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Why diffractive measurements?

e Momentum transfer conjugate to impact parameter b, < A ..
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IP-Sat provides good description of HERA data Extract proton size from slope
Rezaeian, Siddikov, Klundert, Venugopalan of exclusive spectra
1212.2974

e Exclusive process allows to access Generalized zP Q |
Parton Distributions (GPDs) rHy(x,A)) /b:\

For semi-inclusive processes and TMDs see
Cyrille’s and Piotr’s talks on Thursday



What else can we learn from diffraction?

Previous studies:

Spectra (|| —dependence) only sensitive to proton impact parameter b, dependence
Goal:
Azimuthal correlations of momentum and impact parameter of gluons (Wigner distribution)

Correlations between | and b, in Dy(r.,b,) dipole correlator

Observables:

Exclusive dijet production . : :
Hatta, Yuan, Xiao. 1601.01585 At small-x, limited to small invariant

Mantysaari, Mueller, Schenke. 1902.05087 masses (i.e. small p, jets).
FS, Schenke. 1905.03763

DVC5/exclusive VM Sufficiently small-x since
(correlated with electron plane!) invariant mass is small!

Hatta, Yuan, Xiao. 1703.02085
Mantysaari, Roy, FS, Schenke. 2011.02464

Also diffractive pion pair production in UPCs
Hagiwara, Zhang, Zhou, Zhou. 2106.13466

Approach:

Need to go beyond IP-sat, we will use impact-parameter dependent MV + JIMWLK.
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A detour: deeply virtual Compton scattering
DVCS: quark and dipole/gluon channel e+p —e+p+~

Bethe-Heitler
v DVCS channels

Y
1 , M
For DVCS and BH see / ; &

Aschenauer, Fazio, P

Kumericki, Muller 1304.0077 quark hand-
bag diagram

dominant channel at
small x!



A detour: deeply virtual Compton scattering

CGC* EFT and Multiple scattering Sub-hadronic process

A incoming photon polarization

)\/ outgoing photon polarization

(We follow a momentum space covariant \

. PT approach** (as opposed to LCPT):
)
[ !’
G e e TG AN
—> — >
D D &
LO diagram in CGC ;f (_’{A
\ ./\/l>\,>\/ J
P 4 L4 s e s
CGC effective vertex /=~ ' "/FE BRSO ET
Two CGC vertices: Ao e e A
*See Kong’s talk (previous session) TL\ /1 _r
for more on CGC and saturation V (bl T 2 Viby 9

**See Paul’s talk on Thursday for how covariant
PT approach is employed to NLO processes 6



A detour: deeply virtual Compton scattering
At leading order in the CGC EFT

[ !/
Y2 +tDp— Y 0D q, \ _— 2 o ALY Let the photon have non-
. —> _ zerovirtuality Q'
Y Y and consider non-zero

quark masses*

j
|

Helicity preserving amplitude

(Ma121)y N/e_iALbL/DY(TvaL)/e_MLM (2% +2°) ef Ku(egri )ep Ka(eyr)
T

bJ_ z

—I—meo(efrl)meo(a‘}rL)}

(Mat 1)y ~ 2200 / e—iALb. / e208 Dy () b)) / LT o7 ¢ K (e )y K (€rL)
b r z

4 i

Helicity flip amplitude E

Similar expressions for other amplitudes: <./\/lo,o>y <M:|:1,O>y <MO,:I:1>Y

____________________________________________________________________________

*Expressions consistent with 1703.02085 when Q'> = 0 and my = 0.
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A detour: deeply virtual Compton scattering
Off forward and dipole angular correlations

Dy (r1,b1) =Dy o(ri,b1)+2Dys(r1,b.)cos(2¢p b, ) + ...

Isotropic Elliptic
Helicity preserving amplitude

(Mi1,41)y fv/e_iAL'bL / Dy(rL,bL)/e_i‘n'” (2% +2%) ep K (epro ey Ki(ehry)
b, LA z

—I—meo(&‘f’l“J_)meKo(é‘;cTJ_)}
Contributions from all modes, but mostly Dy, when A | < Q
Helicity flip amplitude

(Ma1,71)y ~ et2ioa / g AL DL / eﬁi(b”ADy(rL, bL)/e_i‘h'”zz ele(sfm)efle (E’Jcm)

bJ_ T z

Contributions from all modes, but mostly Dy, when A} < Q

Kinematic: off-forward phase e "0+ 7"+ 5.~ (2;2> AL

Intrinsic: correlation between 7" L and b1 in the dipole (e.g. Dy 2)



Heavy vector meson production
From DVCS* to VM production

YN+D =Y +D =% A +p—Vi+p
V =17/, pw,..

v* |
/ .
\ MWW~<: } A massive quarks m

can have longitudinal polarization

®

need model for light-cone wave-
function (e.g Boosted Gaussian) ¢r,r(rL,2)

Follow prescription in hep-ph/0606272 and replace the LC wave-function
of final state (virtual) photon with:

longitudinal transverse VM LC wave-function
eqry - eqry - — N+ 723
(E> 2ZKo(elrL) — or(ry, 2) (%) 22 Ky (ehr1) = —01¢r(rL, 2) $L,T Lz,;jz 2 »
m 2zZr m
m2 — V2 eqr\ _ , x exp | ——L— — o
20" — My +6—L =+ —— ) 2ZKo(erL) — ¢7(ry, 2) 822z R? 2
Kowalski, Motyka, Watt. hep-ph/0606272 See Jani’s talk tomorrow for more

on VM LC wave functions



Why heavy vector meson over DVCS?

* - * o V:J/¢7p7w7
Y | | Y Y | p
A A A
Hatta, Yuan, Xiao. 1703.02085 H. Mantysaari, K. Roy, FS, B. Schenke.

2011.02464

Advantages

e Massive quarks reduce contribution from large dipoles

o J/y has less sensitivity to off-forward phase

e No Bethe-Heitler contribution

Disadvantages

o Uncertainties in the vector meson wave-function
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Azimuthal correlations with electron
Polarization basis and electron plane correlation

Lepton-hadron tensor
decomposition in
polarization basis

Lepton-hadron tensor
decomposition Insert completeness

relation

M?Z ~ L' X, g M? ~ LAS‘XAX

N (uqv *
uv = % + Z(_l)AEM(Aa Q)El/()‘a Q)
A

Lyx = LM e, (N q)eb (A, q) X5 = Xt (N @)es(N, q)
: < —i(A—=A
L ~ e@(>\—>\)¢ef _ X5 ~v e AT Moa E :MT\,NMX,,\/
AN AN ;
electron photon /\Photon proton
! photon flux azimuthal )LON
az;rng[cehal factors angle amplitude squared

Mi,)« M3
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Azimuthal correlations with electron
Vector meson azimuthal correlations with electron plane

do PV frp(y) Mg + fri(y) M3, N

—frr(y)MrrMrr cos (pen) /
+ frr aip (Y) M1 M fip €OS (2006 A) /
Here | assumed (for this conceptual discussion) /
M%TaM%’T,ﬂip < MQTT valid for |t| <2 GeV2 Image source;:eghéz)collaboration

For full expression see 2011.02464

electron-J/y azimuthal correlations
Helicity preserving: Mrr = (Mar1)y (COS hon ), ~ — JrrMrr
Mrr = (Moo)y ¢ Jrr M

ip M i
Pol changing: Mpr = Mrp = (Mo +1)y (cos 2¢6A>¢ ~ Jrr aipMaT fip
Jrr MTT
Helicity flip: Marrgip = (Mti1,71)y

For simplicity | ignored M1,

Dy(TJ_, bJ_) = DY70(7“J_, bJ_) -+ QDY,Q(’I‘J_, bJ_) COS(2¢rLbL) + ...
See Piotr’s talk on Thursday for electron-plane

" correlations in inclusive dijet production



Numerical results for J/y production
A toy model: GBW type dipole (without dipole modulations)

"“QL 20 Proton transverse profile Azimuthal correlations
DY(’I”J_,bL):l—GXp [— 5 T(bL)C(ﬁ(’PJ_,b_L)] C
4 p Tp(bj_) _ e—bi/(QBp) Cgb('rj_, bJ_) =14+ 5 COS(2¢7"I))
101-% etp-e+p+)/ly —— Average 61 ———- Ki
£ 100, Q=2 Gev? T Sl
3 100y N\ T cos(2¢en)
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S10-24 . - c=01] ¥ ¢=0
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Small elliptic anisotropy in the absence of dipole modulations ¢ = 0.

Non-zero due to off-forward phase e_i‘h Tl

13



Numerical results for J/y production
A toy model: GBW type dipole (with dipole modulations)

"“QL 20 Proton transverse profile Azimuthal correlations
Dy(’r’J_,bi):l—eXp [— 2 T(bL)C¢<T’J_,b_]_)] C
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Large azimuthal anisotropy when turning on dipole modulations ¢ > O
(i.e. non-zero D,)
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Numerical results for J/y production
A more realistic setup: IP dependent MV+JIMWLK

e Initial conditions: MV model with (pp) ~ g*p* ~ Q% ~ T, (b_)
e Small-x JIMWLK evolutionup to Y = In(1/xp)

e Wilson Lines evolved event-by-event

o Dipole obtained from ensemble average (Tr(VV'))y ; 2
VAP 2UWEp — with fluctuations | Resultant dipole modulations
i H1 coherent
102 | H1 incoherent
T
Q
©
o]
=
310%™
o) 1 T
S e
100 CGC | | | —-.-—_ NS
0.00 0.25 050 0.75 1.00 1.25
2
It] [GeV"] 0 og L CGC, Jr|=0.35 fm, [b] =0.35 fm
%0 1 2 3 4 5 6

Free parameters constrained by HERA data

on exclusive J/yat W =75 GeV (r, b)
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Numerical results for J/y production
for electron-proton collisions

From impact parameter dependent MV model

107
. e+tp-e+p+t]y —— Average | —— vy(xp»=0.01)
— 10 o 2550(52(¢kk,f)) _ 61 — vyix.=0.001)
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Sizeable azimuthal anisotropies (a few percent) which decrease with small-x evolution

Color charge gradients drive azimuthal anisotropy
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Numerical results for J/y production
for electron-nucleus collisions

From impact parameter dependent MV model

10%: -==- —COS(Pkn) 3
g T\ e coS(2¢kn) 7
) 103__ i
2 v =4l
Q B
2 _
~N 1023
< ]
-21 1 T\
& 1074\
O ;'r'“\
>% 0 ] \\
g 1079 %
S IR WA CGC]
T 1071- }," \ 3
1 1 5 ]
3 A\l ]
10-2 1% \"# m

0.00 0.05 0.10 0.15 020 0.25
|t] [GeV?]

Characteristic dips in spectra due to Woods-Saxon nuclear profile

Azimuthal modulations U, less than 1% due to smooth color charge (small gradients)
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Incoherent diffraction and fluctuations
Geometric and color charge fluctuations

Incoherent t . t
diffraction: <M M>Y <M >Y M)y Coherent and incoherent

cross-section

Proton density profile with

“+poJly+ —_— Wi ions |1
substructure (hotspots) BNV TPTIER it fluctuations |
| i H1 coherent '
H1 incoherent
1t 1t | < 10%
i B .
£ of ot | 9
—1} It | - X
1‘\\\\
. — 1| |os 210%™
1_ i L ] |
10.4 -
E of || | |
= 0.2 100 l l , ,
_1| I | 0.00 0.25 0.50 0.75 1.00 1.25
. , , , , 1 2
-1 0 1 -1 0 1 0.0 t] [GeV7l
x|fm] x|fm]

Incoherent cross-section needs

Mantysaari, Schenke. 1603.04349 geometric fluctuation; (hotspots)
’ and Q, fluctuations
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Incoherent diffraction and fluctuations
J/y correlation with electron plane
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Substructure fluctuations change anisotropies at moderate
momentum transfer |z| = 0.5 GeV?, increasing V2
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Summary and Outlook

e Identified an observable to access dipole azimuthal correlations at
the EIC using diffractive J/y production

e Computed expected azimuthal anisotropies at the EIC using
impact parameter dependent MV model

e Promote to our result NLO See Jani’s talk tomorrow for
exclusive VM at NLO

e An alternative to MV model: color charge 2-point function from

proton LC wave-function See Heikki’s talk right after this talk for
more on these correlators and implications

e Distinguish different geometric fluctuations (e.g. hotspots vs
stringy proton) using azimuthal anisotropies
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Deeply Virtual Compton Scattering

At leading order in the CGC EFT

z K
G e e TG AN

>
fy*
~ v & (_’/
[ —q ' — A
SN

Scattering amplitude at LO in the CGC

Sxv(pal =
(eqs)? / TS (DF( )51~ )T = gl = &)
) SO — A)g* (X, A)S (YT D]

CGC quark eikonal vertex

Kinematics in LC coordinates

incoming (outgoing) photon momentum
and polarization

incoming (outgoing) virtualities
Q' =—q" Q% =-A°
Polarization
AN =0 longitudinal pol
A\ =41 2 transverse pol

We let the virtuality of the out%oing photon
to be non-zero (for DVCS let Q* =0).

7;610/ Zj(l-)l/> _ (27’(‘)5([_ - l/_)’y(;a/sgn(l_) /de_Lei(lLll)-mLVfign(Z)(wJ—)
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DVCS and VM production

Collinear limit and GPDs Hatta, Yuan, Xiao. 1703.02085

Dy (r1,b1) =Dyo(ri,b1)+2Dys(ri,b1)cos(2¢p b, )+ ...
Dipole FT to momentum space:
FY(QJ_, AJ_) — FXQ(QJJ AJ_) + 2F}€/(QJ_7 AJ-) COS(2¢qA) T ..

At small-x, one can compute gluon GPDs:

Unpolarized gluon GPD

ng(:E, AJ_) _ 2N, / ti}g(quL) Helicity preserving
C (Mi141)y ~xHg(z, A])
Elliptic gluon GPD Helicity flip
AN, M?
xErg(z, A1) = CAQ / ti}Ef(QL, Al) (Mzrz1)y ~ 2Erg(z, AL
s Jq,

Possible to constrain the Wigner distribution from GPD
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Numerical results for DVCS

for electron-proton collisions

From impact parameter dependent MV model
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Significant contribution from large dipoles even at large Q? due to z — 0,1

Azimuthal anisotropies significantly larger than in J/y with large

contributions for large dipoles
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