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Introduction

h
* Multiple scatterings in deep inelastic scattering, ¥ o LY
hadron-nucleus, and heavy-ion collisions lead to >“MMA%?
important phenomena like jet quenching and
transverse momentum broadening which serve as

tools to study the properties of cold and hot nuclear (1] Guiot, B.; Kopeliovich, B. (2020)
matter.

* These effects have been observed at fixed-target
experiments (DESY, Jefferson Lab, Fermilab) and
collider experiments (RHIC, LHC), and will be a
major focus at the future Electron-lon Collider (EIC).



Higher Twist
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* One of the approaches to study effects of D oos - Xe
multiple scatterings is based on a generalized s :23:;1 1;
high-twist factorization theorem. 3 | ;} %
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* Most studies have focused on double parton -""’ﬁ
scatterings and their effect on transverse nﬁ
momentum broadening, which leads to 0" 20 40 s0 80 100 120 140

nuclear enhancement. A

[2] HERMES Collaboration, A. Airapetian et al.,
arXiv:0906.2478.



Transverse Momentum Broadening

* The transverse-momentum weighted NLO SIDIS cross section at twist-4 has been
calculated by [Kang Z., Wang E., Wang X., Xing H. (2014)].

* It was shown that the cross-section factorizes.
» Soft divergences in real and virtual corrections cancel.

 Collinear divergences can be absorbed into the standard fragmentation function
and/or the twist-4 parton correlation function of the nuclear state.




|IR-safe quantity

* It is possible to consider quantities that measure the transverse
spread of the QCD jets which do not depend on how partons
fragment into hadrons. These quantities are infrared safe.

* Non-infrared-safe quantities need some information on what are the
quark and gluon fragmentation functions, but no such information is
needed for infrared-safe quantities.

* We want to use the angular spread of the energy flow as an
illustration of an infrared-safe measure of transverse size.



Kinematics

e Consider a lepton [ scattering off a large
nucleus A.

I(L)+A(p) = (L") +h(lp) + X

e The usual SIDIS Lorentz-invariant variables
are defined as follows:
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Energy Flow

* Energy Flow definition in SIDIS:

dx _:E:jld
dxgdQ2dcosf — Jo “hZh

where 0 is the angle between the hadron h and the nucleus.

Nucleus + 9\

do hadron — h
dxgdQ?d cos 6 dzy




Energy Flow

e Using the fact that the fragmentation functions obeys the momentum

sum rule : .

z f dzp zp Dg/n(zn) = 1,
h

0

dx

and one can show that - is free of the final-state
dxgdQ-=d cos 6

divergence.



The width of Energy Flow

* The angular spread of a QCD jet can be described by
2 ds
(Sinz 9) _ [ dcosf sin“ 6 02 dcost

dx
| dcos® dxgdQ?dcos6

* Therefore, (sin? 8), besides depending only on the parton structure
functions, is normalized by the total cross section.

* Thus a calculation of {sin? 8) will need less experimental input than
what is needed for the average transverse momentum.



A measure of nuclear effects

* We want to investigate the nuclear effects
on the width of the energy flow using

A(sin® 0) = (sin® B),4 — (sin® B)e,

as function of 0 at fixed xz and Q2.
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dxgdQ?dcosf

do =do'" +do™ + -
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Another measure

* One can also consider the ratio

ReA/ep — (Sinz H)eA /(Sinz 0>ep

to measure the in-medium modification to the width of the energy
flow as function of 8 at fixed x5 and QZ.
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How exactly does the final state divergence
cancel?

* Example: NLO cross section at Leading Twist

* The Energy flow fory™ + g — g + g should have two contributions:

dO.LT

dO'LT
d
deszdCOSH ZJ A2 2 ldeszdCOSHdzhL * Zh:fo “n2n [dedQZdCOSHdzh ;
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NLO cross section at Leading Twist

* The cross section has both initial and final state IR logs that can be
factorized.

* The initial and final state divergences can be combined with the bare
PDF/FF to yield a scale-dependent PDF/FF.

* The weighting with z;, and the sum over all hadrons allows us to
remove all reference to FF by using the momentum sum rule.
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NLO at Twist-2

dx d ) A
d’PS _UDZ /_m_zfqm 2, 1$)Dpyq(2, 13)3(1 — £)0(1 - 2)

+Jo— Z /d—mﬁfqm x #f)Dth(z P‘*f){ In (%) [Paq(£)0(1 — 2) 4+ Pgq(2)0(1 — &)] + H¥2qu}

dr d :
+ ETD_ Z /_m_zquA x F*f)th’y(z :“’f) lln (%) Pgq(2)6(1 — &) + HT@QL%Q]

(Vg dx dz Q? A . NLO
+ 005 Z /——fgm 2, 117) [Dnyq(2, 17) + Diyglz, p17)] [ (#—?) Pag(2)6(1 — 2) + Hpy gq] :
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* The IR-sensitive part has the form

1 - A1 1
11R=—E5(1_3?) f dZAqZAqqu(ZAq) "‘f Z gqg( )]
Jo
= -2 61 -2) [, dzq (24 +1—24)Pyq(2) | = 0

7. = — 1+ x2 3
l Zj qu(X) = CF (1 _ )+ + 5(1 - x)]
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NLO cross-section at twist-4

* Through explicit calculations of real and virtual . '~ S
corrections at twist-4, the transverse- m “j\fd

momentum-weighted differential cross section , +E g“’
. N . £Lp q ! q

due to double scattering is shown to factorize -

at NLO [Z.Kang, E. Wang, X. Wang, H. Xing arxiv:1409.1315].

d(ﬁtcr d:r dz A A
e O ] T,y(2,0,0,13) ] L Dl 1231 = #)3(1 - 2)

+ 5(1 - zﬂ)(?pqg%qg ® Tqy + qu(f)rqg(l?ﬂ: D'.«;uf))]

C—R c-V A A C
+qu ®TGH+HW ®TQH_HQQ®TQQ+HM®T‘IH}=
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NLO at Twist-4: Gluon Fragmentation

* We need to calculate some additional diagrams that contribute to the
gluon fragmentation:

where the red bar represents where the soft pole arises. Soft here
means the initial gluon momentum goes to 0 as k+ goes to 0.
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Hard Scattering

* There are also other diagrams that are called hard scattering because
the initial gluon momentum becomes finite as k+ goes to zero.

’ % kr 3 K
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Poles
Soft

(1g—kg) +ie

Hard

(k1+q)%+ie
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Diagrams:

Soft-Soft & Soft-Hard

Soft-Soft & Soft-Hard & Hard-Soft & Hard-Hard

20



Diagrams:




Weighted cross section: Gluon Fragmentation

e We want to calculate

A(sin® 0), = f dcos6 sin® 6 [

dZT4
dedQZdCOSHL

dZT4 dO.T4
dxpdQ?dcosf f A2n Zn [deszd cos 6 thL

22



Current status

* We are now in the process of calculating these different diagrams:
Hard-Hard, Soft-Soft, Hard-Soft and Soft-Hard.

* Then, one should extract the final-state divergence and add that to
the final-stat divergent part from the quark contribution:

1 1
0

 This will verify the IR-safety of the width energy flow in SIDIS (NLO at
twist-4).
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