Factorization and resummation of heavy quark pair
angular correlations
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Gluon TMDs and spin asymmetry at the EIC

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)

fa‘8 0(u)(x, br,e,7,xP") =

At the EIC, gluon TMDs can be probed via dihadron, open di-

charm, di-D-meson and dijet

e In the small x dijet process is the most promising channel -

Zheng, Aschenauer, Lee, Xiao, Yin "18

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 ‘23
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TMD factorization of open heavy quark (pr>> mq) in DIS

qr factorization for heavy meson pair (del Castillo, Echevarria, Makris, Scimemi’20 ’22)

qr factorization for heavy flavor dijet production, and study gluon Sivers asymmetry (Kang,
Reiten, DYS, Terry '20)
heavy quark qr fragmentations (Dai, Kim, Leibovich ’23; Kuk, Michel, Sun 23 '24)

The anomalous dimensions of the qr soft function are divergentas ¢, = 7/2
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In addition to qgr, one can also study angle correlation to probe TMDs

e A better angle on SIDIS (Gao, Michel, Stewart, Sun ’22)

e 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, DYS, Waalewijn & Wu

22 +in progress)



Factorization and resummation of heavy quark

pair angular correlations
Dai, Jiang, DYS In progress

Region 1 : QQ > mog ~ qr,
Region 2 : QQ > mg > qr,

Region 3 : Q ~ mgo > qr.
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Factorization inregion1l Q@ > mg ~gqr

Standard TMD factorization: two scales
hard: p, ~Q(1,1,1)
collinear: pf ~ @ (1, A2, /\)

soft:  py ~qr(1,1,1)

Match the quark current operator onto the SCET operator

ZEW‘W — JSCET = XﬁS%VjL_San

Factorization formula

do d?br .,
= UOH(@M)/ (QW; e N "L To 5 (bryma, 1, C/v?) Tg, 5 (bryme, 1, ¢ /1?) Sg (br, mag, 1, v)
f

Jet and soft function depend on two scales: gr and mq



Factorization inregion1l Q > mg ~gqr

The Jet function can be expressed in terms of heavy quark TMD fragmentation function
Dai, Kim, Leibovich '23; Kuk, Michel, Sun '24

dz, d* 2z, i ; _
Farstee o) = 3 oo [0 gyt o2 (0 D@0, 10(Po), X) (Q(Po), XI%(0) 0

quark mass maq provides an infrared cutoff

Examples of fragmentation processes converting a parton a into a heavy quark

N

Define jet function (zero-moment of heavy quark fragmentation functions)

1
Jo/f (bi,mQ,M,V)=/O dzg 25 /dd 2Pg e+ Pet/zeFy, (20, P, )



Factorization inregion1 Q> mg ~gr
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NLO Jet function
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Auxiliary function (vanishes in the heavy quark limit mq >> qr)
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Factorizationinregion 1l Q> mg~gr

Soft function Pietrulewicz, Samitz, Spiering, Tackmann ‘17

Sg (b1,mg) = NicTr (0| T[S}, (b1) Sr (b1)]T[SL (0) Sy, (0)]]0)

Different from the standard TMD soft function due to heavy-quark corrections

Two-loop anomalous dimensions (heavy quark corrections)
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RG and RRG consistency relation
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NNLL resummation ingredients are known
3



Resummation inregion 1 Q> mg ~gr

We apply Collins-Soper-Sterman treatment to resum rapidity logs

JQ/f(bTa mg, K, C) = jQ/f(bTv mg, K, C/Vz)\/SQ(bT7 mg, K, V)

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

rhdp 1 /¢ 172 (v br)
JQ/f(bTamQJJ’a Cf) — €XP / ff)ﬁg(ﬁ’? Cf) (C_> ']Q/f(bTamQ7Mb7<i)
Ju _ 0

We have the resummation formula

do 090?56 >0
47 2090051Q, /O br dbr Jo(Q80br/2) S €2Jg, ¢ (br,ma, tas &) T5 ) 7(brs Mo, 1h, C)
f

The scale choice w1 =V =Q  m=vG =



Factorization inregion 2 Q> mg > qr

In the limit mq >> g7, jet function in region 1 contains «”log™ (mgo/qr)

The factorization formula in region 1 with active flavors ny = n; +1 should be matched onto a

theory with 7; active flavors

E.g. matching relation of & from region 1 to 2
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Decouple the interaction between heavy quark and ultra-comnear moaes; iviatcn s e onto

bHQET Fleming, Hoang, Mantry & Stewart ‘07
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Factorization inregion 2 Q> mg > qr
: A=mg/Q>qr/Q

hard: p) ~Q(1,1,1)
Jm H
collinear: pll ~ @ (1, 22, )\)

massive-soft:  pt .~ Q (A A, A)

soft: pt ~qr(1,1,1)

ultra-collinear:  pf. ~ qr/A (1, A% )\)
l [ [ —
qr qrQ/mg Q n-p
Factorization formula

do

9 9 Hoang, Pathak, Pietrulewicz
d2qT — UQH(Q7 l’l’) 'jm(mQa /’1'7 CJ/V ) Sm(mQ, 11'7 I/) &Stewart’ ’15

Matching coefficients form SCET to bHQET

d2by . .
X / (27‘_)7; € br-qr CQ(bT,M, CC/VZ) CQ(bTal-l'a CC/VQ) S_L(bT,H, V)

N Standard TMD soft function



Factorization inregion 2 Q> mg > qr

Definition of ultra-collinear function

Co (br 1. Ce/v) = 1 Tr (OT[W] (b1) Ya, (BL)ITIYS, (0) W (0)][0) =20

One-loop results
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Anomalous dimensions ( 7; flavor)
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Refactorization of jet function in region 1

Too(br,mg) “2Z, 7..(mo)Co(br)
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Factorization inregion 2 Q> mg > qr

RG consistency relation

Vil A 27T e G 42952 =0,

VA2 =0, )+ 27,0 =
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Two-loop anomalous
dimension of the ultra-collinear
function

hard: p) ~Q(1,1,1)
collinear: pi ~ @ (1, A2 )\)
massive-soft:  pb .~ Q (A, A\, A)
soft:  pt ~qr(1,1,1)
ultra-collinear:  pt. ~ qr/A (1, A2, /\)
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NNLL resummation ingredients are known
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Resummation in region 2 @ > mg > qr

Evolve the jet and ultra-collinear function

1 _.Jm
T P di B i C 27¢ (mo,u;)
Im (mQa 22 CJ,f) — €XP / E'u"y/{m (,LL, CJ,f) ( Cj,f> Jm(mQa Hm s CJ,?J)
- I d— 7 C %ng(baub)
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We have the resummation formula

do oco0Q?56 .~
50 Qg H(Q,#h)ﬁzn(mg,uh,(,],f)/o bdb Jo(Qd6b/2) C (b, pn, s, )
The scale choice ur=Q, [m=mg, = "by/br,

Q% u?
2
mg

Crfr= Q% (ji= m2Q> Co,f = , Coi =
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Factorization inregion 3 Q ~mg > gr

In region 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; Ju, Schonher 22

A

n-p I
e Two-loop soft function Angeles-Martinez, M. Czakon, and S. Sapeta’18; Catan

Mazzitelli ‘23

Factorization formula

dsz ibr-qT ~.
(27'(')26 S(bTMBQ?l‘l')

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

= UQH(Q,mQ,u)/

Q>>mg

Two loop ultra-collinear function can be determined based on S > C2QSL
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Factorization inregion 3 Q ~mg > gr

F.

qr qrQ/mg Q n-p qr Q n-p

Two loop ultra-collinear function can be determined based on § — = CQSJ_
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Factorization inregion 3 Q@ ~mg > qr

F.

qr qrQ/mg Q n-p qr Q n-p

Two loop ultra-collinear function can be determined based on § —9>>m-g> CQQSJ_
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Factorization inregion 3 Q@ ~mg > qr
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Two loop ultra-collinear function can be determined based on § —9>>m9> CQQSJ_
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Factorization inregion 3 Q ~mg > gr
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e Two loop ultra-collinear function can be determined based on § (52>>m9> CQQSJ_
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Factorization inregion 3 Q@ ~mg > qr
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Two loop ultra-collinear function can be determined based on § :Q>>m9> ngsl
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do

NNLL resummation in region 2

. .y _ go variation for bottom quark
{4y, variation (4 variation {1y, variation

1 do
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e We apply b*-prescription to avoid Landau pole

2eVE b
Hb = ! b” = 5 /1.0
0 V1+0%/b70
e Leading non-perturbative effects are estimated based on the modification of CS kernel

;% =72 —g2b®  Becher, Bell 13; Viadimirov ‘20
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NNLL resummation in region 2

go variation for bottom quark
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Heavy quark pairs azimuthal decorrelation in the RHIC

N(P,) + N(Py) — b(pc) + b(pa) + X (px)

Liu, Ke, DYS In progress

ultra-collinear:
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soft:
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QED resummation of lepton pair azimuthal correlation in UPCs
DYS, Zhang, Zhou, Zhou 23

Ultra-peripheral heavy ion collisions without nuclear breakup 44 — AAIT]~
Set a baseline for QGP study

Determine photon flux v

e Photon Wigner distribution: (Klein, Mueller, Xiao, Yuan, ’'20) ‘LE
, [ dPAL iAL by d§—d*r ie P e —ikpor,
xf’y (CIZ‘, kTa bJ_) _/ (27_‘_)2 € / (27_‘_)3 €

(St fre (o) P () a5

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' /draj zrque Sud(?“a;)/dq dq/ —zrxqw dO'() (QJ_)
dq,d?P | dy,dysd?b | v dP.S.

21



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

M00——————+—— — 000-+—————
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 Single log contribution is sizable

o[, o M2 M? : 2\
Suda (r2) = 5 (1112 — —3In T) - (1112 C I mT)
T _ /’L’I“ZU /’L'I“ZU ILLT'ZU /’L?“.CU -

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
QQ > mo ~ 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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