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Exclusive quarkonia photoproduction

Single quarkonia photoproduction
» Clean probe of gluonic structure, comple-

ments inclusive data in phenomenological fits
Color Dipole framework:

— probe dipole amplitude (b-dependence)
Collinear factorization approach:

— probe (gluon) GPDs of the protons

(see QWG review, Eur.Phys.J. C71 (2011) 1534)

J/Y

» Heavy mass mg > Aqcp is “natural” hard scale, wide region of applicability
of perturbative treatment (up to photoproduction, Q* = 0)

—Accessible both in ep colliders and pA, AA colliders in ultraperipheral kine-
matics

Photoproduction of quarkonia pairs

'Y(*)+P_>M1+M2+P7 M17M2=J/¢7 Tley Xey+--
» Can vary quantum numbers and kinematics of produced quarkonia in order
to disentangle effects due to wave function from target-related effects

= much more detailed information about the target (parton distributions,
dipole amplitudes at x < 1

» Cross-sections within reach of EIC, JLab@24 GeV, UPCQLHC, LHeC, FCC



Previous studies of meson pair production

» Studies in Bjorken regime: [PLB 475, 147; PRD 63, 114001; NPA 679, 185 .. ]

")/(*)—|—p—>M1—|—M2+p, Ml,MQZﬂ'i,’/TO...

Focused on light mesons : .
> mass M < Q, twist expansion
> If (pm, + pum,)? is small, contributions from feed-

down channels (p — 77, ...)
>Depend on 2-pion distribution amplitudes (poorly known as of now)

Not applicable when M ~ Q > Aqcp

» Photoproduction of heavy quarkonia:
[PRD 101, 034025; EPJC 49, 675; 73, 2335; 76, 103; 80, 806.]

> Focused on J/v J /1 channel } u
> Is dominated by photon-photon fusion (C-parity) §
> Extra photon=+additional O (a2,,)-suppression in « )

cross-sections ) ) -
> Might get contributions from diagrams with odd- ’

eron in t-channel




Our suggestion: quarkonia pairs with opposite C-parity

» Wide range of possible quarkonia choices: J/v¥ne, J/¢ xc, T nec...
» Hard part is dominated by 2-gluon exchange in t-channel,
=significantly larger cross-section than for J/v J/4

> Two main production mechanisms, depending on heavy flavour content:

; Mechanism
Final state
(A)  (B)
2 charmonia or 2 bottomonia (J/1 1c, T np, ...) o (]
B meson pairs (BQLB;% (BiJng) ) Py

Charmonium+bottomonium (J /¢ 1p, T e, ...) e ]




Kinematics and choice of framework

Our main focus: Electron lon Collider
» Typical values of variables &, xg

2 2
o A Q"+ Mi, ¢ XB
B ——————— = .
Q2+ w2’ 2 —xg
>>In EIC kinematics, accessible xg, Q@ might Qs Bjorken x,20 5" a1 20 x 250 GeV

vary significantly, depending on choice of
electron-proton energy E., Ey(see left)
—Values of x5,& € (107%, 1)

> Dominant contribution (from spectrum of

equivalent photons): @ ~ 0 (Q*> < M3)

Q (GeV?H)

Choice of framework:
» For xg, £ < 1 saturation effects are important, color dipole description is a natural

choice.
—Collinear factorization (and similar) unreliable due to large NLO corrections
(~ Inxg), lack of saturation effects
» For xg,£ 2 0.01...0.1 collinear factorization is a natural choice
—eikonal-based description used in small-x approaches might be unreliable



Evaluations in collinear factorization framework

» Bjorken regime (Q2% p- g > M? |t])
Evaluation straightforward, amplitude: A~ /dx Fé(,") (x,&,t) c@ (x,6),

F = {He, B, A B }
»Full expression for C(x,&) is too lengthy, has a structure

<3

TY

(€)= Z(xngi,o)"’ e

where functions Ny (x, &) remain finite for x — +£
>>Behaviour near points x = +£ signals potential breakdown of collinear factor-
ization
— Similar singularities observed for dijet production [PRL 128 (2022), 182002]
—need to take into account transverse momenta [EPJC 74, 2725 (2014)]
*Effective regularization: ’kf_/Qz‘
» Caution: [> Presence of large scale M, > (M), + M,,C)2 ~ 36 GeV?
> Cross-section is small, and decreases at least as ~ 1/Q°®
= For Q? > M2, get extremely tiny numbers, “pure” Bjorken regime
is difficult to achieve from experimental point of view



Evaluations in collinear factorization framework (I1)

» Beyond Bjorken limit

mn, VIt [p] < Q@ My, My, < ptq™, Wy
~NAT1x0 ~N\O ~AL

Qs (mc) , Qs (Q) <1
where A — oo is some hard scale. Keep only the leading order in A for simplicity
— Reasonable for EIC, LHeC, FCC-he kinematics
— Subtle point: in back-to-back kinematics no suppression if pi/w ~ —p':

» Hierarchy of scales:

2
* GPD is sensitive only to |t| = (pj_/w + p’f)
* py is disregarded in coef. functions in collinear factorization

=-Should be careful with observables which might get contributions from this

region
» Structure function C(x,£): Caution: Evaluation done at LO.
. > At higher orders (NLO, ...) large
C(x,€) = Z N (x, 5) contributions due to BFKL logs.
n xFEEI0 — Important if xg ~ M%,/W? < 1,
B — Explicit evaluation of all those
where N (x, £) are finite for [x| <1 corrections is not feasible.

— Photoproduction @Query high energy: £ ~ sz/w/W,fp ~ 0, probe GPD
moments (form factors) R,(t) = [ dxx"Hg(x,0,t), n2 -1



Results in collinear factorization

» Use Kroll-Goloskokov GPD for gluons
>In ep — epnc J/1) cross-section there 10°
is ~1/Q> from leptonic part, so
cross-section is dominated by small-Q i EIC
photons o E,=275 GeV

—Consider instead cross-section of yi=ye=0
v*p — pne J/¢ subprocess: 103F ]
—Consider normalized ratio : -
R, = do(Q, ...)/dQ Q, GeV
= do(Q =0, ...)/dQ > The Q*-dependence is controlled by

—values of do depends on ya, p, | ] 2y

—for Rq dependence largely cancels M2 = (p1/¢ + p”C) ~ (MJNJ + Mnc)
—very mild dependence for Q* < M2,
— Ro(Q) ~1/Q° for Q> M,



Results in collinear factorization (II)

pr dependence for ep — epn. J/v:
10— T T T T T T T —3
: EIC

Yoy=yn=0

doldy, dy,dpidp3de, pbiGeV*
]
Y
T
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PT=Pu1y=Pp,; GeV
» Exponential suppression at large-pr
> due to implemented t-dependence in
gluon GPD Hg(x,¢&,t)

He(x, €, ) ~ 50"

— recall that t ~ —4p% + ...

Rapidity dependence for ep — epn. J/4:

«—— large xlg Iarge|y=v/EE —
EIC
210
S
5
b
% E. x Ep, GeV
Y.
% i 18 x 275
ol 4 10x100 |
10 !/ e 5 X100
/i 1 1
-2 -1 0 1

Yi=y2
»Peaked at central rapidities (y1,y> ~

(=1,0)

> At negative rapidities xg,& in-
crease; so gluon GPD decreases

>> At positive rapidities suppression
due to leptonic factor, elasticity
y=q-p/k-p=rv/E. approaches
unity



Framework for evaluations (I1)

» Color Dipole approach

>Valid at high energies (small-x, & <« 1)
> Based on eikonal picture in the target rest frame
>Replaces individual partons = parton showers
t>Interaction with target is described by (universal)
dipole amplitude, which:
— satisfies Balitsky-Kovchegov equation
— effectively resums the fan-like diagrams as

shown in the Figure
»Interactions of shower with heavy quarks is still suppressed by o (mg):

Eikonal picture: factorize amplitude into WFs and dipole amplitudes in config.
space
—WFs from potential models



Color dipole vs. collinear factorization approach

» Use Kroll-Goloskokov GPD for gluons, b-CGC for color dipole amplitude

~«—— large xB large y_v/Ee —>
102 = EIC -
o ]
o
S
i
3 10"
Nb C n
© i —— Color Dipole
| Eex Ep=18x275(GeV) ... Collinear fact. |
100 ......... | R R RN | I S S S ST S Y
-2 -1 0 1
Y1=ye

» At positive y1,y> > 0:
—the shape of rapidity dependence is similar
—numerically predictions for cross-section differ by a factor of 2.
» At negative y1,y> < O:
—the shape of rapidity dependence is completely different
—approach the kinematics xg > 1072, where dipole model is less reliable.



Analysis of cross-sections

» J/¢nc has the largest cross-section, dom-

: oo . N 3 EIC
inated by contributions of "type-A" diagrams, g £,-275 GV
type-B" is strongly suppressed s Yi=2=0
= Important for understanding processes, 3
>
. . . el
which get contributions only from “type-B". ¥
ron - nden 1/p%. Dominan 5107
> Strong pr-dependence ~ 1/pT. Dominant s e encel
contribution from pr < 1GeV. A 3 : 10
P1=p2=pr, GeV
W, GeV
EIC 10 20 50 100 200
E,=275 GeV 10" T
2 ,
S 2wl [
1’? ‘1:71““i 5 EoxE,=18x275 GeV
107 S 101 ]
$ 11‘:)_GE g (yfsep =141 GeV)
L S
102 — - B
,,,,, i
I N B

=y2
Rapidity sign:

I positive in direction of e/~(*)
> negative in direction of proton

> For ep suppression at very forward

direction due to leptonic prefactor
> For other colliders (FCC-he, LHeC)

predictions are similar



Azimuthal dependence

» Can study dependence on azimuthal angle ¢ between pi/w and p*

» Motivation:
’ —might be used to study dependence on angle ¢ between color

dipole orientation and impact parameter

Q O Q

» Early phenomenological parametrizations (b-CGC, b-Sat): no p-dep.,
N = N(x, |r|, |bl)

—Might be incompatible with JIMWLK [PRD 99 (2019) 7, 074004]

115 .
00,0 =010,;,=287% [> Modern expectations:
110 - ’;iigjﬁﬁigé‘r{jﬁﬁi}jgg% — Dependence is mild:

1.05
N(x,|r|,|b|]) = vo(1 + va cos 2¢p)

1.00

Nr,b,y) /v

—Vp is taken from coventional parametrizations

CGC, [t =0.35 fm, [b| = 0.35 fm —vp K 1 is a small phenomenological parameter

0 1 2 3 4 5 6 — v2 might be accessed in dijet production
@(r,b)

[PRD 99 (2019) 7, 074004]

0.95

0.90



Azimuthal dependence

» The dependence on ¢ has a peak at ¢ = 7 (back-to-back kinematics):

0.4
1.
0.9 EIC
0.8 EIC
oz E,=275 GeV
§ 06 g 035 y1=12=0 ]
05/ Ep=275 GeV weo ]
0.4 =
03 $1=y2=0
0.2]
L L L L 0.3 L 1 L I
/4 /2 34 T nt/4 /2 34 b
¢ ¢

> Minimizes momentum transfer to proton at fixed |pi/w| and |p°|:

/Y2 |2 J . s

[t ~ [P * + [PT|* = 21p7 [P cos &

> R(9) is cross-section normalized to 1 at peak (¢ = ) to eliminate rapidity
dependent factors, integrated over ‘pi/w‘ , |p7l¢| to improve sensitivity

—changes 2 an order of magnitude, whereas v» is just a few % effect

> Suggestion: study G(¢) = \/R(¢)R(w — ¢) instead of R(¢)
— At small |t| cross-section do ~ €5, so ¢-dependence due to t(¢)

(almost) cancels.
= Sensitivity to v» is much stronger



Predictions for quarkonia with b-mesons

»Bottomonia-bottomonia pairs (e.g.

numerically have much smaller cross-section

» Mixed pairs are more interesting, probe subsets of diagrams:

>BZt B: might be produced only
via mechanism (A):

> C-parity does NOT give restrictions for

internal quantum numbers, so can study

10°

d®oldy; dp? dy,dp? dg, pbiGeV*

107

T(1S)n,) are similar to all-charm;

EIC E
E.xE,=18x275GeV 3

(Js=141Gev) 3

Y1=Y2=0 E

pr, GeV

both scalar (Bc:) and vector (BZ) quarkonia in different combinations



Predictions for quarkonia with b-mesons (11)

» Charmonia-Bottomonia pairs are produced

only via mechanism (B):

» Results for cross-sections:

1 EIC E
12 EoxE,=18x275 GeV §
qoRE T (fsep =141 Gev) ]
10 y1=y2=0 -

————— - Y(19) o

oldy; dp? dy,dp3 d¢, nb/GeV*
B

&
g

0.1 1
pr, GeV

R(¢)

10%-

10—1 L

X

EIC

Ep=275 GeV
pi1=p>=1GeV
y1=y2=0 — e
----- By B;
-------- Y 1o
'''''' JIy np
1 1 1 1
/4 /2 3m/4 T
4

» Qualitatively similar behaviour for pr, ¢, y-dependence.
» Suppression with mass ~ (A/u1)>" (A/12)?", where p; is the reduced mass of

the QQ pair in mesons My, Ma

>For T(1S)n. cross-section is much smaller than for Bf BZ since it gets

contribution only from “small” type-B diagrams



Studies in ultraperipheral pp and pA collisions @LHC

Ultraperipheral collisions:
» Impact parameter b > Ra + Rs
» Proceed via exchange of quasireal photon

& (@ < 1GeV?)
*+ » Nuclear targets:
= . .
A > Enhancement by ~ Z(atomic number) in
amplitude, ~ Z2 in cross-section
> Due to nuclear form factor Q* < 1/R3 <
0.1GeV?
» Feasibility demonstrated at RHIC, LHC
W, Gev Mz, GeV
50 100 200 500 MJ{ +M;, 65 7 8 9 10 12 14
- ‘ 0 UPC@LHG  EJA-158Tev 1
. upPc@LHC | 10% ( 5"5_4;:"\/) .
< EdA=158TeV {5 s= e
§ , jfﬂev g 107 3
S 10%h " 4=
S ( s%5TeV) Soef ]
% %
—YP 107 —YpP E
----- OpalA oo OpalA
10_‘ 1 1 9 1 1 1 1 1 10—4 1 § 1 1 1
-3 -2 -1 0 1 2 1 2 3
=y y1==y=Ayl2

» Qualitatively the same behavior as for ep (see our publication for more details)



Our mechanism (J/vn.) vs. J/1 J /1) production

» J/v J/¢ proceeds via vy — J/¢ J /¢ sub-
process, extra suppression ~ O (a2,)
> Extra photon=-additional o (agm)—

suppression in cross-sections

»

» Comparison with predictions from [PRD 101 (2020) no.3, 034025] :

10'g T 10" T T T
LHC FCC
10°: 1 e T ]

=100 TeV
Jom=14Tev 4 o 10'F V Spp =100 eV J
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<
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...210- a
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doldY, nb
B
X

10-3F 1 10k 4

100 ——Jwne 1 00 —Jvne ]
----- Jy iy S

10—5 Il Il Il Il L 10—5 1 1 1 1 1

-2 -1 0 1 2 -2 -1 0 1 2

» Cross-section of suggested mechanism is larger by 2 orders of magnitude

(not by factor ~ O (atem) ~ 10* as naively expected)



Summary

@ We suggest to study exclusive production of opposite C-parity quarkonia
(J/¥ne, I/t xc...) as a complementary source of information about the gluonic
field of the target
» Access to GPD H; in collinear factorization approach
» Access to dipole amplitude in color dipole approach

@ The cross-section are large enough for experimental studies, at least for charmonia
pairs
» Bottomonia and B BZ pairs have smaller cross-sections, but are also theoretically
interesting
» The quarkonia pairs are produced predominantly with small and oppositely directed

transverse momenta (|p.| < 1GeV) , small rapidity difference



Summary

@ We suggest to study exclusive production of opposite C-parity quarkonia
(J/¥ne, I/t xc...) as a complementary source of information about the gluonic
field of the target
» Access to GPD H; in collinear factorization approach
» Access to dipole amplitude in color dipole approach

@ The cross-section are large enough for experimental studies, at least for charmonia
pairs
» Bottomonia and B BZ pairs have smaller cross-sections, but are also theoretically

interesting
» The quarkonia pairs are produced predominantly with small and oppositely directed

transverse momenta (|p.| < 1GeV) , small rapidity difference

Thank You for your attention!



Appendix |: Amplitude in color dipole picture

Eikonal picture:
» t-channel interactions=-multiplicative factors in config. space
=-The amplitude factorizes into wave functions with a linear combination

of color singlet dipole amplitudes

A~ Uy (i, ri— 1) Om, (s Fic— re) @

®CmN(X, tm, )wQQQQ (r17r27r37r4)

where v, b, are some linear combinations of r1...rs, and ¢, are color factors

EiC !
EgxEp=18x275 GeV

: (v
(Jeeto1 oo » The wave function 150 is evaluated pertur-

L] v batively, since as (m:) < 1

Toop . » The quarkonia WFs ¢, , )m,are evaluated in
gty — Gomel . .

N — :é’g;mm‘c potential models; comparable with LC-Gauss
S 109f ower

S

for J/1 wave function

0.8
w 0.6
H
T 0.4
0.2

> In general results are close to each other,

= : o discrepancy ~ as (mc) ~ 1/3 (see left)



