Pushing the limits of the TMD evolution
formalism to study gluon TMD distributions:
J/W-pair production at LHC as a case study
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p+rp->J/W+]/W+X

* J/Y-pair production gives via its gr-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

maPa + paT\ :,

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

beb+pr/ : 3  No TMDShF / smearing effects are
3 | E expected for CS quarkonium at LO

* There are recent measurements of
this process

lar| < pg = Mgq ‘ ZTap = exp(ygq)Moq/V'S




The Gluon TMD and the hadron correlator

* Unpolarized proton is

Parent hadron polarisation
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et . f fa
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* Un PO | d rized gl uon Gluon polarisation |  (ireular g1L gir
. . . g (Helicity) (Worm-gear)
distribution: f; n
* Linearly polarized gluon Linesr b hip | (Transversity)
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distribution: h] (Pretzelosity)
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The differential cross section at LO

ot = do R + Hard factors F
UV = iMqq dygq d%ar deos Ocs dpos | (2m)?88 M2, ard ractors r;
| RITTRT
FAClfi ] Lansberg et al. 2018
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Clf fi7]

. 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

* No, Xgo, X2 pFOdUCtiOH
e Quarkonium + di-lepton production

* Also, it appears next to quark-antiquark and quark-gluon contributions:
* 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

_ / d*bp e PT W (b, py) + O(q>/p)

d(kinematic variables) d?qr

W (br, ur) = A(br;Ca, 1) B(br; (s, 1) Hpm; 1)

F9(2, ) = / Ppr ¢PTPT f9(z, p2)




The Sudakov factor and scales

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

1~ “od 1
5(6r: 6, Go o) = =5 K b, po) ln—— / z [ 1,1) = Sc(es(W) In
1o

* 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

Vo ~ po ~|pp = bo/br|= 277 /|br| |y < pp |

* 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) bT,min < br

2) br < bT,max br(br) = \/1 (bb:;b )2
+ (O 1, max

* For bT > bT,max .

W(bT, L) = W( . 'LLH)e_SNP(bT;NH#NP)

Snp(br; po, pnp) = 1In (/%)QK(I)T) + g5, (br) + g¢5 (br)




The convolution(s)

S
Fo(a, s i) = f7(2; i) + O(as) + O(brAqcp)  « Perturbative TMD tail

J_g(x OT; fpe) = — as(fb*)/ dwi, (; —1> {C’A fi(@'s fpe) + Cr Z fi(x's iy }

1=¢,q

+O(e) + O(brAqep)  Suppressed by a,

MEo 7,12 12 2 9 M2
Sabi Maguih) = 3 2 [ U oty + L (- T, - Dn ) | 2

9 3 9 112

1Ca [Mae qu?  NLL accuracy

* as 1-loop

db L, |
Clwn f9)(za, T, q1; M@Q) = / =L br Jo(br gr) e 254(bTiMaq i) o=Snp (briMaq)
0

2T
X f(%abTWé*) g(xb7b;“7ﬁ;)*) C
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A novel nonperturbative Sudakov ?
"""

A simple Gaussian ansatz for Syp has limitations Snp(br; pg, pnp) = Aln (“—H) b2,
KNP

1010

9 — pu =3GeV * Generates upward bump for small
10 _— _
par = 6 Gey bT max @nd py due to large
g = 12GeV . . .
— 10° contributions of the integrand at
| — g = 30GeV
% large bt
= e TMD and x independent
E}: 10
2
> 10°
b —0.5GeV! * Does not provide bt ;qx-invariance
104 ,max . )
= brpa = 1.5GeV™!

103 | I I I I | I I I I | I I I I | I I I I | I I I I | I I I I

0 1 2 3 4 5) 6
qr (GeV)

 Particularly relevant for quarkonia
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Another problem identified

by (GeV ™)

exp[—Sp(br; pim, )]
exp[—Sp(bp: pm, )]
exp[—Syp(bh)]
exp[—Sp(bF; pim, i)
xbr exp[—SNp(bTT)]

* We want to trust perturbative
physics when we can, to study Syp

br
+ (bT/bT,max)n )1/'”

b/T - (bn + bT mm)l/n

by =

9= Al(un/pyp), (1
with A = 0.04 GeV?

g = gS(,UfH» bT,maX)

e Remove the ‘kink’” at the same order n

bT F (bn + bT ma.x) e - b%",max

oo Sa(br; i, )

Snp(br) = gbl}z

|bT:bT,ma.x

b max) —
gs (,U'H7 T, ) 22/n bT,max

* Nonperturbative physics is
dependent on perturbative physics!
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* Uy = 12 GeV



Similarly for the perturbative tails

* Extra factor gr needed to remove other ‘kinks’

* Exception of absolute value when g < AéCD:

gf (*’Ea bT,max) =

_ A2
= g5 = Nocp
800 =
- g
600 h
400
200 =
0 - T T Irrrnp T T IoIrmp 1 ||\T|||||
1072 1071 10" 10!
by (GeV ™)

<
I T TTTTH] I T TTITI] I T TTTIT]

—_
3
[N}

br (GeV ™)

% lIl f(.’E, bT7 ,U;b) | bT:bT,max

22/n bT,max

e MHST20lo _as130

A

—— f(z, % i)
—— fla, b fi},) exp[—Snp (b))

g=Aln(pg/unp),
with 4 = 0.04 GeV?

—— 9= g7(2,brmax)

e x = 0.01, ugy = 12 GeV
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The behaviour of g's

—— Drmax = 0.5GeV™!
—— brpax = 0.75GeV ™!
—— b = 1.0GeV ™!
—— brmax = 1.5GeV™!

o
N [ T T T T T T T T I I O OO

0 T T TTTTTI] I T TTTTTT] T T TTTTTI] I T TTTTIT] T ' TTTTI

107° 1074 1073 1072 1071
X

102

—_
o
=]
—_
o
T

* gs follows theoretical trend — extra term also employed in other studies

* gy difficult to compare with literature: can be of same order depending on x and the
kind of TMD tail

14



br max dependence
-

12 9 =7 :

] —— iy =3GeV 3 e =10GeV — gy
] g = 12 GeV 7 3 00011
[ - &‘\ - xr = .
< g 4 — pg =30GeV > 6 3
S TR
= _ Q/ -
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~ - Eﬁ -
o i SE
SR =]
\_:3; 4 = ég -
N - -
ST S 3
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] (-
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* Flip = It is not recommended to use too small by 4, for low uy

* One expects smooth behaviour as a function of by 4, : discontinuities due
to PDF set = It is not recommended to use b ;45 > by for this method
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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 uy

* Takes into account x and TMD dependence

* br max-invariance of W not directly observable and hard to obtain with our robust
method. However, now it does take bt 4, Systematically into account.

16



Nonperturbative uncertainties

* The PDF set uncertainty (Hessian):

k 2

k
j=1 —

{max(o(s0) - 05,0050 - 015,01}

=1

* Syp uncertainties:
* by may Variation; [0.5: 1.5] GeV ~'— uyp=[2.25:0.75] GeV
* g increasement; f.e. g — 10g
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Perturbative uncertainties

* Scale variation, u = Cu with C = [1/2: 2]
* Cy times up = by/br and C, times uy = Moo = Q
* (5 times uy in the perturbative TMD tails
Note:
* (1 and C3 contain in practice the bpr-expressions (so also C5)
* Scale variation alters also gs and gr

Sa(br; C2Q,C1 fip+) =
! 2w Joag] w2

el b e [3 |G

fi @, b3 i) = [ (@) + O(as) + O(brAgen)

1Cy dp ({as(u,)+as(u) [(67 7r> 20

« (3 =0,/C,
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g = 3GeV g = 6GeV g = 12GeV g = 30GeV

CLf f1(GeVT)
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Comparison with the LHCb data

0.7

Ty = 6.6GeV

" =TGNV * Envelope from all 27 scale combinations
. g = 11.0 GeV
y = 3.25
0.4 .
A * Collider mode: /s = 13 TeV

do /dqr < qr C[f{ f{]

Jo " dar (do/dar) [y dar (ar C[f{ f{])

21




6.6 GeV
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Comparison with the LHCb data (1)

+ < My <7GeV A T< My <9GeV A 9< My <24GeV

T ] - (Y gpe) = 3.25 e DPS subtracted data
T _ _

D)

&) .

T 1 ﬁ : : « C3 # C,/C, provides
% | ‘ ] —t— 1 better agreement

S I with data

= - ]

0.0 TTT T[T T T T[T TITT TTT T T T T T[T T T T TITIT1 LI [

0 1 2 3 0 1 2 3 4 0 1 2 3 4 5 6
qr (GeV) qr (GeV) qr (GeV)
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0.5

1/o [do/dgr] (GeV™)

0.0

Comparison with the LHCb data (2)

+ 2.0 < Yij gy < 3.0

+ 3.0 < Yijp gy < 3.9

(Y app) = 4.0
+ 3.0 < Yij Jjy < 4.5

e Rapidity dependence
is small

24




GeV ™)

~—r
N

GeV

0

CL flar

1010

108

106

104

Power law behaviour of the hard scale

10 20 30 10 50 60
pr (GeV)

* Saddle point approximation for perturbative Sudakov suppression ~,u;,1'

PDFs and nonperturbative Sudakov

* For larger rapidity they decreases faster

nf:4§ nf:5

y=+4

10

20

30
p (GeV)

40

53.
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Azimuthal modulations

; lcos Oog] < 0.25 20 0.25 < |cos Ocg| < 0.50
o * The cos 2¢s-modulation
. ] provides a way to
7 10 7 . . 1
)] ] g determine the sign of h;”
i 5 3 _
0 0 7 aaa— * The cos 4¢s-modulation
1
"] "3 can be used to extract hlg
i 0.0 =
] 02 3 independently from flg
30 3 04 2 (when C[flgflg] is known)
s - —0.6 _E
7 —0.8 = . .
0.0-_| —1.0-||||||||||||||||||||||||||||| ° SlgnfllpduetOF4'

0 | 2 3 4 5 6
qr (GeV) 26




Azimuthal modulations

lcos Bog| < 0.25

ar = My 70/2

10 20 30 40
My gy (GeV)

50

20

15

10

0.25 < |cos Ocg] < 0.50

Yy =0

Y g =4

(NN NN AN NN A NN AN

10 20 30 40
My gy (GeV)

20

The uncertainties for the
cos 2¢s-modulations
always become larger than
the upper bounds (that
follows from the positivity
bound of the TMDs) at
some point

The cos 4¢s-modulations
including uncertainties are
much smaller than their
bound: due to smaller

Clwahi9nyY]
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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.

* Perturbative uncertainties are much larger than nonperturbative uncertainties: higher
order corrections should be taken into account for more precise predictions.

* Our predictions including scale uncertainties are agreeable with data: especially when
C; # C1/C,.

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

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