Factorization and resummation of heavy
quark pair angular correlations

Ding-Yu Shao
Fudan University

SCET2024  Salamanca Apr 15, 2023



Gluon TMDs

The gluon transverse momentum dependent distributions (TMDs) are important
towards understanding the transverse structure of the proton as well as QCD
factorization

Gauge link dependent gluon TMDs (TMD handbook ’23)
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E.g. gluon Sivers function: T-odd object; two gauge links; process dependence more
involved
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Gluon TMDs and spin asymmetry at the EIC

At the EIC, gluon TMDs can be probed via dihadron, open di-charm, di-D-meson and dijet
* In the small x dijet process is the most promising channel Zheng, Aschenauer, Lee, Xiao, Yin
18
At the LO di-jet production in DIS involves two processes: 7'¢ —q9 "¢ — qq
e The heavy quark pair production is dominated by the gluon channel at all x and gets only

minor contribution from the quark channel Dong, Ji, Kelsey, Radhakrishnan, Sichtermann, Zhao
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TMD factorization of open heavy quark (pr>> mq) in DIS

gr factorization for heavy meson pair (del Castillo, Echevarria, Makris, Scimemi 20 ’22)
gr factorization for heavy flavor dijet production, and study gluon Sivers
asymmetry (Kang, Reiten, DYS, Terry '20) also see Michel’s talk
heavy quark gr fragmentations (Dai, Kim, Leibovich '23; Kuk, Michel, Sun '23 '24)

The anomalous dimensions of the qr soft function are divergent as ¢, = 7/2

(g CF

~Selobal - [ln (4 cos? gbx) — 47 sign (cos qu)}

In addition to gr, one can also study angle correlation to probe TMDs
e A better angle on SIDIS (Gao, Michel, Stewart, Sun ’22)

° Lepton jet correction in DIS (Liu, Ringer, Vogelsang, Yuan '19, Arratia, Kang, Prokudin, Ringer
19, Fang, Ke, DYS, Terry 23 )

Discussions on azimuthal and radial correlation can be found in (chien, Rahn, Dvs,
Waalewijn & Wu ’22 + in progress)



Factorization and resummation of heavy quark

pair angular correlations
Dai, Jiang, DYS in progress

Region 1 : Q) > mg ~ qr,
Region 2 : QQ > mg > qr,

Region 3 : Q ~ mo > qr.
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Factorization inregion 1 Q> mg ~gr

n-p t)

‘7? 7 hard: p, ~Q(1,1,1)

collinear: pt~ Q@ (1, 22, /\)

mg ~ dr soft: phk ~qr(1,1,1)

Match the quark current operator onto the SCET operator

vy — JscrT = Xﬁsr,iﬁisnxn
Factorization formula

do
d2(1T

by .
—Te br-ar Zeifjg/f (bTamQa M C/VQ) j@/f (bT7mQ7 M C/VQ) SQ (bT7mQ7:u7 V)

:OOH(Qau)/(Qﬂ_)Q
f

Since Q >> mq, quark mass will not contribute to the hard function
Jet and soft function depend on two scales: gr and mq
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Factorization inregion 1 Q> mg ~gr

The Jet function can be expressed in terms of heavy quark TMD fragmentation

function Dai, Kim, Leibovich ’23; Kuk, Michel, Sun ’24; also see Michel’s talk

dzy d% 2z, ;
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quark mass mq provides an infrared cutoff

Examples of fragmentation processes converting a parton a into a heavy quark
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Define jEt function (del Castillo, Echevarria, Makris, Scimemi ’20’22)

1
jQ/f(bLamQaHaV):L dzg 2y /dd P, et Petl?e Fy, (20, P, )



Factorization inregion 1 Q> mg ~gr

NLO Jet function
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Auxiliary function (vanishes in the heavy quark limit mq >> gq7) | jo(z) —— 0.
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Anomalous dimension reads

1/2

QQ
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Factorization inregion 1 @ > mg~gqr

Soft function Pietrulewicz, Samitz, Spiering, Tackmann 17

So (b1, mo) = NicTr (O[S}, (b1) Sx (bL)ITISE (0) S, (0)]]0)

Different from the standard TMD soft function due to heavy-quark corrections. The
difference arises starting at the two loop

Anomalous dimension reads

2
v n
s = —2Cpy P (") In i vS, 25 = 4Cr AT (bo/br, 1) + Crv
RG and RRG consistency relation

YA A2y =0 e +2y]° =0



Resummation inregion 1 @ > mg ~qr

We apply Collins-Soper-Sterman treatment to resum rapidity logs (TMD handbook '23)

JQ/f(bTa mo, K, C) = jQ/f(bTa mo, M, C/Vz)\/SQ(bTa mo,H, V)

Evolve the jet function from the pair of initial and final scales {us, ¢} — {1, (r}

hdp (s %’YCJQ (16,b7)
JQ/f(bTamQ7/1'7 Cf) — €Xp [ 77};9(/7’7 Cf)] (C_) JQ/f(bTvanubaCi)
Hb .

We have the resummation formula

do  00Q?%80 o0
80 0621 H(Q’“h)/o br dbr Jo(Q56br/2) Y e5Jo ¢ (br,ma, i, Cf) Jg, 7 (br, ma, kh, Cr)
f

The scale choice 1= =Q =+ = b

br
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Factorization inregion 2 Q> mg > qr

e In the limit mq >> gr, jet function in region 1 contains «. log™ (mg/qr)
e The factorization formula in region 1 with active flavors ny = n; + 1 should

be matched onto a theory with n; active flavors
n-p1
E.g. matching relation of o, from region 1 to 2

() 2
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» Heavy quark momenta Pj5 = mgvf + p*

b Q@ mo T Q@ mo 1
vy (mg, Q 7OJ_>7 DPyc qr (mQ, Q, )

e Decouple the interaction between heavy quark and ultra-collinear modes;

Match SCET onto bHQET Fleming, Hoang, Mantry & Stewart ‘07

hy, — Yo hoy JsceT — JoHQET = hw_ WJL Y, Y Yo, Wy by,
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Factorization inregion 2 Q> mg > qr

hard:  p) ~Q(1,1,1)
collinear: ph ~ @ (1, A2, )\)
massive-soft:  pt .~ Q (A, A\ N\)
soft: = pt ~qr(1,1,1)

ultra-collinear:  pl. ~ gr/A (1, A2, A)

A=mg/Q > qr/Q

Factorization formula ;.;:1ing coefficients form SCET to bHQET
Hoang, Pathak,

— gQ’H(Q, ,u) j,n% (mQ, I, CJ/Vz) S, (mQ, I, 1/) Pietrulewicz &Stewart, ‘15

d’br .
X / (%)T;e"T T Co(br, p, G /v?) Colbr, 1, G /v?)|SL (br, 1, V)

Standard TMD soft function
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Factorization inregion 2 Q> mg > qr

Definition of ultra-collinear function

Co (br, 1y Ge/v") = Ni'ﬂ OIT(W (b1) Yo, (b)ITIYY, (0)Wr (0)]J0)  [v =

One-loop expression

("l)C v2m?2 2 2 2 2
Cbare— 1+ F[( + In Q) <—+2Lb>——+—+Lg—|—2Lb+ﬂ—

47 Q22 €2 € 6
Anomalous dimensions ( n; flavor) 4 p
Refactorization of jet function in region 1
Co cusp,(n;) “2Q2 C,(ny) mg >qr
T = —Cpy™P ™ n —5—g- + 47 Jo/o(br,mg) > Im(mo)Co(br)
Q L y
v = 4CF
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Factorization inregion 2 Q> mg > qr

RG consistency relation
hard:  p) ~Q(1,1,1)
fyf + 29+ + fyf + 2759 =0, collinear: pl ~ @ (1, 22, )\)
’y,‘fm + 27;/7”" =0, fyf + 2759 —0 massive-soft:  pt .~ Q (A A \)
soft:  pt ~qr(1,1,1)

cuso.(ne) 1 @7 - ltra-collinear: . ~ g /A (1, A2, \
V= 20py @) In . gyaing) ultra-collinear: ~ ph, ~ qr/A ( )

7
2
22 m
’YSQ — _CF,YCUSP,(TL[) ln lj’2 Q2 _I_ ,Yca(nl) /yl{m —_— _CF,YCUSp,(’nl) ln —ZQ _|_ /}/Jm)(nl) _I_ O(ag)
vimg 12
2 Sm __ 2
’Yf —= _ZCF,YCUSP,(TL[) ln V_z _|_ /787(nl) ’Y'U, T O(aS)
H Hoang, Pathak, Pietrulewicz & Stewart, '15
Two-loop anomalous 184 1372 128 272
. p ’YfZCACF (22{3————) —CFTF’I’Lf (——I——
dimension of the ultra- 27 18 27 9

collinear function o . _ .
NNLL resummation ingredients are known in region 2
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Resummation inregion 2 Q> mg > qr

Evolve the jet and ultra-collinear function

Cr s 3™ (mo,py)
CJ,?L)

CCf %’Yfg(bay’b)
Ceyi )

H dio
Jm(mQ7 My CJ,f) = €Xp [/ E'U”Y/{m (/17 CJ,f)] (

m

Jm(mga Hm s CJ,i)

H di
CQ(b7 Iy CC,f) — €Xp [ EMWSQ (/7’7 CC,f):| (

2233

CQ(ba Hb, CC,i) .

We have the resummation formula

do 00Q?56
déd 4

H(Q, r) I, (ma, pih, Ci,) /o bdb Jo(Q56b/2) CE(b, pn, (s f)

The scale choice
Hh = Qa Hm = TQ, My = bO/bTa

Crp=Q°% C(ri=my, (of= 3 Cei = Mb

15



Factorization in region3 Q ~mg>gqr

e Inregion 3, TMD factorization of heavy quark pair production are well studied

e Factorization and resummation (Li, Li, DYS, Yang, Zhu "12 ’13 & Catani, Grazzini, Torre '14& Catani,

Grazinni & Sargsyan ’18)
° TWO-|OOp soft function Angeles-Martinez, M. Czakon, and S. Sapeta’18; Catani, Devoto, Grazzini,

Mazzitelli ‘23 et
e Factorization formula ‘
do by .
= 0gH(Q,mo, 1) | 75 55€""" S(br, Ba,
dqu JQ (Q mQ lu') / (27T)2 € ( T BQ /'L) .\,__“__“““?—T“

T —
qr Q n-p

e We use their expressions to verify refactorization of soft function at two loop

S Q>>mQ
T

> 2759 + 75

e Two loop ultra-collinear function can be determined based on S Q>>mg> CQQSL

16



Factorization in region3 Q ~mg>gqr

e Inregion 3, TMD factorization of heavy quark pair production are well studied
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Factorization inregion 3 Q@ ~mgo>gqr

e Inregion 3, TMD factorization of heavy quark pair production are well studied

n-p
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Factorization inregion 3 Q@ ~mgo>gqr

e Inregion 3, TMD factorization of heavy quark pair production are well studied

n-p t .Hoang, Pathak, Pietrulewicz & Stewart, '15
\
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e Two loop ultra-collinear function can be determined based on S @>me
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do
dod

NNLL resummation in region 2

{4 variation 4, variation

do
dod
do
dof

......................

......................
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< 2= 010 GV? based on the modification of CS kernel
I go = 0.20 GeV? ]
(())_60 Toos oo os 'o.lz;o ’Y?Q — ’}’?Q — 92b2 BECher, Bell ’13, Vladimirov ‘20
o0
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 We apply b*-prescription to avoid Landau pole

e Leading non-perturbative effects are estimated



NNLL resummation in region 2

[y variation ft; variation [y variation
.................... S
i = m NLL
6 \ N
I 0 NNLL
5_‘ ete” = b b X
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Q = 100 GeV
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doh
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oo U based on the modification of CS kernel
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e We apply b*-prescription to avoid Landau pole



Heavy quark pair azimuthal angular correlation in DIS
Dai, Jiang, DYS in progress

e(l) + p(P) — e(l') + Q(p1) + Q(p2) + X pr > mg > gy

hard: pp ~pr(1,1,1)

soft: Ps ~ qt (17 1 1)
beam: py ~ pr (1,067, 60)

jet: p; ~ Pr (17 )‘27 /\)J

p(P)

-, ultra-collinear: pyc ~ g /A (1, A2 /\) 7

do
d@Q? dy dm dsz dog

db; -
X/_tGthpTéqb ;/N (xabtmuch/Vz)'CQ (bt7M7CC/V2> C@(btmuaCC/VQ)S(bt?:u?V)

— ZHZ (Qayanlameu) jfr% (mQ,,u,Cj/V2> Sm (anU? V)

()

s

Gluon TMDs 1-dim soft function

Gao, Li, Moult, Zhu ’19 ’23; Chien, Rahn,

20 DYS, Waalewijn & Wu 22 + Schrignder '21



QED resummation of lepton pair azimuthal correlation in UPCs
DYS, Zhang, Zhou, Zhou ‘23

Ultra-peripheral heavy ion collisions without nuclear breakup AA — AAlT]™

Set a baseline for QGP study
Determine photon flux: standard candle ~ : !

 Photon Wigner distribution: (Klein, Mueller, Xiao, Yuan, ’20) LLL&L
d2AJ_ i : df_d27°J_ i Pt e —ikoer
ajf’)/ (ZC, kT’ b_]_) :/ W@ Aj-by / (27T)3 e PTE& kr-r| ,}/
AJ— + L (s gy _ (N AJ_
: <A"7 F(05) PR (6 ) AT

BSM search: E.g. tau g-2 and tau EDM (ATLAS, ’23; CMS ’23; DYS, Yan, Yuan, Zhang '24)
We apply impact parameter dependent formalism and factorization in region 2

to derive the resummation formula

do d’f’a; rgrwqwe—Sud(rw)/dq/ dq' —z'rxq’x dO’O (Qj_)
T

dgod® P dy,dysd?b, | 27 © y© iP.S.

21



QED resummation of lepton pair azimuthal correlation in UPCs
DYS, Zhang, Zhou, Zhou 23

10000 o 1000 , |
resummed ~ resummed
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 Single log contribution is sizable

2 2 2 2
Sud, (1) = (;— [<1n2 M —31n %> (1n2 T m—)]

™ ILL’I"CU l’L’I"QZ ILL’I"iC ILL’I"QZ‘

e Our findings demonstrate the accessibility of these single log resummation effects
through the analysis of angular correlations in lepton pairs.



Conclusion

We investigate the factorization and resummation formula for heavy quark pair
production in back to back limit

We analyze factorization in three distinct scale hierarchies within SCET, bHQET,
HQET
Q> mgo ~ qr Q> mo > qr Q ~mo > qr

Refactorization jet function in region 1 are verified at one loop

In region 2 two-loop ultra-collinear function results are given by RG consistency
and refactorization of the soft function in region 3

We perform the NNLL resummation predictions of heavy quark pair angular
correlation in region 2

We also apply our formalism to study QED resummation of lepton pair azimuthal
correlation in UPCs, and find sizable single log contribution

Our findings demonstrate the accessibility of these single log resummation effects
through the analysis of angular correlations in lepton pairs.
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