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Azimuthal angular correlations in lepton pair production in
ultra-peripheral heavy ion collisions
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The coherent photons induced by relativistic heavy ions are highly linearly polarized, in close
analogy to the linear polarization of gluons in a large nucleus. We proposed to measure the
photon polarization through azimuthal asymmetries in dilepton production in ultra-peripheral
collisions. Our prediction for the asymmetries were soon confirmed by the STAR experiment
with high precision. We refined our analysis recently by including the final state soft photon
radiation effect beyond the double leading logarithm approximation. The azimuthal asymme-
tries and acoplanarity at relatively high transverse momentum provide unique opportunities
to test the resummation formalism thanks to the extremely high photon flux in UPCs. Our
results clearly show the feasibility to access the sub-leading resummation effects in UPCs at
the RHIC and LHC.
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1 Linearly polarized gluons and photons

In high-energy hadron colliders, the partons carry longitudinal momenta as well as transverse momenta,
as shown in the left panel of Fig.1, which made it necessary to describe the parton distributions in
the framework of transverse momentum dependent (TMD) factorization. Take the gluon TMD as an
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Figure 1 — Illustration diagrams of the longitudinal and transverse momenta of a parton from a hadron (left) and
a photon from a heavy ion (right).

hadron

example, the leading twist gluon correlator of an unpolarzied hadron can be defined and be parametrized

in terms of leading twist TMDs :
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- 63?) hi(z,k%), (1)

where fi(z,k?%) and hi(z, k? ) are the unpolarized and linearly polarized gluon TMDs, respectively, and
the Wilson lines Uy, and U[/y,O] guarantee color gauge invariance. For a hadron moves relativistically
along P* direction, A™ component dominant the gauge potential components due to the Lorentz boost
effect, so the field tensor reads F!. = 9, A" — 9°Ay. For a gluon with momentum k, the field tensor
Fy o< ky A" — k*A,. Usually the transverse momentum of the photon k; is much smaller than its
longitudinal momentum k™ = 2P, so it’s hard to tell which component is more important in the field
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tensor. But at small-x limit &7 A™ is obviously dominant, so F} o k% A" approximately. Compare both
sides of Eq.(1), one can conclude that fi(z,k%) = hi (z,k?), which means that the gluons are totally
linearly polarized 2.

On the other hand, it’s well known that relativistically moving ions will introduce electromagnetic
field, which can be described by equivalent photon approximation (EPA) developed by Fermi?®, Weiziscker
and Williams . These EPA photons will also carry transverse momenta, as shown in the right panel
of Fig.1, and analogy to gluons, they can also be formulated in the context of TMD factorization using
Eq.(1). The only difference is that the Wilson lines guaranteeing gauge invariance in the QCD case
are not necessary here, since photons carry no charge and are gauge invariant by themselves. In the
typical kinematic region of the heavy-ion colliders, e.g., RHIC and LHC, the EPA photons carry small
longitudinal momentum fraction z, so based on the analysis in the previous paragraph, it is natural to
conclude that the EPA photons are also highly linearly polarized ©.

Linearly polarized gluons can be probed through azimuthal asymmetry effects, so as the linearly
polarized photons. Due to the huge QCD background in the central collision area on heavy ion colliders,
ultra-peripheral collision (UPC) physics where two heavy ions pass by each other has attracted great
interest in recent years. One of the most interesting QED processes in UPCs is vy — [T1~, which has
been extensively studied for unpolarized photons theoretically and experimentally, and is also an ideal
process to probe linearly polarized photon through cos 4¢ or cos2¢ azimuthal asymmetries %7, as well as
a unique way to test the resummation formalism through the all-order resummation of the soft photon
radiation effect 8.

2 Probing the linear polarization of photons

The di-lepton production process via photon-photon fusion at the lowest order QED can be written as
V(21 P+ ki) +y2(w2P + kot ) = 1 (p1) + 17 (p2), (2)

where P, P, p; and py represent the four momenta of the two nucleons and the leptons in the final
state, respectively. The transverse momenta of the photons are represented by ki, and ko, with
ki, = (0,0,k;1,) and kot = (0,0, k2, ). The leptons are produced in a nearly back-to-back configuration
in azimuth with ¢; = |g.| < P, = |P,|, with the total transverse momentum g, = p;; + p2; =
kiL +koi and Py = (p11 —p21)/2.

The impact-parameter-integrated cross section is written as

do _ 202
d’p1 1 dPpo dyrdy, Q*

[A+ Bcos2¢ + C cos 4¢)] (3)

where ¢ is the angle between transverse momenta q; and P, , as shown in the left panel of Fig.2. y; and
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Figure 2 — Azimuthal angle definitions in the transverse plane.

yo are lepton rapidities, respectively. Q is the invariant mass of the lepton pair. The coefficients A, B
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and C contain convolutions of photon TMDs,

(Q — 2m*)m? + (Q* — 2P) P _

_ Pl Ak 1 62(qL — ki — kot ) f] (w1, K3 L) 17 (02, 3
A (m? + P?)? 1x2/ 10d7k2167(qr — k1o — ka1 ) fy (w1, k11 ) f1 (22, K3, )
m* 2kt A%k | 52 ki —k fery ko1 )?— 1) by (21, k3 )Ry (22, K
+Wmlm2 dled kQJ_ (QL_ 11— 2J_)|:2( 11 - 2J_) - i| 1 (-’1717 lj_) 1 (372, 2J_)7
(4)
4m2PJ2_ 2 2 2
B = Gy pprnee | Chn s ki k)
1
y {{2(’%%_. G1)2— 1} Flar, k2 b (@e, k2, ) + [Q(Eu' G.1)2— 1} hi—"/(xhki)ff(m,k%ﬂ}y (5)
—QPj: 2 2 2
c — s PR d’ky1 d*koy 6% (qL — k11 — KoL)
1
: A N2
x [2 (2(k'u' Gi)(k11-q1) — ku;kﬂ) B 1] hy (wr, k3 )by (0, K3, ), (6)

where a vector with a hat on it means a unit vector, and f7 (z, k2 ) and hi” (z, k2 ) represent the unpolar-
ized and linearly polarized photon TMDs, respectively. One can clearly see that the process has unique
angular correlations induced by linearly polarized photons. The longitudinal momentum fractions of the
leptons are fixed according to 1 ~ \/(P? + m?)/s (e¥* + €¥2), o ~ \/(P? +m?)/s (e”¥* + e ¥2), with
s, m being the center of mass energy and the lepton mass, respectively.

To sort out the UPC events, we must include the dependence of the impact parameters in the cross-
section, and then integrate b; from 2Rws to co, where b, is the impact parameter between the two
colliding nuclei and Rwg is the nuclear radius. Once b, is introduced, the incident coherent photon is no
longer in the eigenstate of the transverse momentum, and accordingly the photon transverse momenta
appearing in the amplitude and conjugate amplitude are no longer the same. We use ki, ko, and
k| |, kL, to denote the transverse momenta in the amplitude and in the conjugate amplitude with the
constraint kj, + k), = q,. The calculation of the impact parameter dependent cross-section was first
developed in Ref. 10, and we extended this calculation to the azimuthally dependent situation 7. The
joint b, and q, dependent di-lepton production cross section at the lowest order of QED can be written
as,

dO’O - 2043
d*p1ipoidyidysd?b,  (2m)2Q*

[A+ Bcos2¢ + C cos 4¢)] (7)
with
A = / (T P——— [—2m cos (0, + O, — Ohas — Oy, )+ (@2 = 2m?)
(PJ2_ +m2)2 1L 11 2.1 21
xcos (Gn,, — Ory, — Ok, + Ony, )+ PE(QF —2P2) cos (n,, — 0ry, + Ok — ny, )| (8)

B = /[d’CL]% cO8 (Pky, — Pry, ) COS ((bk’u + ok, — 2(25) ; 9)
¢ = f e (b, ey, ). (10
where ¢y, is the azimuthal angle between P, and k;, and the shorthand notation represent
/[d’CL] = /dzklid?kud2klu_d2k/u€i(ku_k/“)'bl52(ku +kot —qu)0% (K, + Ky —qu)
X F (w1, ki) F (w2, k31 ) F (a1, K72 )F (22, k). (11)

One notices that the b; dependence enters the cross section via the phase i1 k1) b1 The function
F(x1,k?) describes the probability amplitude for a photon carrying a given momentum. It can be related
to the normal photon TMD:

2
Z
2

|.7:(:L‘1,k:i)‘2 = xlfiy(mhki) = ki (12)

Pk +22Mm2)]
(k2 12202 |
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where F' is the Woods-Saxon form factor

2y _ 3 peiker P’
P = [ oo (12)

Considering higher-order QED contributions, the lepton pair will acquire a recoil transverse mo-
mentum through the final state soft photon radiation effect, which will cause large logarithmic terms
a?lnzn%z. These large logarithms can be resumed by using the Collins-Soper formalism '! and result in
Sudakov factor in the exponential in the impact parameter space. At the one-loop order the Sudakov
factor reads 1213,

., Q* P?

Sud(/,l/r77nj_) = flnﬁlnﬁ (14)

with g, = 2e~72 /r) . The cross section is then expressed as

do d’r irL-qi . —Sud(r 2 —ir g, 49,(d))
d2p1ld2p2Ldy1dy2d2bL :/(27T)267'L a4 (L)/d qj_e 149 d?PiS , (15)

where dP.S. = d*p1, d*py. dy1dy2d?b, being the phase space factor. The azimuthal asymmetries, i.e.,
the average value of the cos(ng), is defined as

_ I %cos(mﬁ) dP.S.

[ she—dP.S.

{cos(no)) (16)

Numerical results for (cos(4¢)) of the di-electron and di-muon production in UPCs at RHIC and
LHC energy regions have been calculated in Refs. 6 and 7, where we predicted significant (cos(4¢))
asymmetries as shown in Fig.3. This effect was promotely verified by RHIC STAR collaboration 4. As
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Figure 3 — Estimates of the cos4¢ asymmetry as the function of ¢, for different centralities at /s = 200 GeV.
The electron and positron rapidities and transverse momenta are integrated over the regions [-1, 1] and [0.2, 0.4]
GeV, respectively.

demonstrated in Table 1, the measured (cos(4¢)) for the process vy — eTe™ aligns excellently with the
theoretical predictions. A similar theoretical outcome for the centrality of 60%-80% was obtained based
on the Wigner distributions of photons 1°.

3 Toward the precision test of the resummation formalism

Besides directly measuring the ¢, distribution, the azimuthal angular decorrelation of the lepton pair
is often experimentally studied as well. When the lepton pair acquires finite transverse momentum,
they will deviate from the exact back-to-back configuration in the transverse momentum space, and the
deviation degree is measured by the so called acoplanarity with the definition being o = |A¢|/mw. The
azimuthal angle A¢ is defined as A¢ = m — (¢1 — ¢2) where ¢; and ¢ represent the azimuthal angles for
the lepton and the anti-lepton, respectively, as shown in the right panel of Fig.2. We fix the direction of
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Measured |2(cos(4¢))| | QED calculated 2(cos(4¢))
UPC 16.8%+2.5% —16.5%
60%-80% 27%+6% —34.5%

Table 1: Theoretical and experimental results for cos(4¢) asymmetry in di-electron UPC production in Au+Au
collisions at RHIC with /s = 200 GeV. The invariant mass Q is integrated over [0.45, 0.76] GeV, the electron
and positron rapidities y; 2 are integrated over [-1, 1], and the total transverse momentum of the dielectron ¢, is
integrated over [0, 0.1] GeV. The individual electron transverse momentum is restricted to P, > 0.2 GeV.

the electron transverse momentum p;; to be Y-axis. The acoplanarity can then be easily reconstructed
by the ratio of ¢, (the component of g, aligned with X-axis) and P, .

In this section we discuss the soft photon radiation effect on both the azimuthal asymmetries and
the acoplanarity. In the previous studies the soft photon contributions were resummed within double
leading logarithm approximation 1216, In Ref. 9, we extended the resummation formalism to the next
to leading logarithm accuracy and investigate its phenomenological consequence as well. We will briefly
demonstrate the steps and results later.

8.1 The calculation of the azimuthal asymmetries

First we discuss the azimuthal asymmetry. It’s already known that the final state soft photon radiation
effect introduces modifications to the cross sections, as discussed in the preceding section, thereby influ-
encing the magnitude of azimuthal asymmetries. While on the other hand, the photon that is emitted
also induce a recoil effect on the lepton that emit it. Given that the lepton pair are nearly back-to-back
in the transverse plane, the recoil effect will also cause azimuthal asymmetry '”13. The cross section with
soft photon radiation can be written as 1%19:17:13

do(q.) / 2 s doo(q)) /
= [ d°¢| ————= — 1
P.S. “gps. Ol a) (a7
and the soft factor is expanded at the leading order as 2,
Sp)=0(lL) + 73—;2 {co+2caco82¢ +2cycosdp + ...}, (18)
1

with ¢g =~ In %, co =~ In % + Sy sinh dy — 2 cosh? %y In[2(1 + cosh dy)]... when the final-state particle
mass is much smaller than P . 0y = y1 — y2 is the difference between the two rapidities of the leptons.

The final state soft photon radiation mainly occurs in regions where the lepton transverse momentum
q. is relatively large, for instance, when ¢, is larger than about 100 MeV. The previous section mainly
focused on the small transverse momentum area, so we ignore the azimuthal asymmetry effect induced by
the recoiled lepton there. In this section we will cover the [0, 200] MeV region for ¢, , where both coherent
photons and final state radiations can play their important roles. Considering an all-order resummation
of the large logarithmic terms, the cross section is also expressed as Eq.(15) in the transverse position
space, except that here we will include the subleading logarithm contributions.

We used the soft collinear effective theory (SCET) 20-21,22.23.24 and the standard Renormaliza-
tion Group (RG) methods to derive the resummation formula that includes the effects of lepton mass
resummation to all orders. We re-factorize the massive hard and soft functions in the small mass
limit (@ > g1 2 m), where the massive hard function H(Q,m,u) is factorized as the product of
the massless hard function H(Q, p) and collinear jet functions J(m, p), and the massive soft function
S(l1, Ay, m,u) is factorized as the product of the massless soft function S(I, Ay, ) and collinear-soft
functions C;(k; 1, pr,m, ). The resulting differential cross section is given by

do(qr) 9 2 2 o, doo(qr —11 — k11 —koy)
T —HQuu) P (mp) [ Pl L
X S, Ay, p)Cr(kr1, Py, m, pn)Co(kay, Pr,y2,m, 1), (19)

where the hard function H(Q, ) comes from the matching from QED to the low energy effective theory,
and the corresponding anomalous dimension is written as

Dy =2 (81116322 - 12) . (20)

" ar
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One can calculate the next-to-leading order contributions to the collinear jet function, the massive soft
function, and the collinear-soft function, respectively, and obtain the corresponding anomalous dimensions
which satisfying the consistency relations for the RG evolutions. The results are:

22 1 sh A
FSZ% 81n'u72aJ‘—l—81ncosQ(/§T—8hr1M , (21)
47 b;
2
e 1
Qe 4P2 y%r? )
Te,, = o (—4ln W +4 —41Incos? ¢, + 4z7r> . (23)
Then the Sudakov factor is given by
Qq m 4 nrm/(2PL) 4 urm/(2P1) g
Sud(r.) = / Lrg+ 2/ Hr, +/ Hre, +/ re,. (24)
- . M . 2 7. 1%

In the numerical calculation we compute both the azimuthal independent cross sections and the cos 2¢
and cos4¢ asymmetries for the unrestricted UPC case, where the impact parameter is simply integrated
over [2Rws,00). The nucleus radius Rws is taken as 6.4 fm for Au and 6.68 fm for Pb. We show the
azimuthal independent cross section, ((cos2¢)) and ((cos4¢)) as a function of ¢, at RHIC energy in Fig.4
and at LHC energy in Fig.5. In these curves the blue solid lines stand for the fully resummed results
from Eq.(24), and the purple dashed lines represent the results with the azimuthal dependent part being
treated at the one-loop order. The results without soft photon radiation effect are shown with the dotted
orange lines. It is evident that the perturbative tail, which is a result of soft photon radiation, takes
precedence over the lepton pair transverse momentum spectrum, which is determined by the coherent
photon primordial k; distribution, at relatively high ¢, values. The most remarkable contrast is the
cos 2¢ asymmetry, which is ignorable at the lowest order due to the negligible mass of electron, exhibit
large values at high ¢, . In the current study, we resum both the azimuthally independent and dependent
leading logarithms into an exponential form. In the previous works '”!3, the azimuthally independent
logarithm was resummed to all orders and the azimuthally dependent component was treated at the fixed
order. We make a numerical comparison of the results derived from these two resummation schemes.
The difference between these two approaches becomes apparent in the large ¢, region, especially for
the cos4¢ azimuthal asymmetry. It would be intriguing to examine such a resummation effect in future
experiments.

10f 2.0 resummed - resummed
<< 1000 \ ¢'e" UPC@200GeV | | ---—- one-loop 15} -=- oneloop "
(] A 1.50 ... without soft photon, A -- without soft photon /;
Q 100 < s
8 N < 1.0
E 2 10 %
& 10 8 8
=] [\ [\
1 resummed v v 0.5
2 1 0.5
.8 ————— one-loop
. . .- 0.0f\ T
0.1 without soft photon et N 0.0}- —
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20

q.[GeV] q.[GeV] q.[GeV]

Figure 4 — Di-electron production in unrestricted UPCs in Au+Au collisions at the RHIC energy. The following
kinematic cuts are imposed: the rapidities |y1,2| < 1, transverse momentum P; > 200 MeV, and the invariant
mass of the electron pair 450 MeV < @Q < 760 MeV. Left panel: azimuthal averaged differential cross sections;
middle panel: (cos(2¢)) azimuthal asymmetry; right panel: (cos(4¢)) azimuthal asymmetry.

8.2 The calculation of the acoplanarity

In the coordinate frame that we established at the beginning of this section, the acoplanarity can be
constructed as a = ¢, /P, . Integrate Eq.(15) over g, one obtain the ¢, dependent cross section,

do dr,dry, _ —i(raq ydo, (¢)
— d . YT i(reqs+ryqy) Suda(rz,ry) /d /d / ’L(’I‘qu+’l"yqy) o\49]
dqud® Py dy,dy»d?b / W oy © ¢ 12y © iP.S.
dry _ - it Aoy (4))
— T Tz qa SUda(Tz)Ty *0) d ! d / iTeqy 70 AL/ 2
/72776 e / qdzdgy e PS (25)
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Figure 5 — Di-electron production in unrestricted UPCs in Pb+Pb collisions at the LHC energy. The following
kinematic cuts are imposed: the rapidities |y1,2| < 0.8 and the invariant mass of the di-electron 10 GeV < Q <
20 GeV. Left panel: azimuthal averaged differential cross sections; middle panel: (cos(2¢)) azimuthal asymmetry;
right panel: (cos(4¢)) azimuthal asymmetry.

where the leading logarithm contribution to the Sudakov factor Sud,(r;) is given by,

ae [, o Q2 5 m?
da(rz) = — |In” —— —1 ——0 — Hrz)| 2
Sud,(ry) 5 |1 iz n 2 (m — pors) (26)

with pp, = 2e77E /1.

A one-dimensional Fourier transform is made in Eq.(25) since the acoplanarity is a one-dimensional
observable, apart from the two-dimensional ¢, distribution situation. When deriving the momentum
space expression of the Sudakov factor Sud,(l,), the Y-component of the soft photon transverse momen-
tum has to be integrated over the whole available phase-space region. Given this we need to re-derive a
factorization formula instead of integrating out ¢, from the resummed ¢, distribution. At the small o
limit, the factorization formula is written as,

dO’(O{) 2 dUO(qw - lw - klw - k?x)
=2P, H(Q
dP.S. LH(Q, )] (m,p)/dlwdkl,wdkg,gg dP.S.
X S(lzy Ay, p, v)C1 (K12, Py y1, my 1, ) Co(kaw, P1yy2, m, w,v), (27)

where the hard and jet functions are the same with those in Eq.(19) since they are independent of specific
observables. Implementing the one-dimensional Fourier transformation, one can define the r, dependent
soft and soft-collinear functions, calculate them to the next-to-leading order, and finally resummed to all
orders as exponential form. The Sudakov factor is expressed as

Q m
Sud,(r;) = / d—'uFH + 2/ d—MFJ-G’(m — L)

rT ra

2 2 2 2
Qe 9 9 m m
Tom [(ln u%z?’lnur%) - (hl u%xlnu%x) a(m“””)]' 2%)

We numerically calculated the acoplanarity distributions for di-muon production at CMS and di-
electron production at ATLAS to compare with their measurements?®-26, as shown in Fig.6. We only made
estimations for the OnOn events in which no neutron emission from the excited nuclei in the forward region
to avoid possible contributions from incoherent photons. In this case the impact parameter dependence
of the cross section is weighted with a b, distribution (see the review article?” and references therein),

o0
277/ bydb, P*(by)do(by, ...), (29)
2R
where the probability P(by ) for the On event for Pb can be parameterized as 2%,
17.4 fm)?

The theoretical results align with both ATLAS and CMS low « data. Yet, in the region of rela-
tively high «, our numerical estimations noticeably exceed the experimental data. Compared with the
results with double logarithm resummation, the inclusion of the leading single logarithm contribution
into the resummation formalism somewhat reduces the discrepancy between the experimental data and
the theoretical estimation, although the deviations are still apparent. The potential reason for this needs
further investigation. We also reconstruct the acoplanarity using the resummed ¢, distribution as given
in Eq. (15). The observed « distribution evidently does not support this approach as shown with the
yellow dotted lines in Fig. 6.
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Figure 6 — The normalized cross sections of di-lepton production as a function of a. Left panel: di-muon production
at CMS for the OnOn case, with the kinematic cutoff: |y1,2| < 2.4, P. > 3.5 GeV and 8 GeV < @ < 60 GeV.
Right panel: di-electron production at ATLAS for the OnOn case, with the kinematic cutoff: |y1,2| < 0.8 and
10 GeV < @Q < 20 GeV. The blue solid lines stand for the fully resummed results from Eq.(28), and the purple
dashed lines represent the leading double logarithm resummed results obtained using Eq.(26). The acoplanarity
distribution reconstructed from the resummed ¢, distribution given by Eq. (15) and Eq. (14) is shown with the
dotted orange lines. The CMS data displayed in the figure is taken from Ref. 25 and the ATLAS data is taken
from Ref. 26.

4 Summary

In heavy ion ultra-peripheral collisions, the photons induced by the relativistically moving ions carry
small transverse momenta. In TMD physics, it’s known that gluons carrying small transverse momenta
in an unpolarized hadron are linearly polarized. Through the analogy of QED to QCD, we derived that
coherent photons are highly linearly polarized, and further predicted that this effect can be measured
through the cos2¢ and cos4¢ azimuthal asymmetries in di-lepton production in UPCs. We calculated
the azimuthal asymmetries in the RHIC energy region, and consistent data for the cos4¢ asymmetry in
di-electron production process was soon obtained by the STAR collaboration, confirming that coherent
photons are linearly polarized.

During the calculation, the contribution from high-order QED corrections cannot be ignored, espe-
cially when ¢, is relatively large. These contributions not only change the size of the cross sections so
that change the magnitude of the azimuthal asymmetries, but also will induce azimuthal asymmetries by
themselves due to the recoil effect. We revisited the di-lepton production process in UPCs, focusing on
the final state soft photon radiation resummation effect on two observables: azimuthal asymmetry and
acoplanarity. The results show that at relatively high ¢, , the soft photon radiation effect is dominant,
and will significantly change the shapes of azimuthal asymmetries, particularly, it will induce large cos 2¢
asymmetry which is absent at leading order due to the negligible electron mass. It is worth mentioning
that the resummation of soft photon radiation has different formulas for the ¢; distribution and acopla-
narity, because Fourier transforms were performed in different dimensions. Within the SCET framework,
we carry out the resummation for these two observables to all orders, including the contribution of single
logarithm. Our results show that the ¢, -dependent azimuthal asymmetry is not very sensitive to the sub-
leading resummation effect, while the all order one-dimensional resummation is necessary to describe the
acoplanarity data of ATLAS and CMS. Although our calculation still has some deviation from the exper-
imental data, the result after including the single logarithm is much closer to the experiment. Therefore,
the di-lepton production process in UPCs provides a good opportunity to test the resummation formula
through the measurement of angular correlation.
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