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The CGC dipole model

e Colour glass condensate (CGC) is a popular effective field theory for explaining physical

phenomena in the proton saturation region.
1-z

A

e The forward scattering amplitude for the diffractive process : v*p — Vp

Sm Az*pﬁvp(s,t; Q% = E /d2r dz \IIZ*’_;A(T, z; Q%) \I’Z';;(T‘, z)* e N(zm, 1, A)
h,h

e The high energy QCD dynamics of the dipole-proton interaction are all encoded in the
scattering amplitude, N (zm, 7, A).

e To compare with experiment, we compute the differential cross section :
da'y*p_)Vp 1 *
—2 = —[SmA] P7VP(s,t = 0)]* (1 + B3) exp(—Bpt)
dt 167

— G. Watt and H. Kowalski, PRD 78, (2008), E. lancu, et al. B 590, 199(2004) 2/14



Light-Front QCD

e Light Front QCD is an ab initio approach to study the strongly interacting system.
o Hamiltonian Formulation : P~ PT|¢)) = M?|¢)), and has simplified Vacuum Structure.
e Light-Front coordinates : o = (z, 27, z%); k* = (KT, k7, k%);

Instant form
@ All measurements are made at
fixed ri.e. at x" = 0.
@ Energy-momentum dispersion
relation
pl= AP md

@ Vacuum is infinitely complex.

FrOHt fOrIn The instant form The front form
@ All measurements are made at - R
fixed light-cone time x* i.e. at B
F=x+ =0
e Energy-momentum dispersion . _(:‘_E“ o g\) ) _(3 o0 U)
v [

relation | 0010
e 1o
pT=
@ Vacuum is simple, as fluctua-

tions are absent.

o The choice of light-front gauge A™ = 0, eliminate certain degrees of freedom.

— P.A.M. Dirac (RMP, 1949); A. Harindranath (1996); Stanley J. Brodsky (2008)
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Light-Front wavefunction

Photon LFWFs : LF QED

e The photon light-front wavefunctions can be computed perturbatively in QED.

N, Ko(er)
‘IIZ:;L(T,z;QZ,mf) = E‘;h,—fzeesz(l_m)QT s

/N, 46 Ko(er)
‘llzlé(T7$;Q27mf) = + geef |:'Le K T(méhijl¥ _(1_1)5h¥,ﬁi)87‘+mf6hi,71:tj| o

Where ¢ = z(1 — 2)Q* + m}
In @ — 0 or z — (0,1) limit : my acts as infrared regulator.

— G. P. Lepage and S. J. Brodsky PRD22 (1980)

Meson LEWFs : LF Holographic QCD

e The longitudinal and transversely polarized vector meson light-front wave functions :

VL 1 m? — VE
\I/h,;l (T,:E) = Eéh’iﬁ |:1+ m \I’[,(T,ZL‘),
: . 440, U (r,x
‘I/;‘L/:;/L (7”, :E) = = |:Zei ‘ (mdhi,ﬁq: - (1 - x)éhq:,fzi)aT + mféhi,fzi 23:(1( — 33)) .

— J. R. Forshaw and R. Sandapen, PRL109 (2012)
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The holographic vector meson LFWFs W, (r,z) = Na¢(¢) x x(z)

e Transverse mode : Can obtained by solving the LF Schrédinger equation :
d>  1-4L?

(‘de - Ul(o) $(C) = M24(Q);

with U, (¢) = s%¢2 +2x2(J—1) and ¢ = \/=(1 — 2)r .

U(z, () = % z(1 — z) exp [— N22<2:|

e Longitudinal mode : 't Hooft equation which can be derived by using the QCD
lagrangian in (1+1) dimension with large N. approximations :

2 2 2
ma mg (z) — x(v)
(m + 7 _r) x(@) + %P/dyix - _y’;f = Mix(2);

Using the matrix method = x(z) ~ 271 (1 — z)%2

e In the chiral limit = 81 = (37713/7r92)1/2 , and | B2 = (377137/7rg2)1/2

e Total Holographic vector meson light-front wavefunction :

T (2,¢) = Nan/2(1 — 2)2P1 (1 — 2)%2 exp [‘—‘}

— Teramond, S.J. Brodsky PRD, 104 (2021), C. Mondal et al. PLB, 823 (2021), J.R. Hiller, Ann. Phys. 337

(2013)
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Model predictions : Mass spectrum

e Using both the holographic Schrédinger Equation together with the 't Hooft Equation
p and ¢ meson mass spectra :

J+ L
M?*(ni,ny,J, L) = 4k° (m_+ 3 )-O-Mﬁ(nu,mqymé,g),

Mo [MeV]
JPC Name n, n L My [MeV] M, [MeV] (This work)
1= p(770) 0 0 0 134 740 752
24t ap(1320) 0 2 1 296 1281 1315
37 py(1690) 0 4 2 401 1654 1702
4t q,(1970) 0 6 3 484 1957 2016
17~ p(1450) 1 2 0 296 1281 1315
270 ay(1700) 1 4 1 401 1654 1702
1= p(1700) 2 4 0 401 1654 1702

n;=3

n =2

n; =1

%
a,(1970) n=

#(217

M?[GeV?]
B [=2]
\
22 e
Lono
M?[GeV?]
B (=2} ©

#1700, .

P(1450) x 45(1850)
2 $(1680)
0 p(170)
6(1020)
0|
0 1 2 3 0 1 2 3
L L

— BG, C. Mondal, S. Kaur PRD, 109 (2024), C. Mondal et al. PLB, 823 (2021) 6/14



LFWFs overlap

e Vector meson production scattering amplitude o \Pz*if‘(r,a:;Qz) ® U (r,z)
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— BG, C. Mondal, S. Kaur PRD, 109 (2024)
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Dipole cross section

e Dipole-proton scattering amplitude A/ (2,7, b) can be obtained by solving the
Balitsky-Kovchegov (BK) equation.

. &(xm,r) = UoN(iL'myrQs’O)

1n(2/rQs)
rQs 2 ’Ys+m n Tm
N(zm,rQs,0) = No (%) [ NIn(1/ )} for rQs < 2
1- exp[—.Aln2(B rQs)] for rQs > 2
. . . . . /2 Q2+4m?
e (), is the saturation scale which is given as, Qs = (zo/Zm) GeV, z,, = T

e CGC dipole model free parameters oo, A, ¢ and ~s fitted from recent H1 and ZEUS
(2015) structure function F data (with 2pj < 0.01 and Q? € [0.045,45] GeV?) for

M ~ 0.046
Q* * *
F(Q% zpj) = o — (UZ P(Q% zps) + 0F p(Qz’wsy‘))

o The fitted parameters are o9 = 26.3 mb, vs = 0.741, A = 0.219, 2o = 1.81 x 107°
with a x?/d.o.f = 1.03.

— E. lancu, et al. B 590, 199 (2004), Ahmady, Sandapen, and Sharma PRD 94, (2016)
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Cross section results : Dependence on W

e p meson cross-section as a function of COM energy W in different Q2 bins :

10°
" P
10 @=0 =
P 10008 o e e
__f000p g = o 2 . s - Fa=Ty
= Eo e Qi3 ) C Q=60
5 100@ B toofa e
1 W T /A.,_’E‘——‘ .
S o Q13 IS s |
5 :§ 10| o . }:C: /A_’_’_A——”—-‘A—_g
iy P g=ms s 10 z o-nd
1/3__;__x’_f?——— /__;.—-r———[—‘
1
0.1f o H1(2010) — Thiswork a ZEUS (2005) a ZEUS (2010) — This work
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W[GeV] W(GeV]

® ¢ meson cross-section as a function of COM energy W in different Q? bins :

9 - H1(2010) (a) — This work o ZEUS (2005) (b) — This work
Q=24 GeV?
100 N Q= 3.3 GeV? 100 2 N2
50f__Z z 50
R x Q= 6.6 GoV? ) = 6.5 Gev?
PR — '
10 T Sz 10) Q% =13.0 GeV*
5 P - S e 3 L
1 1
055 100 150 200 % 60 80 100 120 140 160
WGeV] W[GeV]

— BG, C. Mondal et al. PRD(2024); H1 Collaboration : NPB 463 (1996), JHEP (2010); ZEUS
Collaboration : NPB 718 (2005)
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Dependence on ¢

e p vector meson production differential cross-section with |¢] :

o H1 (2010) — This work » ZEUS (2007) — This work

vp—pp

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
[¢][GeV?) [t][GeV?]

e ¢ vector meson production differential cross-section with [¢] :

(a) » H1(2010)
— This work

[t][GeV?]

— BG, C. Mondal et al. PRD(2024) ; H1 Collaboration : JHEP (2010); ZEUS Collaboration (2007)
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Dependence on Q?

® p vector meson production total cros-section as a function of Q? at fixed W :

of < Hi1 2010)

< H1(2010) — This work
1000% » ZEUS 2007) & ZEUS (2007)
_ Thi . gleHI(2000)
100 ‘asvl.h This work S I
A 3
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® ¢ vector meson production total cros-section as a function of Q2 at fixed W :

(c) + HI (2010) 14} o H1(2010) (d) W =90 GeV
& ZEUS (2005) 12 a ZEUS (2005)
— Thiswork s o HI (2000)
% L 71 10f— t'Hooft
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— BG, C. Mondal et al. PRD(2024) ; H1 Collaboration JHEP (2010): ZEUS Collaboration : NPB 718 (2005) 14



Vector meson cross section ratios

® ¢ to p cross-section ratio is simply given by the squared ratio of the effective electric
charges of the quark-antiquark coupling to the photon :

o 2 1/3 2
lim 2% = s ( / ) =0.22

Q2 —o0 Tp ei/d 1/\/§
0.35 T v v
- H1(2010) (b) o+ H1(2000)
0.30F4 H1 SV (1995) — t'Hooft
& 1
L
=2
S
~
g
1
R
w3
5
0.05F
W=75GeV
0.00 + v v
0 10 20 30 40
Q*GeV?)

o HI: 2% = 0.191 4 0.007 (stat.) 0008 (syst.) for (Q*+ My > 2 GeV?).

— BG, C. Mondal, S. Kaur (manuscript in prepration); H1 Collaboration JHEP (2010); H1 Collaboration :

Physics Letters B 483 (2000) 12/14



Electromagnetic Form Factors

e The EM FFs : plus component of the electromagnetic current, J1(0) :

e o ( ) ¥ ded’ky
I A Q%) = BT (kA (L—2)a )y (2. kL)
4 s
10F — ‘tHooft —— tHooft
So-IMA 3.0 ceee IMA
08 < BAT [59] <iere BAT [59]
: o Lattice 2008 25 o Latiice 2008
= aooy Lattice 2015 sooy Lattice 2015
a_ 06 .|
g
N
O o4
02 4 <=+ BAT [59]
-08 o Lattice 2008
o v Lattice 2015
o 0.0 0.5 1.0 15 20 25 3.0 0.0 05 1.0 15 20 25 3.0 —1.00.0 0.5 1.0 15 20 25 3.0
Q*GeV? Q*[Gev?) Q[Cev?)

e The static properties : rms charge radius, magnetic moment, and quadrupole moment :

2y _ 6 9Ga(Q?) _ _ _ a2
(rs) "G 02 o200 eGc(0) =e, eGm(0) =2Myp, —eGq=M,Q |
This work . .
BLFQ BSE Lattice QCD Lattice QCD LFQM NJL model
‘t Hooft IMA BdT [111] [118] [119] [121] [108] [120]
(2 0.75 0.94 0.91 0.44 0.73 0.819(42) 0.55(5) 0.52 0.82
7

Hy 2.40 2.90 3.30 2.15 2.01 2.067(76) 2.17(10) 1.92 2.48

Q, -0.027 —-0.023 —0.066 —-0.063 —-0.026 —0.0452(61) —-0.035 —-0.028 -0.070

— S. J. Brodsky and J. R. Hiller, PRD(1992) : H.M. Choi and C.R. Ji, PRD(2004) : BG et al. PRD(2024).13/14



Conclusion

@ Color glass condensate (CGC) is a theoretical framework widely used to explain
physical phenomena occurring within proton saturation region.

@ Light-Front Holographic AdS/QCD predictions along with ‘t Hooft for diffractive p
and ¢ production are in good agreement with the HERA data.

o The ¢ to p total cross section ratios are found to be independent of (Q? + M%) and
consistent with ratio expected from quark charge counting, ¢ : p =2 : 9.

@ Electromagnetic Form factors and static properties are also consistent with the
available predictions in litreture.

@ The study of VM production at HERA thus provides new insights for the
understanding of QCD.

Thanks for your attentation!!
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