion fields
U, (x,z)and ¥_(x, z) dualto Or = (pr,ngr) and O = (pr,nr)

Bulk fermion mass +m = £+ (A — 3/2), where A - scaling dimension

Scaling dimension = Twist-dimension 7= N + L,
N - number of partons, L. = max | L]

Action for the fermion field of twist 7

Sy = /d4:cdz\/§e_¢(z) Z U, o (x,2) Di(2) ¥ 1 (x, 2),

i=+,—

N 7 — m + o(z
Di(z) = My, ¢

dilaton  (z) = k%22 (Regge behavior of hadron masses)
metric gy n(2) = e?\/[(z)el]’\,(z)nab, g = |detgar V|
vielbein  €%,(z) = eA*)§2,,  A(z) = log(R/z) (conformal)

interval  ds? = gy ndeMdzN = eQA(z)(guyd:v“d:c” — dz?)

—pl



Baryonsin soft-wall model

P-transformations
U;l‘IfT,i (t,&,2)Up = £9995 U, (¢, -7, 2)
U;l‘ilﬂi (t,&,2)Up = £V, = (t, —Z, z) 79~
:I:UIZ1 Uy - (4,Z,2) V4 (8,7, 2)Up = FVx (¢, —Z,2) Uz (¢, T, 2),
Ut ST Up = ST
C-transformations
Ual\Ifi(x, 2)Uc =FCH° \T!£ (z, 2)

Ual‘i!i (z,2)Uc = :l:\P; (z,2)y°C

+ Ual\ffi(:c, )V (z,2)Uc = F¥x(z,2)¥x(z, 2)

Uzt ST U = ST




Baryonsin soft-wall model

Redefinition W, . (x,2) = e¥(?)/2724(2)y, _(z, 2)
Expansion on left- and right-chirality components (eigenstates of v°)

Vi (x,2) = @DZ.I”T (x,2) + @bfT (x, z)

Kaluza-Klein expansion

L/R

g DR OFEMOR

n

%\“

Relations between bulk profiles

i (2)
fin(2)

ff,T,n(Z) — _fE,T,TL<Z) )
fRam() = [ 0(2).

EOM

mn(2) = Mg, frn (=),

1 +1
~02 + k*2? + 2K7 (m:F 5) L mim )] L/R L/R

2

—pl



Baryonsin soft-wall model

Solutions
L
fT,?’L(Z) F(n—{—'T)
2'(n + 1)
R _
fT,’I’L(Z) - \/F(n_l_T_l)
and
with

R Z

\/QF(n_'_l) T T—1/2 e—m2z2/2 LT_l(/ﬁ',QZQ)
n )

2_2
T 27—3/2 P /2 L;_2<KJ222)

— p.]_A



Baryonsin soft-wall model

Inclusion of high Fock states
S=> ¢S

cr - set of free parameters

Integration over z using normalizazion condition for f&/E

S = /d4x1§n(x) |:ZCT’i @—ZCTMnT}wn(x).
o

Correct normalization of kinetic term of 4D spinor field

Z cr =1, Z crMy+ = M,, (baryon mass)

T T

~p.l



Baryonsin soft-wall model

Large N. expansion My, =>cr Mpr~ Kk -+vVn+717—1 ~ N,
T S~ N -

~+v N ~+/N¢

k ~ /N, consistent with LFH (Brodsky-Teramond)

Fr =%k =83MeV ~ N,

Dilaton can be identified with VEV of the scalar bulk field with dimension-2, which
is holographically dual to the dimension-2 gluon operator Aﬁ.

K% ~ N, is related to the vacuum expectation value (VEV) (asAZ) ~ N

Ai has been discussed in the literature in detail:

Celenza-Shakin; Chetyrkin-Narison-Zakharov; Gubarev-Stodolsky-Zakharov;
Dorokhov-Broniowski; Arriola-Bowman-Broniowski

Quadratic form of the dilaton profile is not unique

See: Liu-Tseytlin model (top-down AdS/QCD approach)
e¥(*) =1+ qz*, where q related to dim-4 condensates (asG?2,) ~ N, and
<a8GMVéMV> ~ N

~p1



Baryonsin soft-wall model

1

VN

Holographic variable z (as conjugate to ) scales as z ~

Physical interpretation:

e Limit N. — oo means z = 0 or approaching to UV boundary

baryons are bound states of infinitely number of N. quarks

e Limit N, — 0 means z — oo
no bound states of quarks due to confinement imposed by the dilaton

see also Brodsky, Huet PLB 417 (1998) 145

- pl



Electromagnetic stucture of nucleons

Abidin-Carlson: First application of SW model (3q configurations)

Coupling of bulk vector and fermion fields

Lint(x,2) = Z Z cr U o (x,2) f/z(x, 2) VU, - (x, 2)

t=+,— T
Vi(x,2) = QTMVy(x, 2) + i nv [0M TN Vi (2, 2) + gy 73 TM 302 Vi (2, 2)

7: 1%
o qu Fy' (1) | u(p)

@[T (0)|p) = a®’) |y FL (t) +

2mN
FP(Q*) = C1(Q%) + gvC2(Q?) +nh.C3(Q?)
FP(Q* = nbCa(Q?)
QY = —gvCa(Q?) +nC3(Q?)

F3(Q%) = nyCa(Q%)

~p.l



Electromagnetic stucture of nucleons

@)=} [a:V(Q2) Ser ([f£<z>]2 n [f5<z>12)

=Y crBlat+1,7) (1+3) ~ X 7o

EVQ) T e ([fﬁ(z)]? - [ff(z)]?)

Cr B(CL+ 177-) ~ Z ale

T

C3(@) =} [d20.V(Q.2) T er ([fTL(z)]Q - [fﬁ(z)]?)

—a Y cr Blat+1,7+1) 2= o 5 ey

Ca(Q?) = 2my Z’O 022V (Q,2) Y er fE(2) FR(2)

= QTZN >cer(a+1+7)Bla+1,7+ 1)V -1 ~ > ==

L'(m) T'(n)

Fmany IS the Beta function.

2
a:f?, B(m,n) =

~p.l



Electromagnetic stucture of nucleons

V(Q, z) — propagator of trans. massless vector field (analogue of EM field)

v@s) = r(u+ g )u(gm o)
,2) = I'(1+ 1 U 0,k“z

K2 AK2’
1 o Q2 B K222ZC
== &222 / —  r4k? e 1l—=x
o (1—xz)2
Radyushkin-Grigoryan (integral repr.)
Brodsky-Teramond (identify  with LC momentum fraction)

V(0,2) =1, V(Q,0) =1, V(Q,o0)=0.

At Q? = 0 functions C;(Q?) are normalized as

C1(0) =1, Co(0)=C3(0)=0, 04(0):2mNZcT\/7¢_1

K

~p.2



Electromagnetic stucture of nucleons

Choice of free parameters

k=383MeV, c3=125, c4=0.16, gy =0.3

c5 IS expressed through c3 and ¢4
cg =1—c3 —cqg = —041
c3, c4 are constrained by the nucleon mass
 Is fixed by the nucleon mass and nucleon electromagnetic radii

gy 1s fixed by fine tuning of the neutron electromagnetic radii

Nonminimal couplings ny;" from nucleon magnetic moments

~1
ngz"‘(“f’ ) _ 030, pho= —F" = 032, Co=+v2c3+V3cq+ 25

2mpy Co 2mpy Co

—p2



Electromagnetic stucture of nucleons

Mass and electromagnetic properties of nucleons

Quantity Our results Data
my (GeV) 0.93827 0.93827
tp (iNN.M.) 2.793 2.793
r (iINN.M.) -1.913 -1.913
r. (fm) 0.840 0.8768 + 0.0069
(r2,)™ (fm?) -0.117 -0.1161 + 0.0022
ri o (fm) 0.785 0.777 + 0.013 £+ 0.010
r. (fm) 0.792 0.86270053
r4 (fm) 0.667 0.67+0.01

—p2



Electromagnetic stucture of nucleons

5(Q)/Gp(Q?)
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Electromagnetic stucture of nucleons

my GH(Q%)/Gh,(Q7)
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Electromagnetic stucture of nucleons

M (Q%)/ 1y Gp(Q7))

1.25

1.0088

0.75

0.50
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Electromagnetic stucture of nucleons

1(Q%)/ (1 Gp(Q7))

1.25

0.75

0.50

1.00 &4
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10
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Electromagnetic stucture of nucleons

B(Q%)
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0.10
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Electromagnetic stucture of nucleons

my GH(Q%)/Gh,(Q7)

1.1

1.0
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-p.2



Electromagnetic stucture of nucleons

B(Q%)/ G (Q7)

-0.05f

-0.10f

-0.15F

-0.20F

-0.25

A n(ée'n)
® 2H(G i) PWBA
B 2H(& ed): FSI+MEC+IC+RC

h

I

0.5 1 1.5

Q* (GeV?)
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Electromagnetic stucture of nucleons

Q' FI(Q?)

Q* (GeV?)
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Electromagnetic stucture of nucleons

Q' Q)

Q* (GeV?)

-p3



Electromagnetic stucture of nucleons

@ FY(Q)/ Q)

® JLab Hall A GEp(I)
B JLab Hall A GEp(II)
A JLab Hall C GEp(III)

Q* (GeV?)

-p3



Electromagnetic stucture of nucleons

Q F(Q*)/FY(Q%)/ log*(Q*/A?)

0.3

0.2

0.1

A =0.3 GeV

® JLab Hall A GEp(I)
B JLab Hall A GEp(II)
A JLab Hall C GEp(III)

10
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Nucleon GPDs

Sum rules relating EM FF and GPDs Ji, Radyushkin

1 2 1
FP(t) = de | =HY(z,t) — = H%(x,t)
1 0 3 3

Fl'(t) = /Oldas<§Hd(ast ;H“(:c t))

1 2
FP(t) = / da (3E“(a: t) —Ed(:c t))
0
1 2 1
O = [ do (3B - Eiw)
0 3 3
Grigoryan-Radyushkin integral representation for bulk-to-boundary propagator

1 dx Q2 x 2.2
V 2. 2 —
(@,2) =2 /0 A_azite e

LF mapping (Brodsky-Teramond): x is equivalent to LC momentum fraction

- p.3



Nucleon GPDs

Q2 Q2

GPDs Hi(z,Q?) =q(x)z4x? , El(x,Q?) = ed(x)x1n?

Distribution functions ¢(x) and e?(x)
q(z) = a¥m(z) + Biv2(x), e¥(z) = By3(x)
Flavor couplings a9, 39 and functions ~;(x) are written as
a*=2,a’=1, 8¥ =2, +nn, B =1p + 20
and
1 2

vo(z) = 1—10z+ 21z? — 1227
va(x) = 24(1—x)?

-p3



Nucleon GPDs
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Nucleon GPDs

Nucleon GPDs in

Q(ma bJ_) —

el(x,by) =

impact space Burkardt, Miller, Diehl, Kroll et al

2 2
d2kJ_ . K2 LA
H ,k2 —ZbJ_kJ_ — €T e log(1/x)
() Hale kD) M) og(1/2)
5 2 b2 k2
TKL e I2)e Pkt = et(a)— "
(2)2 mlog(1/x)

Parton charge and magnetization densities in transverse impact space

pp(bl) = > e

prr(bi) = e
q

where e}, = e’ =2/3

b%_ /12

1
K2 dx I A
dag(aby) = "= 3 e [ S a(w)e” T
q 0 g

b%_ F{,2

1
K2 dx _ 2 r
dret(abr) = =3 [ et O
q 0 g

i
/

and el =el =-1/3




Nucleon GPDs

Transverse width of impact parameter dependent GPD

> _ Jd*bibig(z,by)  Blog Hi(z,Q?)
<RL(CE)>C] — fd2bJ_C_I(ZC,bJ_) = —4 aQQ

Q2=O /432

Transverse rms radius

1
[d*b b2 [dzq(z, b)) L /5 54
2 _ 0 _ ~ 2
(R1)q = f == (5 + 12aq> ~ 0.527 fm
deJ_ dxq(wa bJ_)
f 0

_ log(1/x)

-p3



Nucleon GPDs

by [fm]

Plots for g(z,b ) forx = 0.1: wu(z,b_ ) - upper pannels, d(z,b ) - lower pannels

-p3



Roper resonance N (1440)

Put n = 1 and get solutions dual to Roper:

MR ~ 1440 MeV
N — R + ~ transition

_ ) q
M* =ag v Fi(¢?) —|‘ZU“VM—VF2(C]2)}UN7 7ﬁ=7“—q“q%
R

Helicity amplitudes

Q— 2

Mg = | (A= Pg)

M
Alternative set [Weber, Capstick, Copley et al]
P
A1/2 — —bH%l, 31/2 — b\/@H%O,
2 2 T
Q:l: — M:t+Q , M:E:MR:l:MNv b = SE Mo M
RN

—p.4



Roper resonance N (1440)

Helicity amplitudes Ai\fﬂ(o), 552(0)

SP 12(0) (GeV—1/2)

Quantity Our results Data
A} ,(0) (Gev—1/2) -0.065 | -0.065 + 0.004
A7 ,(0) (Gev—1/2) 0.040 0.040 =+ 0.010
ST /,(0) (Gev—1/2) 0.040
-0.040

—p4



Roper resonance N (1440)

Helicity amplitude A7 ,(Q?)

APy (@) (107° Gev V7
-l|> Il) N LN (o))
o o o o o (@]

|
N
o

Data: CLAS Coll at JLab, Mokeev et al, 1205.3948 [nucl-ex]

—p4



Roper resonance N (1440)

Helicity amplitude S7 ,(Q?)

SPyo(Q) (107 Gev V3
|

Data: CLAS Coll at JLab, Mokeev et al, 1205.3948 [nucl-ex]

—p.4



Roper resonance N (1440)

Tiator-Vanderhaeghen:

Quark transition charge density in the transverse plane

d“q —id. b
(273)5 e g1 b
2 > Lo 7
d CIJQ e—qu_bJ_

(27)

0.8
0.6

£ 04

=)

Q
0.2
0.0

i (P, T AT (0)| P, — T ) [unpol.
spF (P 5 s [JT(0)| P, =% s1) [T —pol]
o
i o ]
15 Z10 05 00 05 10 15
s= by (fm)
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Roper resonance N (1440)

Jo
0.0
i 00
& —02
E
=)
Q L
_04f
-0.6
C | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
-15 -1.0 -0.5 0.0 0.5 10 15
by (fm)
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Roper resonance N (1440)

p?— (lffmE )

ot



Roper resonance N (1440)

pﬂ?— [lffﬂ]EI -

— p4



Summary

AdS/QCD = Holographic QCD (HQCD) — approximation to QCD:
attempt to model Hadronic Physics in terms of fields/strings living in extra
dimensions — anti-de Sitter (AdS) space

HQCD models reproduce main features of QCD at low and high energies

We develop a soft—wall holographic approach — covariant and analytic model for
hadron structure with confinement at large distances and conformal behavior at
short distances

Mesons, baryons and exotic states from unified point view and including high Fock
states

Future work: nucleon TMDs, DVCS

St
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