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Exclusive vector meson production in deep inelastic scattering

H"+HA->WV+HA

@ Requires an exchange of at least two gluons
= Highly sensitive to the gluon structure of the
nucleus

@ Momentum transfer A can be measured:

e Conjugate to the impact parameter b

= Access to the spatial distribution of gluons

@ Heavy vector mesons (quarkonia) V =J/¢, T ...

@ )\ = Longitudinal, Transverse
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Quarkonium production at the leading order in the dipole picture

@ Factorization in the high-energy limit:

Invariant amplitude for exclusive quarkonium production

5 dz —f l_z 5 a q*
—iAr =2 / d2bd2rﬂe (b+G=2))Bw9%(r, 2)N(r, b, Y)W (1, 2)

° \Ilgi_’: Photon light-front wave function
o N: Dipole-target scattering amplitude

° \Il‘\7;_’: Quarkonium light-front wave

function
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Exclusive quarkonium production at NLO

Invariant amplitude for exclusive quarkonium production

dzd N
—iAi—o = 2/d2X0 d2X1/ zzﬂ;l 8(20 +z1 — L)W Nog WY/

+2 / d?xq d’x1 d°x; / %5(20 + 21 + 2 — 1)WITE Noy W7E*
i

@ Also contribution from the qgg state

@ Need the wave functions for qg state at NLO
Photon: Beuf, Lappi, Paatelainen, 2103.14549, 2112.03158, 2204.02486

Quarkonium: Nonperturbative

e Consider only t = —A? = 0 case:

No need to model b-dependence of Np;
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Nonrelativistic expansion for quarkonium

@ Non-Relativistic QCD (NRQCD): Parametrically v ~ as(vMy) > as(My)

= Expansion in v and as: 1> s > v > ...

Nonrelativistic expansion Escobedo, Lappi, 1911.01136

. laz /1 _\*
n __ § : me, /
vV — Cn(—m /0 4 (mq v) ¢ (I’ O,Z)

m,k

perturbative corrections ~~
nonperturbative constant

@ ¢™ = leading-order wave function for Fock state m

1
Q00000

@ a; corrections included in CX,

@ Relativistic corrections go as v* in the index k Escobedo, Lappi, 1911.01136
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NLO calculation in the nonrelativistic limit

@ Nonrelativistic limit: Leading-order wave function qbqa’(E) ~ (2%)353(1?)

Quarkonium Fock states: |V) = W{7|qg) + W% |qgg) + higher orders in NRQCD

Only include the leading terms O(v°) in heavy quark velocity:

dz’ dz/
vl = C‘(’)"’H"’/o —qsqq (r=0,2) wiiE = nggqu/ —qbqq(r =0,7)

— 0 (=

CO

q38+qq

CO

q4+qq>

at O(as . Escobedo, Lappi, 1911.01136
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Cancellation of divergences

o UV divergences between the qg and ggg parts of the calculation cancel
o IR divergences cancel when we take into account:
@ Renormalization of the leading-order wave function ¢99(F = 0)

o Can be related to the dimensionally regularized wave function Escobedo, Lappi, 1911.01136

/ _ / _ 1
/ii¢qq = /ii D X [1 - a;CF } ,a = gluon IR cutoff
7 T i

a
@ The rapidity dependence of the dipole amplitude which can be described in terms of the
Balitsky-Kovchegov equation

= The total production amplitude is finite and can be numerically evaluated
@ Longitudinal NLO production: Msintysaari, J.P, 2104.02349

@ Transverse NLO production: Mantysaari, J.P, 2204.14031
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Final expression (transverse production)

. N eerm, asC asC 1/2
—iAT = o5 2 / d*xo1 / &b {/c (Yo)+=5 T Kgg [ dx0 | dz2Koge(Yace)
Zmin
where KLO(Yq) = Ko(¢)Noa(Yo), ¢ = 102 + m2
35 (Y0) = Ko(C)No1(Yo), ¢ = |x01]y/ 7 Q% + m3,
1 1 1 72 5 mg|x
KL = [/VTMS (E,xm) + KT 4+ Ko(¢) (795 (7;5> +L (7;5) -3 +5 4%%) 7375> Not
and
5 1 ni Z3(2z0 — 1)?
Kqae(Yage) = 327rmq{K1(2mq22|X20|)| o [ I(J) (1-2)+28)-23 (22 — 1)IO)+I(,<)2 T 1w (22 + 1) 012
z 1+2z 142z
+ miKo (2mq22|X20|) 21-0) 2 ZI(”k) - 2(1 - 222)22.,7(/) - 4m§z2zZ(J) N012
q
1
—((1 - 2 - xzo/(x 0eVE)IV
(1-2) +z2)87r2quz\x20|2 Ko (¢)e™ 1 o1
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Including relativistic corrections at LO

o Keep terms up to v2 in the nonrelativistic expansion
@ Nonperturbative constants related to NRQCD matrix elements Lappi, Mantysaari, JP, 2006.02830

e Relativistic corrections v2a? to the amplitude:

[ Nc eermyq / 2 1 VPore(0) [1 m2x2 x5 Q? 1
—iAL = » . 2] dxa N01(Yd|p)m om2 |2 mgxo1Ko(C) — 8c Ki(¢) = 5¢Ka(C)
where the derivative of the rest-frame wave function ¢rg can be written as

V2¢re(0) = —(G°)v o35V (O1)v

0

= first higher-order corrections v%as and v2a? included in the production amplitude
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Initial condition fit for the dipole amplitude

o Fitted to the HERA structure function data

@ LO fit: Lappi, Mantysaari, 1309.6963 L4k
@ NLO calculation: needs an NLO fit 1.9k
@ NLO BK: numerically heavy < 1.0k
e Use different approximations: ° 0.8k
KCBK, ResumBK, TBK
e Two starting points for the BK evolution: 08
Yo.ek = 0.00 and Yo gk = 4.61 Oﬁ)‘_d

@ 3 x 2 = 6 different NLO dipole amplitude fits

Note: only massless quarks in this fit

at NLO

. HERA data
KCBK fit
----------- ResumBK fit

Hanninen et al., 2007.01645
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Total J /v production — dependence on the photon virtuality Q2

Nonrelativistic limit With v2 relativistic corrections

102 — Yok, oK = 4.61 102 = Yok, M0,8K = 4.61
== Yok, 08K = 0.00 == YoBK,m0sx = 0.00
W =90 GeV W =90 GeV
—. 10'f 10t
s =
=R =R
8 = NLO KCBK 8 == NLO+rel KCBK
€ ol — NLOTBK € | — NLO+rel TBK
— NLO ResumBK — NLO+rel ResumBK Lo S
- LO LOBK LO+rel LOBK ."..'\\
v HI N v H1 \
= . _ ‘.
107" o ZEUS p+y*—p+J/¢Y . 107" o ZREUS p+y —=p+J/Y .
101 } } ] 102 10! 107
M3, + Q% [GeV? M3, + Q [GeV?]

@ NLO corrections moderate, get a good description of HERA data

@ Relativistic v2 corrections important at low Q?
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Total J /1 production — dependence on the center-of-mass energy W

Nonrelativistic limit With v2 relativistic corrections
103 103

= Y0BK, 70,8k = 4.61 — Y0.BK, N0.BK = 4.61

== YiBK, M0k = 0.00

Q% = 0.05 GeV?

== Y8, nsx = 0.00

Q% =0.05 GeV?

102

Otot [nb]
Otot [nb]

=— NLO KCBK v HI1 == NLO-+rel KCBK v Hl

i,?f — NLO TBK e ZEUS — NLO+rel TBK e 7ZEUS
,/I,"l — NLO ResumBK ® ALICE s — NLO+rel ResumBK ®  ALICE
i /I i | === LO LOBK '* LHCb o ./ / LO+rel LOBK * LHChH
102 108 102 108
W [GeV) W [GeV]

@ Good description of the energy dependence

@ Yok = 0.00: unphysical results at low W
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Longitudinal-to-transverse ratio for J /¢ production

Nonrelativistic limit With v2 relativistic corrections
35 p+y = p+ I/ 95 p+y —=p+ I/
—— NLO KCBK —— NLO+rel KCBK
3.0f — NLO TBK W=90GeV 3.0f — NLO+el TBK =190 Gev
7’
o5l NLO ResumBK ,,’ - o5 NLO+rel ResumBK Z
------ LO LOBK R | +eess LO+rel LOBK Ll
§207— }/(J.BKJ)(J,BK =4.61 ,,’/ 7 gQO'_ S/U,BKJ]U.BK =4.61 ’,‘;::‘;"“‘
N Yo,81¢, 70,8 = 0.00, -5 Si5—~ Yo.BK, 0.8k = 0.00 zZ o
. ” . Z -
v oH L v HI Zr
1.0f o ZEUS _# 1 10f o ZEUS
0.5} E 1 0.5 g
0.0 , , : , 0.0 ‘ ‘ : ‘
0 5 10 15 20 25 0 5 10 15 20 25
Q? [GeV] Q? [GeV]

@ NLO corrections moderate
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Total T production — dependence on center-of-mass energy W

@ Relativistic effects small

e This is expected for T

@ Good agreement with the data
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— LO LOBK

== LO+rel LOBK

m— NLO KCBK Yj gk = 4.61

== = NLO+rel KCBK Yjpk = 4.61

10() L

Ttot [nb]

10—1 L

p+vy" —=p+T
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Summary

@ We have calculated both longitudinal and transverse quarkonium production at NLO
= Comparisons with data possible
@ Both NLO and v? relativistic corrections numerically important

o Generally good agreement with the data when both are included

Can distinguish between different NLO dipole fits

o At small W: Dipoles with Yy gk = 0.00 give unphysical results

o Future: Use NLO dipole fits with massive quarks

NLO light vector meson production at large Q?: Mantysaari, JP, 2203.16911

Important developments: precise measurements expected at ultra-peripheral collisions at

the LHC and the future Electron-lon Collider
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Backup
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Backup - Rapidity

@ The rapidity in the dipole amplitude is defined as Y = log z» + log(q™/P™)

e gT, P = longitudinal momenta of the virtual photon and the target

o Eikonal approximation: the invariant mass of the ggg system has to satisfy M2, < W?

qqg

P+ @
= 20 > Zmin = o = -
min q W2+Q27mN

Qg = transverse momentum scale of the target
@ In total, we have three different rapidities in the expression:

e Yy = the initial rapidity

o Yyg¢ = Yo + log ﬁ evolution rapidity in the real contribution

o Yiyip = Yo + log ﬁ evolution rapidity in the virtual contribution

@ The amount of evolution in rapidity: log1/2zmin &~ log W?2/2Q2

o Following Beuf et al. 2007.01645, we choose Q2 = 1GeV? and Yy =0
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Backup — Decomposition of the production amplitude

@ The leading order LO( Ygip) result
includes the resummation of the large
logs ~ aslog1/x

e NLO = LO(Yp) + NLOgjp + NLOgge

@ Here the same dipole amplitude used
for both LO and NLO
= NLO — LO(Ygip) tells about the

largeness of the NLO correction terms

—iArp [GOV_Q]

1.25¢
1.00¢
0.751
0.501

Y +p—J/Y+p

- LO(Yy) —--
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0.00F
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-/‘
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Backup — Performing the t integral

These results valid at t =0

Need the t-integrated cross section for comparisons
with experimental data

Use the experimental parametrization for t
dependence:

dO’ o _bltl dU o
T e X dt(t =0)

b ~ transverse size of the target-meson system

b taken from a fit to experimental data

ZEUS
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ZEUS collaboration, hep-ex/0201043
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Backup — Exclusive light vector meson production at NLO

o Calculated in Mantysaari, J.P, 2203.16011, in the limit Q% > sz
o Excellent agreement with the data

or(y* +p—p+p) [nb] or(y +p—p+p) [nb]

— Yok, Mk = 4.61 103
10" == YjpK, nosx = 0.00

Q% = 35.6 GeV? B 102t

— Yok, Mo.sx = 4.61 |

== YuBK, Mo,k = 0.00

..
...,
...
.,

W =75 GeV |

101_
— NLO KCBK - LO LOBK 100l — NLO KCBK - LO LOBK
10° — NLO TBK " HIL4+T — NLO TBK e HIL
— NLO ResumBK 101 — NLO ResumBK ® H1 L+T
102 10° 10!
W [GeV] M} + Q* [GeV?]
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