J/P-pair production at LHC to study gluon TMD
distributions: pushing the limits of the CS
evolution formalism
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Motivation

 TMDs incorporate the transverse momentum of quarks and gluons inside hadrons:
“3D PDF”

* At small longitudinal momentum fraction x the gluons dominate, but hardly anything
is known about the gluon TMDs experimentally.

* Heavy quarks are very sensitive to the gluon content of hadrons:
* they are predominantly produced from gluons
* not intrinsically present in hadrons at small momentum fractions.

* Furthermore, some quarkonium states, like the J/, are relatively straightforward to
detect and numerous events can be collected.

— Quarkonium production can been considered as a main tool to extract gluon TMDs



p+rp->J/W+]/W+X

* J/Y-pair production gives via its Pr-spectrum
and modulations access to the gluon TMDs

* Probe the transverse momentum of
the partonic gluons via the observed

quarkonia: p,r + Ppr = q7

* The invariant mass M, allows to
study scale evolution of the TMDs

* Make use of CS-model in which TMD-
factorization breaking effects are
avoided (@ LO ay)

* No TMDShF / smearing effects are
expected for CS quarkonium at LO

* There are recent measurements of

lar| < pr = Mgqg Bl = exp(inQ)MQQ/\/g this process



The Gluon TMD and the hadron correlator

* Unpolarized proton is
parameterized by two functions
at LO (twist ~ 1/hard scale)

* Unpolarized gluon
distribution: flg

* Linearly polarized gluon
distribution: hfg
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The differential cross section at LO
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. C[flgflg] is a general quantity that determines the unpolarized
differential cross section for any proton-proton process that are
dominated by gluon-gluon fusion:

* Higgs production
* Mo, Xoo, Xo2 Production
e Quarkonium + di-lepton production

* Also, it appears next to quark-antiquark and quark-gluon
contributions, where the gluon-gluon channel dominates in
specific kinematic regions:

* Higgs + jet production
* Di-jet production
* open heavy quark production



Introduction of evolution

* Beyond tree level, the TMDs and hard factor become scale dependent

* Implementing evolution is more easily done in impact parameter space, where
convolutions become simple products

do
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The Sudakov factor and scales

e CS Evolution: f(z,b%;¢,pu) = e 5aCrlomno) £z b2 ¢, o)

1. kd 1 ¢
Sa(br, ¢, o, 1, o) = —§K br, o) In - _/ M [ ), 1) — 57}((&3(#’)) In Pz
140

* To avoid large logs in the hard factor 4t ~ UH
« TMDs should be evaluated at their natural scale /(o ~ po < VC ~
* Instead of choosing a low, still perturbative scale, is common to take

G~ o M=l 2677 b

* br must be constrained

* bt max is the point where perturbation theory starts to fail: [0.5: 1.5] GeV 1




br-domains and the nonperturbative Sudakov

1) bo/pr < br

py = pp = bo
* " b+ bo/um
" br
2) bT < bT,max bT(bT) =
\/1 + (bT/bT,max)2

* For bT > bT,max .

Wi(br, Mqq) = Wi(by, Moq)eSvrbriMae)

)QK(bT) + grmD (%4, br) + gT7MD (T8, bT)




The convolution(s)

S
Fo(a, s i) = f7(2; i) + O(as) + O(brAqcp)  » Perturbative TMD tail
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A novel nonperturbative Sudakov ?

A simple Gaussian ansatz for Syp has limitations

exp (—Snyp) = exp (—A In(Mgq/Qnp) b7)

— Mag=iGey * Generates upward bump for
—— Mopo = 6GeV
100 — M(;j:mco\f small bT,max and M QQ due to

M, QQ — 30 GeV

large contributions of the
--------------- integrand at large bt

* TMD and x independent
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Another problem identified ...

* We want to trust perturbative
physics to study Syp when we can
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e Remove the ‘kink’” at the same order n
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The behaviour of g4

* Follows theoretical trend — extra term also taken into account by other fits
» Comparison with literature: for n = 2 and by = 1.5 GeV ™1,

Ja ~ twice as large as

—— bpmax = 0.5GeV L go = 6.317GeV?, goo = —7.945 GeV? 14 :- —— Mg = 3GeV
b max = 0.75GeV L, gy = 3.431 GeV2, gy = —2.229 GeV? N —— Mgg =6GeV
brmax = 1.0GeV™L go = 2.516 GeV2, go. = —1.092 GeV/? e — Mpo =12GeV
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The behaviour of gr

* Extra factor g5 needed to remove 2" ‘kink’

) |bT=bT,max
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,max

bT.max = 1.0 GeV_l
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 Difficult to compare with literature:
can be of same order depending on x
and the kind of TMD tail

* br max > bo dangerous
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The novel nonperturbative Sudakov

* Larger values g reasonable because of larger n (and smaller by ;,4)

* g can be taken lager than the found value by matching, to suppress nonperturbative
physics more, but not smaller (gives back ‘kink’)

* Solves strange behaviour for small by 4, and Mg
* Takes into account x and TMD dependence

* Depending on the kinematics it can generate close to, but does not provide by 145~
invariance. However, it does take by 4, Systematically into account.
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Uncertainties

.,
. C[flgflg] in the CS formalism has a large uncertainty from various sources
* The PDF set uncertainty (Hessian):

k

k 2 2
(AO)+ = \j > {max [O(S]7) — O(S0),0(S}) — O(So),O]} (AO)_ = J > {max [0(So) — O(S7),0(So) — O(Sj—),o]}

* Nonperturbative physics:
* by may Variation; [0.5: 1.5] GeV !
* g increasement; f.e. g — 10g
* Scale variation, u = a u witha = [1/2: 2]
* Uy = by/br and u,; = uy = My (the lower bound of S4 and the hard scale)
* U3 = by/by (in PDF of perturbative TMD tails)
Note:
* uq and us contain in practice the br-expressions (so also u,)
* Scale variation alters the perturbative Sudakov (so also g4 and gy)

16



| MQQ = 6.6 GeV
Mqo =T7.9GeV
MQQ =11.0 GeV

§20 by = 0.5 GeV !
& === b = 0.75GeV ™!
=15 .
> —— b = L0GEV
= -1
10 beeee—— T by max = 1.5GeV
QS
9]
o5 F T T ——
0.0 N S T I T T TN T T T T T T T T T T TN T N
0 1 2 3 4 5
qr (GeV)
3.0
| MQQ = 6.6 GeV
2.5 P Moo =T.9GeV
E‘f\ Mg = 11.0 GeV
gQ.O —— Central PDF

0.0llllllllllllllllIllllllllll
0 1 2 3 4 5
qr (GeV)
30 L
F S Moo = 6.6GeV
25 F 0 Moo =T7.9GeV
= Moo = 11.0 GeV
gQ.O r — 9=094+Grat+ 9pp
s - 10xg
215 b
[ E
= L
s_ L
=10 F
~ L
© L
0.5
0.0-|||||||||||||||||||||||||||
0 1 2 3 4 5

gr (GeV)

. MQQ = 6.6 GeV
[ Mgg=7.9GeV
MQQ =11.0 GeV

- N1:1/2

0 1 2 3 4 5
qr (GeV)

| MQQ =6.6GeV
. MQQ =7.9GeV
MQQ =11.0 GeV

© g =1/2

— =1

0 1 2 3 4 5

qr (GeV)

| MQQ = 6.6 GeV
[ Moo =7.9GeV
MQQ =11.0 GeV

- #3:1/2

0 1 2 3 4 5
gr (GeV)

* bT,max= 0.5 GeV_l

* Uncertainties are (already!)
suppressed in the normalised
cross section
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Comparison with the new LHCb data

* Collider mode: /s = 13 TeV

1.2 | 1.2
- L - Mgg = 6.6 GeV + 6< Mgo<7GeV e w3 =1/2 [ Yoo =25 + 20<yge <30 s =1/2
e B L Yoo =325  + 3.0<ygo <35 py =1
10 F Moq = 7.9 GeV + T< Moo <9GeV py =1 ~10 F Yoo=40 35<ygg<ds Ha =2
T F Moo = 11.0 GeV 4+ 9< Mgo<24GeV pig = 2 - [
=

* Scale variation provides overlap e DPS subtracted data
between the data and the predictions
for the lowest g7 and largest gr-values
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Hard scale dependence & fixed-target mode
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* One can also probe the evolution
formalism by extracting the power law
behaviour of the hard scale

E Mgg = 6.6 GeV
o * yQ Q - = 1 - 5 5 Mg = 7.9GeV
a Mgg = 11.0GeV
- — m=1
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E ,,/"/’/ e
C - .

| 1 | 1 i
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Fixed-target mode (/s = 115 GeV and
a rapidity shift of 4.8) provides a better
possibility to observe the peak within
the TMD region
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The cos 2¢s-modulation
provides a way to

determine the sign of h;9

and the convolution with
w, can be used to extract

hfg independently from
flg (when F, small)

Sign flip due to F,

21



Other remarks

0.25 < |cos fcg| < 0.50

[N
()
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* All convolutions decrease in magnitude when increasing |yoo|, however the
convolutions with w3 change significantly less such that < cos(2¢.s) >
increases, while < cos(2¢.s) > decreases

* Next: combine scale variation to provide the most general predictions; find
the largest and smallest contributions by all possible scale combinations
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Conclusions

 We have investigated the interplay between the perturbative and nonperturbative regions that endorsed a
novel nonperturbative Sudakov factor that solves problems that can arise with a simple Gaussian ansatz.

e Our predictions including scale uncertainties are agreeable with data.

* Larger My (f.e. di-Y production) or future fixed-target experiments measurements at the LHC are more

favourable for the normalized cross sections (such that the peak in TM can be observed more clearly), the
asymmetry and for measuring the linearly polarised gluons in unpolarised protons (such that larger
magnitudes can be observed).

* It might be suitable to probe the evolution formalism as well by extracting the power law behaviour of the
hard scale of f.e. the normalized cross section at a specific TM.

— Bor, Colpani Serri, Boer and Lansberg [in progress ... 2024]
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