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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. E.g. Higgs production

Gutierrez-Reyez, Leal-Gomez, Scimemi, Vladimirov, 2019

* We consider two processes which are presently attracting increasing attention

€+h_>€,+J1‘I‘J2+X
dijet LO process:
(7*9)
_ Boer, Brodsky, Mulders, Pisano, 2011

¢+h—>V+H+H+X

Dominguez, Xiao, Yuan, 2013

Zhang, 2017
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Arratia, Furletova, Hobbs, Olness, Nguyen et al. 2020
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heavy meson pair at LO:




Kinematic region

Dijet production
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Factorization holds for |r,| < p; and for the central rapidity region
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Kinematic region vs EIC coverage

Vs = 140 GeV Vs = 63 GeV Vs =28 GeV
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Factorization

/“/ ;u/ bEbY
I/ _l_ I
Fy*(6,6) = £i(6,0) 725 + i (6,6) (15 + =)
w_/
do (v*g)
dzdn dnadprdrr
X
dOU ( U ) de Hornig, Makris, Mehen, 2016
H i S t L b F 7b7 y
dgjdnldUdeTdrT Z TACHA N)/(QW)Q exp (1b - rr) Fy (&b, 11, C1)

do (7*9) y g db |
diEdann[:[ded’rT B HS*Q%QQ(S’ t,u, ,u) / (27.‘.)2 CXP (Zb . TT) Fgal“/ (57 b7 M Cl)

Fickinger, Fleming, Kim, Mereghetti, 2016
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New dijet soft function
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Echevarria, Scimemi, Vladimirov, 2016

+ virtual diagrams

at one-loop order...



Evolution & imaginary part )

S

jet transverse
direction

* We find imaginary parts and ¢,-dependent parts in the perturbative result and ADs

Vi (b, 1) = Yeusp [s] (€i21n |cos ¢p| — ;imO (Pp)) + other ¢y independent terms

Y =) =0 O(p) = {+

* We split the evolution kernels

=2 < ¢y < /2

: otherwise

H f & | i |
Svi (b, g, G2, f) = exp / (Ws,yi(ﬁb)dlﬂ/ﬁ) exp /P(WSW; (b, 1, G2) dn pp — Dy(p,b)dIn G2 ) | Syi (b, o, C2,0)

L [0
Rd) —» Integrate over
S b

R g — (-prescription Scimemi, Vladimirov, 2018

Scimemi, Vladimirov, 2020

B2 | g 1
Ci (b, R, puy) = exp / Ve, (@)dIn 1| exp / Ye; (b, R, ) dInp| C; (b, R, f1;)
- g . L g .
Rg-» Integrate over ¢, Rc —» Single scale evolution

Hornig, Makris, Mehen, 2016

* ¢, angle is integrated out with the Fourier transform and imaginary parts cancel



Evolution & imaginary part

* After this manipulation b-space cross-section is proportional to:

¢-independent and real kernel

do(b) ~ |cos dp|** (cos(Brr) — i© (¢p) sin(Bm))(R ({px} — 1)

ApD = Y e [ e mh’ B ({1}

1e€{S,C}

1+

2

ke{H,F,J,S,C}

Perturbative result

s (:uk) flLl] (ba COS ¢b)

Z / Yeusp | s dln,u

1€{S,C} Hi

* All ¢ -integrals can be written in terms of a master integral

—+ 7

Master integral:  I,,(A) = / doy | cos ¢p|*>* In™ | cos ¢y

—Tr

* We need 24/ > — 1 in order for the ¢, -integral to be well-defined = restriction over initial scales

® This restriction do not let us completely resum logs in collinear-soft and heavy meson jet function



Evolution & imaginary part

* We need 24/ > — 1 in order for the ¢, -integral to be well-defined = restriction over initial scales
+7r
Master integral: [,,(A) = / dop | cos dp|>A In™ | cos ¢y

_ 2y/7m((1/2+ A) Not well-defined if 2/ < — 1

lo(4) ['(1+ A) 7 Atfuh Z /u -
ir) = Ci cusp |&s dIn 1/
 V/r(1/2+ A) : ie{s,cy ! :
Il(A) — 1—\(1 ‘|‘A) (HA—I/Q — HA)
I'1/2+ A) 1 1 )
Ir(A) = ‘ﬁ;r((lﬁ vy ) ((Hacrje — HA? + 90 (3 +.4) 901+ 4)

For linearly polarized gluons we have an extra cos 2¢,;

L(A) — —I(A+ 1)+%IR(A)

Same for angular modulation and Sivers asymmetry...
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Evolution,

Figure: Alexey Vladimirov & Ignazio Scimemi
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(-prescription

fixed 1 evolution

Evolution kernel is given by

,
/‘,’:‘ - S (b;pg, Co,r) = exp /P (vs (1, C2) d1n g — D, b)dIn C2) | S (b5 o, C.0)
s d
- TS5, C) = s (b, Q) S (bs 1, )
e — |VF—EF
Sba:uac = —Ds ba:qunuaC
dlIlC ( ) ( ) ( ) E = (/YS(bnuv C)v_DS(ba /L))
/’ - dl
i/ Equipotential (null-evolution) line is given by Y5 — QDS 7 2 f:;
/ 2C
339 (b, 1) = (%) et N

10 1|GeV)

Scimemi, Vladimirov, 2018
Scimemi, Vladimirov, 2020

C —Dgs(b,uy)
RS((M(%CQ,O) — ('uf’cf)) B (CQ M(l;f Mf))
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Scale choices and NP-model

* For the new b-dependent function we consider a gaussian model for NP contribution

S’yi(b;pTa 1) — RS({M(M CO} — {pTa 1})S$frt(b’ HO, CO) }S'\IP(b)

C(b, R;pr) =(Re(b, B; pr, pe )CP™ (b, R e o (b, R)

J(b,mq/pr;pr) = R7(b,mg/pr;pr, )T (b,mg/pring)f7 (b;meg)

Initial scales
B 1 1
pe = 2e 7" (b i ) py =prR
1 1 1 _
,uj—ie'y bib p+ = MQ
2 VE b 4p? ng
ps = b* = 20 = |
b* VI+02/02,, 5

b2
fi (b) = exp —
(Bkp)
Final scales
Hf — PT
S
C2,0 =1
C g | S C J
Bip (GeV™1) || 25 [ 2.5 | 2.5 || bmax (GeV™L) | 0.5 | 0.3
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Plots for phenomenological analysis

* We use arleMiDe to obtain the plots

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

* TMDPDF and TMDFF structure and evolution is included arTeMiDe
* SF double-scale evolution and jet functions included as new modules

pr =20GeV  (pr ~ Q)
Vs = 140 GeV

Integrated over x

Central rapidity region
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Total cross-section

Linearly polarized
gluon channel

do[fb GeV 2]

CSF

Dijet production

Hard

) _ dO-g_|_q X 102

Jet

25; dO'g_|_q X 102

OPE

25; dO-g_|_q X 102
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Total cross-section

Linearly polarized
gluon channel

do[fb GeV 2]

Heavy hadron pair production

Hard

dag x 10*

bHQET

da;] x 10%

Hard-+

daéj x 10%

OPE

dag x 10*
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Dijet

HHP
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Conclusion

We have established factorization for dijet and heavy hadron 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

Future work: Gluon Sivers function, dihadron production,...
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Thank you for listening!






Evolution & imaginary part

Constant terms

47T

Iconst.(Aa B) = / d¢b ‘ COS ¢b‘2A ( COS(BW) o Z@(Cbb) Sin(Bﬂ-)) — IO(A) COS(B’]T)

—7T

Single logarithmic terms

Lios(A, B) = /

— 7T

-+

d¢y | cos qﬁb\QA ( cos(Bm) — i©(dp) sin(Bw))

From the perturbative result

We rewrite In(—icos ¢) = In | cos ¢y Z;T@(qﬁb)

Tog(A, B) = I (A) cos(Br) — glo (A) sin(Br)

Imaginary part cancels in this way for every case

20



(S,Zbam(b, (5))5 =1 +(LSC'Z‘{ - | e (\/—5) + ln(szezﬂ )[4ln (\/_5) +ln(Bu262’7"H)] + W_z}

F’&(ga bv:ua Cl) —

Zero-bin subtraction

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

can be split as

S(b,,u, \/5+5—) — Si(b”u7 5+V)S%(b,,u, 5—/V) number

1

1

14

U arbitrary positive

7 6

In this way we defined the rapidity divergence-free objects

Universal TMDPDF

B (§,b, k™ /07)

Sz (b, 1,6 /v)

V2k= /v—=vC

S (b

Rapidity divergence-free dijet soft function

7:“7(:2) —

wa'(b, sV A 5+)
Sz (b, p, 61 v)

( scale associated with the 6-regulator and zero-bin split

In the Breit frame

v/\2A,—C
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Kinematic definitions

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

nt = (1,0,0,1), n*=n*=0, n-n=1

1
ﬁ

U?]: 320, vy-vy=1, with J =1,2

~q

The standard Lorentz invariants

2
2 92 o kK
Q_ Q7 x_zp.q7 §_P+

The transverse momentum imbalance
_ Pi7| + |Par

T = P17 T Pors pT >

22



Kinematic definitions

We can rewrite them in terms of the Born level kinematics

Q) = 2pr cosh(n_) exp(n

77::

),

¢ = 2x cosh(ny) exp(—n

L 7)2

2

The parsonic Mandelstam variables are given by

$ = (q+k)* = +4pF cosh”(n_)

t = (q — p2)* = —4p7 cosh(n_) cosh(n, ) exp(n:)

A

i = (q — p1)* = —4p7 cosh(n_) cosh(n) exp(ns)

S+i+a=-Q°

)



Kinematicregion vs HERA coverage

Dijet production

Vs =318 GeV

10%10(Q2 [GGVQD




Cross-section factorization

Dijet production

do
dxdndnedprdrr

- x Bjorken variable

- 1. et pseudorapidit
We measure over P pidity
_pT transverse momentum

- rptransverse momentum imbalance

do(v*g)
dxdm dnodprdry

X

o’ (v*f)
dxdmn dnadprdre
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Unpolarized & linearly polarized cross-section

Dijet production

ﬂV HV bHBY
P, ) ~RED)T i) (2 + B

UV pHv 22 V. KoV
H*Y =g gy 9T 9l gl _( Ir_ ”1T'U2T‘|‘”2T”1T)
v g—Ff 0 Y9=>Ff g — 9 0 “Ty*g—ff d— 9 2 V17 - Vo
: : U (~* d’b
Unpolarized cross-section do™ (v*9) gU 5.1, / b . b
X Svg (ba G2, ,U,) (Cf(ba R, /J’)']f (pTa R, /”’)> (Cf(ba R, /*I')Jf(pTv R, ,U,))
Linearly polarized do"(~v*q) gL I o d*b , 1
Cross-section dﬂ?d??ldnzdedTT — 0o Z H’Y*g—>f —('5) ta u, .u) / (271_)2 exp(&b ) TT) h’l (Ev b) My Cl)

82 _02
X =2 Syg(b, G2, 1) (Cf(b R, ) Jf(pr, R, /l))( 7(b, R, 1) J¢(pr, R /!))




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,p, k" /07) —  Fi(& b, p, 1)

Syi(bop, VAR ST)  — Syi(bp, Ca)
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Z.ero-bin subtraction

( scale

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

—\?2 .
o=t

In the Breit-frame this leads to

¢ G2 = pr

. . 2
¢, has square mass dimension ¢y = py natural way of
Notice that —>

{, 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  »g



2 B 2 Z”yE -
S,y (b, 11, Ca) = 1-|-a8{C'F_7; | 21112( alh )+4L12(1+Ab)_

+ Ca

Z.ero-bin subtraction

Subtracted soft function, finite result

(y*g) - channel

_Ab

- 2 .
— 2 ln(B[LzezyE)— 1112(—Ab) 7; 2Lis(1 + Ap)

(2)1 °”l)2) S
2(vy - b) (vg-b)  4pEc

with...  Ap

b+ 0(a?)
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S

jet transverse

° direction
Consistency check ¢
Dijet-production
d (Y"g)-channel  ym_ , +7s,, +7F, + 2775 + 7, + 70, + 70 =0
7 Gl =76(n) G(p) f
: (v"f)-channel  yg_; + 75, +vF, + 75, + 75, £, 0, +Va =0

The sum of all anomalous dimensions should cancel for each channel
C-logs
7[511, — —1{ — CA 20 [ln(B'u? c:Q".f'E) —In § lnp.% In ('ki” } : (qﬁlogs)

. - g
f;«ﬂf = 4{((’;7 + C'a) {ln(Buze%E) —1Ins + lnpgT + 111(4(%)} + (Cp — Cy) {ln (7) — rc(vf)} —C }

o U

. (-
"/},—1%] = 4(; [ —|In (N—lz) —+ A/-i:| :

"y} — 4y _ In (B u,z 62’”‘7) +1nR? {In (4cf,) 4 /-{,(’Ug)}
| . - K(vf) = —%(Uf) = —k(v,) = imsign(cp)
'j.fg] = 4C'p | — In (B ;1,2 627’”) +1nR? {In (4(:;2,) + H,('Uz-):|

They cancel !!!
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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)
drxdngdngdprdry

- x Bjorken variable

- 11y, N heavy meson pseudorapidity

We measure over A
- prptransverse momentum

- rptransverse momentum imbalance

do(~v*g) w o / db |
: — Hl' ~ t’ ‘ Y ! 'L "b * F(. bl/ Y b’ [ |
drdnydngdprdry rgQaS b 1) (27)2 exp(ib - r71) Fg (€, 0, 11, (1)

Region sensitive to TMD  |rr| < pp
Factorization for highly boosted heavy mesons ~ pj > mpg
We have a new scale Q@
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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

To—-u(b) = 7‘n’H_ SO H (T y = "b) - We can check our NLO calculation (finite terms)
V2P V2 - We can get the jet function AD up to two loops

Fickinger, Fleming, Kim, Mereghetti, 2016

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

VSyg = ("‘/Hﬁ,g +7F, + Yo +7g(v1) +y7(v2) + 27 )

Soft function
anomalous dimension
‘) ) s Al
Bu?eE

VSyg = Yeusp [‘2 Cr ln( y ) — Caln( 2] + 075,
— 41p
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Connection to the fragmentation shape function

Heavy meson pair production

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

. 1 , o _
Sqn(w) = Y (016(w — ivV20 - Q)W hys, [HsX )(HpX |y 5. W, 7 0)
AN e " \/—
and its Fourier transformation...
So—n(T) = / dw exp(iwT)So— (W)
_ Z(()\exp(—\@ m—;.a) W has | X HY(X Hlow W |0)
21y Ner - v V2

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

MmH & v-b - We can check our NLO calculation (finite terms)
jQ >H( ) bQ y H ’ ‘ . ]
V2py V2 - We can get the jet function AD up to two loops
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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

H4+ — MQ, and  py =mo—

pT

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

—

JQ >u(b,])T,7nQ, )(L) — H| ('TTIQ, ,U,)j(;) s 1] (b,

\

Mo

pr

—

2 ,)

/

Appears for the first time

Known up to two-loops

35



Refactorization of heavy-quark fragmentation

Heavy meson pair production

Up to one loop order we find

2 2 2 - 2
Hy(mg,p) =14 'SCF{ln(lQ )+1112(l9)+8 I / } T O"S(’f{l 111( Q)}
4 m m; 6 T y 12
Q Q f
] : 2
bare Tn"Q) - asCp { 1 1 [ . } 2 om” } asCr
,—— | =14 —+ — |1 —2InR|+InR —In"R — - — _
L7Q—>Q( "D - 2¢2 1 9 T 24 YT - {1-2InR}
: tpprie’E(v - b
with.., R= "% w-b)
mg|v|
We have separated scales and can now be resummed
Anomalous dimension are consistent Y7 + 7Y+ = 7 t ¢, —_— Consistent !!!
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New soft function et

Bare soft Sbare(b) S*,fj;ﬁte(b)Jras{CA[ 622 | 6(2 ln(\/;ﬁ) | ln(2An))]
function

on[ G+ 2m (M)

Sba‘re(b) ﬁmte(b) + a, {CA [E% + 2(ln (n - v1)(v2 - b) - In (Bﬂgezwj ))]

€ (n - v9)(vy - b) —Ap
4 ’L”Ul . b5+e””?
—+ ZOF In ( - U ) }
NI Sfinite \/§5+
S,?g b)) =1+ as{CA [ln(B ple'e) (III(BM%%E) +4ln ( 0 ) T 2111(2An)) — In*(—Ap)
function
2 w2 Bu?e*r

2Lis(1+ Ap)| + Cr | T+ 2’ ( ) +4Lia(1 + 45)] },

—Ag
2

6

B ,u2 e2VE
— A,

Sﬁmte(b)_1+ab{c,4[ + In? ( ) 2Liy(1 + Ap) + 21n(Bu2e?™®) In ("L""l)g"“"b;]

(71"02) ’U1°b

. s . + oVE
+ 4Cr ln(B,u,‘ze‘hE) In ( $01 03¢ )}
-
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Finite soft

function

Renormalization

function

Z.ero-bin subtraction = g

Subtracted soft function

2 Bue*E
Syg(bypt,C2) = 1+ GS{CF {? + 21n? ( liAb

+ Ca| = 2In(B?e®®) In (o — In?(— Ay)

2

S~(by e, G2) =1+ aS{CA{% + In? (

Bug e2VE
— Ay,

) + 2Lis(1 + Ap) + 2In(Bu2e®) In

) + 4Lis (1 + Ab)]

2

2Lis(1 + Ap)| } + O(a2)

2

+CF ln(BuQez"”‘?) [ln(Bugez'm) —2In(o+21n (

2(n - v2) )

(v1 - v2)(n - v2)

7; -4 In(—1 vy -f))]}—}—(’)(a

4 4 (B;L2 627E)] 2

qu(b, 1, (z) =1+ as{CF [6—2 + —In

€

— Ay

2. . 2
— CAE 111Cz} + O(ay)

Z’ff(ba 1,G2) =1+ as{(i’,‘:;[3 — g(ln (n-v1)(vs b)) - In (BMZeQm)]

€2 €

(n - v2)(wy1 - b)

2 A -
+ —CF [ln(BuQe%'E) —In(as +In ( (n - vs)
€

_A,

(v1 - v2)(n - Vg

)) + 2In(—i v, - I;)]} + O(a?)

S

),
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(ﬂia{i)

Evolution, double-scale evolution

Improved D

fixed u evolution

Describe evolution of functions
depending on two scales

TMDPDF TMDFF Dijets SK

(741 uscale | Renormalization | & regulator
' scale (DR)
5 i Rapidity
: o0 regulator
scale
In p?

Scimemi, Vladimirov, 2018
Scimemi, Vladimirov, 2020
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