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Based on the work published by
Rafael F. del Castillo, Miguel G. Echevarria, Yiannis Makris & Ignazio Scimemi

https://arxiv.org/abs/2008.07531v4

...and following work soon to be published

2


https://arxiv.org/abs/2008.07531v2

Motivation

* Gluon transverse momentum dependent distributions (TMDs) are difficult to access
due to the lack of clean processes where the factorization of the cross-section holds
and incoming gluons constitute the dominant effect.

* We consider two processes which are presently attracting increasing attention

{+h—=V+J ++X {+h—sV+H+H+X

Heavy-meson

Dominguez, Xiao, Yuan, 2013

Boer, Brodsky, Mulders, Pisano, 2011

Zhang, 2017



Dijet production

{4+h—=0+J +J+X

dijet LO process: + + ...
(7" 9) (" 1)

Sensitive of polarized and unpolarized TMDPDFs

Experimental observation should be possible in the future EIC Page, Chu, Aschenauer, 2020

Jets here described have p; € [2,40] GeV and are found in the central rapidity
region

Factorization within SCET
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Kinematic region

Dijet production
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Factorization holds for |r;| < p; and for the central rapidity region



Kinematicregion vs EIC coverage

Dijet production
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Cross-section factorization

Dijet production

do
dxdndnedprdrr

- x Bjorken variable

- 1. jet pseudorapidit

We measure over  )HP pidity
- prtransverse momentum

- rptransverse momentum imbalance

do(v*g) ) . d2b |
=) \H. (81 b-rr)Fy (&b
d.’l?d’l’]ld’l’]gded'rT ; * (8’ ,U,/j,) 2 GXp(’I, TT) g, (6) nu'aCl)

X(Syg(b,m1,m2, 1, (2) (Cf(b, R, u)J¢(pr, R, u)) (Cf(b, R, u)J#(pr, R, u))

(2)

do® (v* f)
dxdndnedprdrr

U A A .
= U(J)E ZHg"‘f%gf(s’t’ . ,u)/ (27)2 exp(ib - rr) Fy (8, b, 1, C1)
f

< Sy1(, G2, 1) (C(b, By 1) Ty (o, B, ) ) (C(6, By 1) T5(pr, R, 1))



Unpolarized & linearly polarized cross-section

Dijet production

d— 2 d—2 b
pv 7 T T
vig=>ff 70 Tremffg 9 0 70 Ty eI d—2 0 2wvip-vop
Unpolarized cross-section do" (v*g) gU Z (5,1, 4, p) / d”b exp(ib - rr) f1(€,b, u, (1)
d.ﬁl?d?]ld?]zded’rT v*9—ff (271-)2 » 2
X SWg(ba G2, ,U,) (Cf(ba R, /J’)Jf(pTa R, /”’)> (Cf(ba R, /*I')Jf(pTv R, ,U,))
Linearly polarized dol(v*g) oL r A d’b , 1
Cross-section dxdnydnodprdry — %0 %:H’y*g%ff(s’taua U)/ (2)2 exp(ib - r7) hi (€, b, 11, C1)
s2 — c?
x 2ot 50(b, Co, 1) (Cr(6, R, 1)y (pr, B, 1) ) (C1(b, By 1) (P, R 1)



n - incoming beam direction

New soft function | , .. dgiection

V, - jet 2 direction

1

Sa(b) = 0|ST (b, —00)eq/ Tt | Sy, (400, BYT* S} (400, b
T Su(b) = g (O1SH®, ~00)earTr | Sun (+00, BT S}, (+00,b)
function X Su; (+00, O)T“S,]:2 (400, O)] Sn(0, =00)ac|0)

A

Syp = Syg(n & v2)

+ 00 +00
Sy (+00,€) = Pexp| — ig/o d v A\ +€)]  Si(+00,£) = Pexp [ig/o A\ 0 - A(M + )]
. o T
lines Sn(+00,§) = Jim Pexp| — ig/O dAn- AAn+&)e o - regulator !!!
(+00)0, e

EChevarria, SCimemi, \'ladimirOV, 2016
( )n

X X X X ) R K %% + virtual diagrams

\ / a \ \ / \ at one-loop order...
N '

(+00) 0,
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Evolution, double-scale evolution

fixed u evolution

Aln/
Describe evolution of functions
1r4) depending on two scales
S TMDPDF TMDFF Dijets SF
S
g
(Hpséw,) u scale Renormalization e regulator
scale g (DR)
2 i Rapidity
(s : scale o regulator
ny?

Scimemi, Vladimirov, 2018
Scimemi, Vladimirov, 2020
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Evolution, {-prescription

(I;, | fixed u evolution
b=0.1GeV ! -’

! Evolution kernel is given by
¥
P : — S(byus,las) =exp ("s (u,'2)dInp!
7 P
7 ’ S(b;p, 1) ="s(b;p,!)S(b; p,!)
7 dln,u y U9 y [ y 9
d

din! S(by, 1) =" Ds(b,)S(b; i, !)

gluon channel solution| | !2,!ug(b’ i) = H

Mo

Equipotential (null-evolution) line is given by ls =2Dsg

Saddle point

A

Ds(p,b)dIntz) 5(b; po,!2,0)

—— ||l F=EF

E = (ys(b,p,¢),! Ds(b,p)

din",
din p?

" 2CE
CA eVS(b’u) =

|
+2,0 perturbative

#

10° pu[GeV Rs (Mo, '20) ! (Mf,'f) =

Scimemi, Vladimirov, 2018

PI Ds(b,us)

| f

L2 (0, pt )

Scimemi, Vladimirov, 2020
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Heavy-meson pair production
(+h—V+H+H+X

heavy meson pair at LO:

» Experimentally more challenging

* Observation of charmed mesons could be possible

Arratia, Furletova, Hobbs, Olness, Nguyen et al. 2020
Li, Liu, Vitev, 2020

Chudakov, Higinbotham, Hyde, Furletov, Furletova, Nguyen, 2016
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Cross-section factorization

Heavy meson pair production

do(v*g)
drdngdngdprdry

- x Bjorken variable

- 11y, N heavy meson pseudorapidity

We measure over A
- prtransverse momentum

- rptransverse momentum imbalance

drdngdngdprdry — 7797QQ

do(v*g) e (

Region sensitive to TMD  [rt|! py’
Factorization for highly boosted heavy mesons  pf ! my

We have a new scale  MQ
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Plots for phenomenological analysis

https:/teorica.fis.ucm.es/artemide/
https:/github.com/vladimirovalexey/artemide-public.”

* We use ar'TeMiDe to obtain the plots
« TMDPDF and TMDFF structure and evolution is included arTeMiDe

* SF double-scale evolution and jet functions included as new modules

pr =20GeV (pr! Q)
- s=140GeV

Integrated over x

Central rapidity region
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Unpolarized
gluon channel

Linearly
polarized
gluon channel

Unpolarized
quark channel
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Heavy Meson Pair Production

Hard

Unpolarized
gluon channel

I dag x 10

bHQET

I dag x 10*°

Hard+

Linearly
polarized
gluon channel

I dag x 10

OPE

I dag x 10
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Conclusion

We have established factorization for dijet and heavy meson pair production
Can be potentially observed in the future EIC

We have been able to compute the new TMD Soft Function up to NLO and its
anomalous dimension up to three-loops

Rapidity structure of this new SF allows us to use the {-prescription
The presence of the new SF makes the gluon TMDPDF extraction non-trivial

Analysis of the numerical result for the cross-section shows the effect of linearly
polarized gluon TMDs can be neglected compared to unpolarized gluon TMDs
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Thank you for listening!



Backup



- O = N W H O

cos(2¢.) angular modulation for dijet production

- O = NN W H O
T T T T L

- O = N W HH O

- O = N W H O
T T T T Rl

OP:

-

- (cos 2¢),) X 107
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Kinematic definitions

We define three light-like vectors for the incoming beam and the outgoing jets

1
nt = | é(1,0,0,1), n“=@°=0, wBan=1
vi=®5=0, vyam =1, withJ=1,2

The standard Lorentz invariants

2 k+
2 — 2 — Q | —
L=1a X= oz T P

The transverse momentum imbalance

_ Pt |+ P2t

't = P17 + Por, P 5
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Kinematic definitions

We can rewrite them in terms of the Born level kinematics

Q = 2pt cosh(, )exp(!), " =2xcosh(.)exp(! !+)

.+ 15
2

- *

The parsonic Mandelstam variables are given by

§=(q+ k)* = +4 p7 cosif(!, )
0= (q! p2)° = ! 4p7 cosh()_)cosh(. ) exp(n1)
6=(q! p1)*=" 4ps cosh(, )cosh(.)exp(!>)

6+ O+ @ = | Q3
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Z.ero-bin subtraction

We need to subtract the zero-bin from the TMD beam function

The zero-bin corresponds to the two-direction back-to-back soft function (the one used in
Drell-Yan or SIDIS). Here, we use the subtraction as done in Echevarria, Idilbi, Scimemi, 2013.

We can reorganize the zero-bin to obtain rapidity divergence-free function as expressed in the
cross-section factorization

This leads to the universal TMDPDF and a rapidity divergence-free new TMD soft function
and the introduction of the scale

B/ (&b, k™/67) F Fi (&, b, 1, 1)

Sib,u, An!") —  Sii(bu,"2)
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Z.ero-bin subtraction

Due to the rapidity divergencies structure of the two-direction soft function (zero-bin)

(s;)are(b, 5))% — 14 ascz-{ 5

|:i (I 1 b1 |~'l1 "l) —

S(b,u, '*!')= Sz(b,u,!*")Sz(b,u,!' /")

can be split as

2 4

L —In

€

(@

L

) + In(Bp’e® ") [4111 (—) + ln(B,u,ZGZ’YE)] + —}

v arbitrary positive
number

6

In this way we defined the rapidity divergence-free objects

Universal TMDPDF

B (1, b, k! /4 )1

Sz (b, u, # /9)

2k! /¢ T,

Rapidity divergence-free new soft function

(b, 1) = TPt A )

 scale associated with the o-regulator and zero-bin split

Sa(b,u,"+#) ! v ___ 1

24



Z.ero-bin subtraction

 scale

The scale can be removed from the final result by introducing the constrain

(k)2 of
e AL )

In the Breit-frame this leads to

Notice tha ', has square mass dimension £, = p% natural way of
otice tha

{, is dimensionless (, =1 choosing the scale

Procedure totally analogous to the one used in Drell-Yan or SIDIS

This allows to use {-prescription for TMDPDF and SF evolution

Scimemi, Vladimirov, 2020 55



-2 B 2 2YE
Syg(b,u,gg)zuas{cp 7; | 21n2( adhl )+4L12(1+Ab)

+ C'4g

Z.ero-bin subtraction

Subtracted soft function, finite result

(y*g) - channel

_ A,

_ 2 -
— 2 ln(B,uZeszE)— In?(—Ap) 7; 2Li2(1 + Ap)

(V1 avo) | S

T o) (vadB) ARG

with... Ap

}-I—(’)(a
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b jet transverse

® direction
Consistency check ¢
Dijet-production
d (! ' g)-channel Iyt syt R, +20y, + g+t =0
T O = Te (W) G(1)
H (I'f)-channel 1y, +'lg, +1g +15 +15 +1g +1c+1, =0

The sum of all anomalous dimensions should cancel for each channel
C-logs
'YEJQ = 4{ — CA 20 [ln(B/ﬂ eQ’YE) —In s lnp% M] } 7 (qﬁlogs)

fy[sl]f — 4{(CF + C'y) [ln(B,uQeQVE) —In s+ InpF + ln(4cg)] + (Cr — Chy) [ln (g) — m(vf)] —C }

W%j = 4C; { —@4— %‘] :

R R I R )

L(vi) =11 (ve) = ! ! (vg) = 1" sign(cy)

They cancel !!!
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Heavy meson pair production

We use heavy-quark jet function to describe the fragmentation of heavy mesons from heavy

Refactorization of heavy-quark fragmentation

quarks. In the limit 7, < p;there are two scales that need to be resummed

rT

pp = Mm@, and  pg =mg-—

pr

To do this we use bPHQET (boosted heavy quark effective theory) to factorize the jet
function into a hard matching coefficient and a TMD matrix element

_—— e
b,@,u)

JQ—)H(bapTaanu) — H+<mQ>M)jQ—>H(

\

pPT

/

Appears for the first time

Known up to two-loops
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Heavy meson pair production

Up to one loop order we find

2 2 2 2
| a /j/ 2 l’[/ | " &SC ]. ™m
(g =1+ 320 In () 40 (g ) 48+ = ()
bare maoy | QSCF 1 | 1 o 142 57T2 _ "SCF
7855 ( ,—pT>—1 = g oo [1- 2R + R - R - S 'y = =75 {11 2InR)
with., R— _‘prrev-b)

mq|v]

We have separated scales and can now be resummed

Anomalous dimension are consistent Y + 7+ =% +Y%¢, T—» Consistent !!!

Refactorization of heavy-quark fragmentation
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Connection to the fragmentation shape function

Heavy meson pair production

We can see that the shape function is related to the heavy meson jet function

Jo—mu(b) = mH_ Soom (T — v-b - We can check our NLO calculation (finite terms)
V2 V2 . .
2Py 2 - We can get the jet function AD up to two loops

Fickinger, Fleming, Kim, Mereghetti, 2016

This sum is known up to three-loops...

Vs, = — (Y, +VE, + Yo + 77 (V1) + 77 (v2) + 274 )

Soft function
anomalous dimension 5%[91] — 0
Yg
448

VSyg = Yeusp {ZCF In ( =CF {CA<7 g 56 C3) + nfTF( — 57t

1616 22

30



Connection to the fragmentation shape function

Heavy meson pair production

Shape funCti()ﬂ iS deﬁned aS Fickinger, Fleming, Kim, Mereghetti, 2016

1 . P
_ o ; P
Sog(w) = N, EX:<0|5(w — V20 )W hyg, |HgX)(HgX|hy g, W, \/§|0>
and its Fourier transformation...
So—m(T) = /dw exp(iwT)So— (W)
1 P

_ 0| ex (—\fzm.a) W hos, | X HY(X H|hoy Wy —=

We can see that it is related to the bHQET jet function

0)

_ _MH & _v-b - We can check our NLO calculation (finite terms)
Jo—H(b) = —SQH|(T — | _
V2py V2 - We can get the jet function AD up to two loops
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b jet transverse

¢-dependent part .

SF (and CSF) depends on the angle between the transverse plane and the
jet direction ¢
Our approach is to separate the ¢-dependent part of the evolution and integrate it

Ls(b, ", #) = (b, 1,") + ! s (#)

D

S(b; i, los) = s(H, '2)dIinp! Ds(y, b)dInty 1S (b; Ho,!20)

! .
R g —> Integrate over ¢ Rg — {-prescription

...and we do the same for CSF

This ¢-dependent factors should be integrated along with the ¢-dependent terms of
the perturbative result
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Kinematicregion vs HERA coverage

Dijet production

Vs =318 GeV

10%10(Q2 [GGVQD




(v1 avo)

2 (v, 8B) (v2 8B

New soft function

Ap =

2 (v1 an)(v, an)

) . 2 2 V248t
bare finite \ \
Bare soft Soe(b) = Sog(b) + as{CA[ ol 2(2 ln( p ) | ln(2An))]
function 5 9 B 2 28

20¢ [+ I (Z24, )]}
2 (n - v1)(vg - b)

bare(b) _ ﬁmte( )_I_aS{CA[E%-|-E(ln (n°?}2)(’vl'b) - In (B'liiijm))]

4 tv1 - boTEVE
-+ ECF In ( n- v )}
o o +
S‘E;ite(b) — 14+ a's{CA [ln(B p2eE) (ln(B,u,zezﬁyE) + 41n (\/ilj ) + 21n(2An)) — In?(—Ap)

function 5 2 2 2

- | Buce“7E .

— — 2Lio(1+ Ap)| + Cr| 5 +21n o ) +4Lia(1 + 4p)| },

2 22 . b

s =1 +o{o[ -t (P il + )+ (e in R

‘ biTeVE
+4CF ln(Bu2627E) In ( 1o . c )}

8

AP g
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Finite soft
function

Renormalization
function

(v1 avy) _, S

T o) (v, B AR A

Ab

(v avy)

Z.ero-bin subtraction

Subtracted soft function

’ Bu2e?E
Svg(bal%ﬁ) = 1—|—a,s{CF|:% ‘|‘21112( ,U'Z
—41p

+Ca| = 2In(Bp2e*”) In Gz — In?(— Ay)

7I.2

Sfyf(b,u, Cg) =1+ aS{CA [F + In? (

Buz 62'7E
_Ab

) + 4Lig(1 + Ab)]

2

OLia(1 + A,,)] } + O(a?)

)_|_2L12(1—|—Ab)-|-21n(B,U2627E) In (n:vl)(’vz:b)]

2(n - v2) w2 A

+CF ln(Bu2627E) [ln(B,uzeZWE) —2In{o+21n (

(v1 - v2)(n - Vo)

) ) :41n(—w1.b)]}+0(a3),

25, (b, ) = 1+ a,{Cr [ 5 + 21 (BE0)] - Ca G} +O()

_Ab

€ €

fo(b’“, CZ) — 14+ as{CA [3 _ g(ln (n . ’Ul)(’vz . b)) - In (B/LZQZ’YE)]

e €

(n . ’02)(’01 . b)

+ %CF [ln(BuzeQ'yE) —In¢2 +In ( 2(n - v,)

_ Ay

(v1 - v2)(n - V2

)) +2In(—i vy - 13)] } + O(a?)
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