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D I S C L A I M E R S

• This is a student lecture, not a review 
• It’s tempting I know, but I resisted (and ran out of time!) 

• Limited scope, to help students understand why we 
are making some of these (somewhat tricky 
measurements) 

• Emphasis on LHC EM/electroweak, so only a passing 
mention of EM probes at RHIC 
• Direct photons 
• Low-mass dileptons



A C T  I :  W H Y  C O L L I D E  P R O T O N S



A C T  I :  W H Y  C O L L I D E  P R O T O N S

• To discover new particles 
• Large masses, so only rarely produced 

• At colliders, proton is used as a source of “partons” 
• generic term for “quark and gluon” constituents 
• Structure mapped out by HERA in exquisite detail
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Figure 19.4: The bands are x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF2.3 global
analysis [45] at scales µ2 = 10 GeV2 and µ2 = 104 GeV2, with αs(M2

Z) = 0.118.
The analogous results obtained in the NNLO MSTW analysis [43] can be found in
Ref. [62].

where we have used F γ
2 = 2xF γ

T + F γ
L , not to be confused with F γ

2 of Sec. 19.2. Complete
formulae are given, for example, in the comprehensive review of Ref. 80.

The hadronic photon structure function, F γ
2 , evolves with increasing Q2 from

the ‘hadron-like’ behavior, calculable via the vector-meson-dominance model, to the
dominating ‘point-like’ behaviour, calculable in perturbative QCD. Due to the point-like
coupling, the logarithmic evolution of F γ

2 with Q2 has a positive slope for all values of x,
see Fig. 19.15. The ‘loss’ of quarks at large x due to gluon radiation is over-compensated
by the ‘creation’ of quarks via the point-like γ → qq̄ coupling. The logarithmic evolution
was first predicted in the quark–parton model (γ∗γ → qq̄) [81,82], and then in QCD in
the limit of large Q2 [83]. The evolution is now known to NLO [84–86]. The NLO data
analyses to determine the parton densities of the photon can be found in [87–89].

19.5. Diffractive DIS (DDIS)

Some 10% of DIS events are diffractive, γ∗p → X + p, in which the slightly deflected
proton and the cluster X of outgoing hadrons are well-separated in rapidity. Besides
x and Q2, two extra variables are needed to describe a DDIS event: the fraction xIP
of the proton’s momentum transferred across the rapidity gap and t, the square of the
4-momentum transfer of the proton. The DDIS data [90,91] are usually analyzed using
two levels of factorization. First, the diffractive structure function FD

2 satisfies collinear
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“x” is fraction 
of proton momentum,  
as probed at scale 1/µ: 

most partons take a very  
small fraction!
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P R O T O N - P R O T O N  C O L L I S I O N S   
AT  T H E  L H C :  A  T Y P I C A L  E V E N T

Soft particles 
with low pT < 2 GeV



P R O T O N - P R O T O N  C O L L I S I O N S   
AT  T H E  L H C :  A  R A R E  E V E N T

e.g. a Higgs boson  
candidate



A  T Y P I C A L  E V E N T

diagrammatic view of a 
“soft” interaction between  

the proton constituents

SHERPA



R A R E !  

“hard” interaction between 
the proton constituents:  

large momentum exchange,  
high multiplicity, complex topology SHERPA



A single heavy ion collision event from ALICE



A C T  I I :  B U I L D I N G  A + A  F R O M  P + P

a

x (fm)

10

y
 (

fm
)

–10

–10

Au+Au

b = 6 fm

–5

–5 50

0

5

10

–15

–10

–5

0

5

15

10

Au+Au

b = 6 fm

z (fm)

10 15–10–15 –5 50

b

x
 (

fm
)

SteinbergFig04.pdf   4/5/07   3:01:05 PM

To first order, A+A is just O(A) p+p collisions at the same time: 
but huge variations event-to-event



B U I L D I N G  A + A  F R O M  P + P
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“Glauber model” 

1. Generate two colliding nuclei  
with 3D nucleon positions  
chosen from measured density 
distributions (e- scattering) 
 
 

2. Nucleons interact when 
transverse distance satisfies 
 
 
 
typically using the inelastic  
pp cross section for NN  
 
 

⇢(r) =
⇢0

1 + exp ([r �R]/a)

d <
p

�NN/⇡

participants : N
part

collisions : N
coll

T
AA

: N
coll

/�
NN

“thickness”, hard

“volume”,
dN

dy
/ Npart



“ C E N T R A L I T Y ”
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3 Relating the Glauber Model to Experimental Data

Unfortunately, neither Npart nor Ncoll can be directly measured in a RHIC exper-
iment. Mean values of such quantities can be extracted for classes of (Nevt) mea-
sured events via a mapping procedure. Typically a measured distribution (e.g.,
dNevt/dNch) is mapped to the corresponding distribution obtained from phe-
nomenological Glauber calculations. This is done by defining “centrality classes”
in both the measured and calculated distributions and then connecting the mean
values from the same centrality class in the two distributions. The specifics of this
mapping procedure differ both between experiments as well as between collision
systems within a given experiment. Herein we briefly summarize the principles
and various implementations of centrality definition.

3.1 Methodology
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Figure 8: A cartoon example of the correlation of the final state observable
Nch with Glauber calculated quantities (b, Npart). The plotted distribution and
various values are illustrative and not actual measurements (T. Ullrich, private
communication).

The basic assumption underlying centrality classes is that the impact param-
eter b is monotonically related to particle multiplicity, both at mid and forward
rapidity. For large b events (“peripheral”) we expect low multiplicity at mid-
rapidity, and a large number of spectator nucleons at beam rapidity, whereas
for small b events (“central”) we expect large multiplicity at mid-rapidity and a
small number of spectator nucleons at beam rapidity (Figure 8). In the simplest
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Convolve Glauber calculations with simple  
particle production models to estimate fraction  

of total AA cross section observed by each experiment 

Data is then divided into percentile bins:  
Using only monotonicity, model allows extraction 

of ⟨Npart⟩, ⟨Ncoll⟩, ⟨TAA⟩  for each bin!

Miller et al, 2007Energy measured at forward angles



I N T E R M E Z Z O :   
H A R D  P R O C E S S  R AT E S  I N  P P  &  A A

Rpp
X = Lpp ⇥ �pp

X

RAA

X

= L
AA
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⇥ hN
coll

i ⇥ �pp

X

�pp

tot

Rate of X in pp

Rate of X in AA
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i
�pp

tot

= L
AA

⇥ �pp

X

⇥ hN
coll

i ⇥ �tot

AA

�pp

tot

40,000!

=<TAA>
minimum-bias rate

“partonic 
luminosity”

“mean nuclear 
thickness”



I N T E R M E Z Z O :  
T H E  “ M A S T E R  E Q U AT I O N ”  F O R  A A

NX = NAA ⇥ �pp
X hTAAi

which defines “nuclear modification factor”

RX
AA =

NX

NAA�
pp
X hTAAi

Cross sections in pp, yields in AA, and thickness from calculations 

(NB: if we could, we’d use NN instead of pp data!  And we can do NN MC)



S TA N D A R D  M O D E L  ( S M )

Still here, despite all attempts to #resist it 😎



I N T E R A C T I O N S  I N  T H E  S M

QCD (strong) 
interactions

Electroweak  
interactions

While quarks and gluons can emit W/Z/γ, 
they are typically unaffected by the QCD plasma:  

penetrating probes of the QGP!



A C T  I I I :   
E L E C T R O W E A K  C A L C U L AT I O N S

• The standard model allows exquisitely precise 
calculations involving electroweak bosons, using the 
Feynman diagrams in the SM 

• Of course, the diagrams I just showed you are only 
leading order 
• Quark from one proton (or neutron) & anti-quark from 

the other annihilate into a W, Z or photon 

• Of course, life is never that easy…



C O R R E C T I O N S  T O  E L E C T R O W E A K  P R O D U C T I O N

W/Z/γ-only

W/Z/γ+jet

W/Z/γ 
+2-jet

LO NLO

NLO

NNLO

NNLO

NNLO NNLO NNLO

The QCD corrections get complicated quickly



O N E  M O R E  ( C R I T I C A L )  P I E C E :  P D F S

• We mentioned before that nucleons are sources of 
partons: quarks and gluons
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Figure 19.4: The bands are x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF2.3 global
analysis [45] at scales µ2 = 10 GeV2 and µ2 = 104 GeV2, with αs(M2

Z) = 0.118.
The analogous results obtained in the NNLO MSTW analysis [43] can be found in
Ref. [62].

where we have used F γ
2 = 2xF γ

T + F γ
L , not to be confused with F γ

2 of Sec. 19.2. Complete
formulae are given, for example, in the comprehensive review of Ref. 80.

The hadronic photon structure function, F γ
2 , evolves with increasing Q2 from

the ‘hadron-like’ behavior, calculable via the vector-meson-dominance model, to the
dominating ‘point-like’ behaviour, calculable in perturbative QCD. Due to the point-like
coupling, the logarithmic evolution of F γ

2 with Q2 has a positive slope for all values of x,
see Fig. 19.15. The ‘loss’ of quarks at large x due to gluon radiation is over-compensated
by the ‘creation’ of quarks via the point-like γ → qq̄ coupling. The logarithmic evolution
was first predicted in the quark–parton model (γ∗γ → qq̄) [81,82], and then in QCD in
the limit of large Q2 [83]. The evolution is now known to NLO [84–86]. The NLO data
analyses to determine the parton densities of the photon can be found in [87–89].

19.5. Diffractive DIS (DDIS)

Some 10% of DIS events are diffractive, γ∗p → X + p, in which the slightly deflected
proton and the cluster X of outgoing hadrons are well-separated in rapidity. Besides
x and Q2, two extra variables are needed to describe a DDIS event: the fraction xIP
of the proton’s momentum transferred across the rapidity gap and t, the square of the
4-momentum transfer of the proton. The DDIS data [90,91] are usually analyzed using
two levels of factorization. First, the diffractive structure function FD

2 satisfies collinear
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FIG. 1: Kinematic coverage of the DIS and collider pp-pp̄ exper-
iments. For pp and p° p̄ colliders, the Bjorken x1 and x2 of the
interacting quarks are related to the mass M of the Drell-Yan pair
and its rapidity y as x1,2 = M/

p
S exp(±y) where S is the center of

mass energy squared for the experiment.

processes such as Drell-Yan pair production. The QCD
Q2 evolution, now known to Next-to-Next-to-Leading Or-
der (NNLO) [1], allows to calculate the parton densities for
a given x for higher values of Q2. Therefore, PDFs deter-
mined in DIS experiments can be used for precise predictions
of the production cross sections at pp colliders, for example
the LHC. Fig. 1 shows the kinematic coverage of the fixed
target DIS experiments and HERA compared to pp̄ and pp
colliders, the Tevatron and LHC. While the LHC extends the
range greatly towards low x for low Drell-Yan pair masses, for
the W and Z bosons production (M ª 100 GeV) and for the
central rapidity range of the detectors (|y| < 2.5) the Bjorken-
x range (0.0005° 0.05) is fully covered by HERA. Further-
more, HERA covers completely the x range for a light Higgs
boson (Mh ª 128 GeV), which in the Standard Model is pre-
dominantly produced via gg fusion with the top quark in the
loop. Measuring the ratio of the Higgs to Z production rate
experimentally and using the HERA based predictions for the
Z and Higgs rates, it is possible to place strict limits on certain
scenarios of non-standard Higgs production.

III. SUMMARY OF RESULTS FROM THE HERA-I
PERIOD

Most of the information on the proton structure function
at low x comes so far from the data collected at HERA in
1992-2000 running period (HERA-I). Most of the structure
function analyses for this data sample have been finalized, for
example Fig. 2 shows a summary of the F2 structure function
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FIG. 2: Structure function F2 as a function of Q2 based on HERA-I
measurements of H1 [2, 3] and ZEUS [4] collaboration compared to
results from fixed target experiments BCDMS [5] and NMC [6].

measurements by the H1 [2, 3] and ZEUS [4] collaborations
at HERA and also by fixed target experiments BCDMS [5]
and NMC [6].

The precision achieved for the F2 data in 0.0005° 0.05
Bjorken-x range is about 2°3% which leads to about 5% PDF
uncertainty on the W,Z production cross section at LHC1. To
improve this precision, further analysis of low Q2 < 100 GeV2

HERA-I data is in progress by the H1 collaboration. In addi-
tion, a better understanding of the systematic uncertainties is
possible if H1 and ZEUS data are compared and combined
in a common dataset in a model independent way. A proce-
dure for this combination has been developed recently [7], the
combination is now under study by the two collaborations.

IV. NEW RESULTS FROM HERA-II

During the shutdown in 2001°2002, HERA underwent an
extensive upgrade aimed to increase the luminosity and also

1 Two quarks are needed for W,Z production in a Drell-Yan process com-
pared to one probed in DIS, therefore PDF uncertainties for Drell-Yan are
generically twice larger than for DIS. For a rigorous study see [11].

DIS measurements provide input into PDF fits (with errors!) 

Lots of groups: CTEQ, MRST, GRV, NNPDF 
THEY ARE ALL DIFFERENT, AND CHANGE ALL THE TIME 

x=fraction 
of nucleon 
momentum



Q C D  FA C T O R I Z AT I O N

• One then uses the fact that QCD calculations can be 
written in a factorized form, where the non-perturbative 
physics in the structure functions is separated from the 
hard process cross section

8 40. Cross-section formulae for specific processes

40.6. Inclusive hadronic reactions

One-particle inclusive cross sections Ed3σ/d3p for the production of a particle of
momentum p are conveniently expressed in terms of rapidity y (see above) and the
momentum pT transverse to the beam direction (in the c.m.):

E
d3σ

d3p
=

d3σ

dφ dy pT dp2
T

. (40.39)

In appropriate circumstances, the cross section may be decomposed as a partonic cross
section multiplied by the probabilities of finding partons of the prescribed momenta:

σhadronic =
!

ij

"
dx1 dx2 fi(x1) fj(x2) d#σpartonic , (40.40)

The probability that a parton of type i carries a fraction of the incident particle’s that
lies between x1 and x1 + dx1 is fi(x1)dx1 and similarly for partons in the other incident
particle. The partonic collision is specified by its c.m. energy squared ŝ = x1x2s and the
momentum transfer squared t̂. The final hadronic state is more conveniently specified
by the rapidities y1, y2 of the two jets resulting from the collision and the transverse
momentum pT . The connection between the differentials is

dx1dx2dt̂ = dy1dy2
ŝ

s
dp2

T , (40.41)

so that

d3σ

dy1dy2dp2
T

=
ŝ

s

$
fi(x1)fj(x2)

dσ̂

dt̂
(ŝ, t̂, û) + fi(x2)fj(x1)

dσ̂

dt̂
(ŝ, û, t̂)

%
, (40.42)

where we have taken into account the possibility that the incident parton types might
arise from either incident particle. The second term should be dropped if the types are
identical: i = j.

40.7. Two-photon processes

In the Weizsäcker-Williams picture, a high-energy electron beam is accompanied by a
spectrum of virtual photons of energies ω and invariant-mass squared q2 = −Q2, for
which the photon number density is

dn =
α

π

$
1 − ω

E
+

ω2

E2 − m2
e ω2

Q2E2

%
dω

ω

dQ2

Q2 , (40.43)

where E is the energy of the electron beam. The cross section for e+e− → e+e−X is
then [9]

July 30, 2010 14:36

19. Structure functions 13

x
-310 -210 -110 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

g/10

vu

vd

d

c

s

u

NNPDF2.3 (NNLO)
)2=10 GeV2µxf(x,

 

x
-310 -210 -110 1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

 

g/10

vu

vd

d

u

s

c

b

)2 GeV4=102µxf(x,

 

Figure 19.4: The bands are x times the unpolarized parton distributions f(x)
(where f = uv, dv, u, d, s ≃ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF2.3 global
analysis [45] at scales µ2 = 10 GeV2 and µ2 = 104 GeV2, with αs(M2

Z) = 0.118.
The analogous results obtained in the NNLO MSTW analysis [43] can be found in
Ref. [62].

where we have used F γ
2 = 2xF γ

T + F γ
L , not to be confused with F γ

2 of Sec. 19.2. Complete
formulae are given, for example, in the comprehensive review of Ref. 80.

The hadronic photon structure function, F γ
2 , evolves with increasing Q2 from

the ‘hadron-like’ behavior, calculable via the vector-meson-dominance model, to the
dominating ‘point-like’ behaviour, calculable in perturbative QCD. Due to the point-like
coupling, the logarithmic evolution of F γ

2 with Q2 has a positive slope for all values of x,
see Fig. 19.15. The ‘loss’ of quarks at large x due to gluon radiation is over-compensated
by the ‘creation’ of quarks via the point-like γ → qq̄ coupling. The logarithmic evolution
was first predicted in the quark–parton model (γ∗γ → qq̄) [81,82], and then in QCD in
the limit of large Q2 [83]. The evolution is now known to NLO [84–86]. The NLO data
analyses to determine the parton densities of the photon can be found in [87–89].

19.5. Diffractive DIS (DDIS)

Some 10% of DIS events are diffractive, γ∗p → X + p, in which the slightly deflected
proton and the cluster X of outgoing hadrons are well-separated in rapidity. Besides
x and Q2, two extra variables are needed to describe a DDIS event: the fraction xIP
of the proton’s momentum transferred across the rapidity gap and t, the square of the
4-momentum transfer of the proton. The DDIS data [90,91] are usually analyzed using
two levels of factorization. First, the diffractive structure function FD

2 satisfies collinear

August 21, 2014 13:18

The key thing to remember: as we scan  
in rapidity and pT, we are changing 
x1 and x2, and exploring different  

regions of the PDFs!



F R O M  L O  T O  N N L OZ production at the LHC

Result completely stable against µ variation at NNLO
⇒ 25 − 30% at LO; 6% at NLO; 0.1 − 1% at NNLO

Electroweak gauge boson rapidity distributions at NNLO – p. 10/18

W production at the LHC

Similar scale dependences as Z production
⇒ 25 − 30% at LO; 6% at NLO; 0.1 − 1% at NNLO

Electroweak gauge boson rapidity distributions at NNLO – p. 11/18

Anastasio et al

While broad rapidity shape of Z and W production is captured by LO 
calculations, cross sections are underpredicted vs. NLO, and very sensitive 

to renormalization scale.  NLO is much more stable (precise)

NNLO is a noticeable change vs. NLO, but similar in magnitude (<10%):  
In LHC era, precision of experiment already outstrips NLO precision.



W H AT  A B O U T  N U C L E I ?
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Nuclear PDFs in the beginning of the LHC era

Hannu Paukkunen

Department of Physics, University of Jyväskylä, P.O. Box 35, FI-40014, Finland

Helsinki Institute of Physics, University of Helsinki, P.O. Box 64, FI-00014, Finland

Abstract

The status of the global fits of nuclear parton distributions (nPDFs) is reviewed. In addition
to comparing the contemporary analyses of nPDFs, difficulties and controversies posed by the
neutrino-nucleus deeply inelastic scattering data is overviewed. At the end, the first dijet data
from the LHC proton+lead collisions is briefly discussed.

1. Introduction

The experimental evidence for the appearance of non-trivial nuclear modifications in hard-
process cross sections is nowadays well known. The “canonical” example is the deeply inelastic
scattering (DIS), in which the ratio σ(ℓ±+nucleus)/σ(ℓ±+deuteron) displays the typical pattern of
nuclear effects [1]: small-x shadowing, antishadowing, EMC-effect, and Fermi motion. A cartoonic
picture is shown in Fig. 1. The central theme in the global analyses of nuclear parton distributions

Figure 1: Typical nuclear effects seen in the DIS measurements.

fA
i (nPDFs), is to find out whether, and to what extent (in which processes, in which kinematic
conditions) such effects can be interpreted in terms of standard collinear factorization [2, 3], for
example, in the case of DIS,

σℓ+A
DIS =

!

i

fA
i (µ2

fact)
" #$ %

nuclear PDFs, obey

the usual DGLAP

⊗ σ̂ℓ+i
DIS(µ

2
fact, µ

2
ren)

" #$ %

usual pQCD

coefficient functions

+ O (1/Qn) , (1)
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DIS cross sections on nuclei do not scale w/ number of nucleons! 
Various effects in different regions of Bjorken x: 

(anti) shadowing & EMC effect are experimental facts: 
Each non-student in this room thinks s/he understands them,  

but many disagree with each other!



C H O I C E S  O F  N P D F S

• nPDFs are derived by fitting 
nuclear data (ratios to N or D) 
• EPS09 (most common), DSSV 

(more flexible), HKN07 
• These fits have their own error 

sets (added in quadrature to 
errors from PDF fits!) 

• Can redo calculations including 
nPDF modifications to standard 
PDFs 
• Always ask yourself what the 

primary PDF is and which 
nPDF is modifying it!

where RA
i (x,Q

2) quantifies the nuclear modification (also impact-parameter dependent versions
has been suggested, see Ref. [22]). For the moment, all groups rely on the isospin symmetry to
obtain the bound neutron PDFs (e.g. fn,A

u = fp,A
d ) — an assumption that would need to be revised

once the QED effects are included in the parton evolution [23, 24, 25, 26]. All but hkn07 assume
no nuclear modification for the deuteron, Rdeuteron

i (x,Q2) = 1. Although small, the nuclear effects
in deuteron are still non-zero, and have some importance when the deuteron data are included in
the free proton fits [27].

Different groups use different functions to parametrize RA
i (x,Q

2
0). For example, while eps09

employs a piecewize fit function (as a function of x), dssz uses a single fit function constructed
such that the analytic Mellin transform exists. In the works of nCTEQ, fp,A

i (x,Q2
0) is parametrized

directly with the same fit function as used for their free proton baseline. However, as the free proton
baseline is taken as “frozen”, this is simply another way of parametrizing RA

i (x,Q
2
0).

Most of the data that are used as constraints in the nPDF fits come as nuclear ratios similar to
that shown in Fig. 1. What makes such ratios especially appealing is that they prove remarkably
inert to the higher order pQCD corrections. Also, the dependence of the free proton baseline PDFs
gets reduced. The exception here are the neutrino-nucleus DIS data, included in the dssz fit,
that are only available as absolute cross-sections (or as corresponding structure functions derived
from those). The inclusion of these data also requires using a general-mass variable-flavor-number
scheme (GM-VFNS) for treating the heavy quarks overtaking the zero-mass scheme (ZM-VFNS)
employed in the older fits (eps09, hkn07).

Figure 2: Comparison of up valence and sea quark nuclear modification factors for the lead nucleus at Q2 = 10GeV2.
Blue line with error band is eps09, green dotted line with error bars dssz, and purple dashed hkn07.

A comparison of the RPb
uV

(x,Q2 = 10GeV2) (up valence) and RPb
u (x,Q2 = 10GeV2) (up sea)

from the available parametrizations is presented in Fig. 2. The areas with yellow background
are those regions of x where the direct data constraints do not exist or they are very weak. In
these regions the bias due to the assumed form of the fit function and parameter fixing may be
significant. Whereas the RA

uV
from eps09 and hkn07 agree at large x, dssz, strangely enough, is

clearly above at x ≃ 0.5. This is rather unexpected as in this EMC region there are plenty of data
constraints from DIS experiments. The same behaviour is there already in the dssz precursor,
nds [28], and the probable source of this has been identified as a misinterpretation of the isospin

3

Each modifies free nucleon structure differently: 
effectively different models, so important to compare them

from H. Paukkunen



A C T  I V:  E W  M E A S U R E M E N T S  @  L H C

All experiments participating, including LHCb 
This talk focuses on ATLAS & CMS, which are most similar

ATLAS

CMS
LHCb

ALICE



J E T  Q U E N C H I N G  I N  Q C D

q/g

q/g

!8

Medium-induced radition

If λ < τf, multiple scatterings  
add coherently

2ˆ~ LqE Smed αΔ

2
2
T

f k
ω

τ =

Zapp, QM09

Lc = τf,max

propagating  
parton

radiated 
gluon

Landau-Pomeranchuk-Migdal effect 
Formation time important

Radiation sees  
length ~τf at once

Energy loss depends on density:
ρ

λ
1

∝

λ

2

ˆ
⊥

≡
q

q

and nature of scattering centers 
(scattering cross section)

Transport coefficient

Partons lose energy traversing medium, due to : 
1. gluon radiation  (coherently if tform> m.f.p. ➔ L2)  
2. elastic scattering (transfer of energy to medium) 

q/g

q̂


GeV2

fm

�
/ hq2?i

�
�E / ↵sq̂L

2

transport coefficient:

↤ L ↦

Energy loss sensitive to density & coupling, 
⇒ reduction in rate at fixed pT

~ density

∆E
⇐

pT

dN/dpT



P E N E T R AT I N G  P R O B E S

q/g

q/g

W/Z/γ

↤ L ↦

We are still picking out partons from the 
initial state, but the main products sail right through



C O L L I S I O N S  I N  R U N S  1  &  2

p+p p+Pb Pb+Pb
900 GeV (2009)  
2.76 TeV (2013)  
5.02 TeV (2015)  
7 TeV (2010-11)  

8 TeV (2012)  
13 TeV (2015)

 
5.02 TeV (2012-13)  

8.16 TeV (2016)  

2.76 TeV (2010-11)  
5.02 TeV (2015)

E V E R Y  P B + P B  &  P + P B  R U N  H A S  “ R E F E R E N C E ”  P + P  R U N



L H C  A S  A  H E AV Y  I O N  C O L L I D E R

~0.3 µb-1/day ~6 µb-1/day ~30 µb-1/day!

Huge improvements year-to-year, with a key limitation for future runs 
being burn-off from electromagnetic interactions

Lint = 3x1027/cm2sLint = 5x1026/cm2sLint = 2x1025/cm2s

R U N  1  
( 2 0 1 0 - 1 1 )

R U N  2  
( 2 0 1 5 - 2 0 1 8 )

R U N  3  
( 2 0 2 1 - 2 0 2 3 )

R U N  4  
( 2 0 2 6 - 2 0 2 9 )

0 . 1 5  n b - 1 1  n b - 1 1 0  n b - 1 ?



M E A S U R E M E N T S  I N  AT L A S



M E A S U R E M E N T S  I N  C M S



E L E C T R O W E A K  B O S O N S  F R O M  R U N  1

• Well measured in p+p 
• Among the first important standard model measurements 

• Surprisingly accessible in Pb+Pb 
• Leptonic observables provide a clean channel 
• Sufficient statistics even in Run 1 for first measurements 
• Sufficient statistics/precision to see nPDF effects? 

• In principle, p+Pb provides an even more 
advantageous environment for nPDF effects 
• Asymmetric system provides opportunities



G E N E R A L  A P P R O A C H  F O R  Z
• Accumulate dataset using a single- or di-lepton trigger 

• Typically single leptons used in Pb+Pb, while dileptons used in p+p (larger rejection 
needed) 

• Measure opposite-sign dileptons, with a specific kinematic selection on each 
muon (e.g. pTµ>20 GeV, |η|<2.4) 

• In some environments, an “isolation” criterion is imposed (track or energy flow) to 
reject leptons within jet. 

• Estimate backgrounds contaminating signal region 
• Same sign leptons provide combinatoric contribution 
• MC estimates, or data-driven techniques provide other sources  
• Both are modest for Z 

• Correct for acceptance and efficiency 
• Often performed in aggregate using a simple “bin-by-bin” correction 
• Appropriate when distributions vary slow 

Then divide by <TAB>Nevt and  
you can compare directly to the standard model!



Z  B O S O N S  F R O M  AT L A S
Z BOSON PRODUCTION IN p + Pb COLLISIONS AT . . . PHYSICAL REVIEW C 92, 044915 (2015)

Z → ee and 65% for Z → µµ. Following the subtraction of
background (see Sec. III E) and application of the correction
factor, a corrected yield of Z bosons is obtained in each bin
of pZ

T and y∗
Z . The uncertainty of the correction factor follows

from the uncertainty of the data-driven tag-and-probe checks of
the MC, primarily due to the relatively low number of tag-and-
probe events in the data. The uncertainty associated with the
lepton identification efficiency is the dominant uncertainty for
both the Z → ee and the Z → µµ analyses. This uncertainty
is approximately 10% for Z → ee (rising as high as 15% for
pairs including a forward electron) and 1.5% for Z → µµ.
The sizable uncertainty for Z → ee is primarily driven by the
limited size of the tag-and-probe 2013 p + Pb data set. The
other uncertainties are typically less than 2% in both channels.

E. Yield extraction

To form Z → ee candidates, all electrons found in triggered
events are paired with each other. When both electrons are at
midrapidity (|η| < 2.47), the unlike-sign charged pairs with an
invariant mass satisfying 66 < mee < 116 GeV are accepted as
signal Z boson candidates. The like-sign pairs in this window
are used to estimate the combinatorial background, created
primarily by jets. In total, 1647 unlike-sign pairs and 52 like-
sign pairs are reconstructed. The like-sign pairs are composed
of combinatorial background and Z → ee decays in which one
of the electrons has misreconstructed charge. The contribution
from pairs with misreconstructed charge is estimated, using
the MC simulation, to be half of the like-sign pairs, and
the remainder is taken as an estimate of the background.
Pairs made of one midrapidity electron and one nontriggering
forward electron have a larger contribution from background
and so an invariant mass window of 80 < mee < 100 GeV is
used to select Z boson candidates. To facilitate combination
of all Z → ee candidates, an acceptance correction is made to
account for the smaller mass window. No charge requirement is
made for these candidates because the nontriggering electron
is outside the acceptance of the ID and therefore does not
have a reconstructed charge. There are 264 such candidates,
of which an estimated 5% are background based on a fit of
the invariant mass distribution. The fit is performed in the
range 60 < mee < 120 GeV using a signal shape from the MC
simulation and several background parametrizations assuming
exponential or polynomial descriptions of the background.
The mass distributions of Z → ee candidates are shown
in Figs. 2(a) and 2(b), along with the reconstructed MC
simulation of the same quantity. The estimated background is
subtracted from the signal candidates differentially in rapidity,
transverse momentum, and centrality.

A similar procedure is also followed to select Z → µµ
candidates with an invariant mass of 66 < mµµ < 116 GeV.
This selection yields 2032 unlike-sign charged candidates and
4 like-sign pairs; their mass distribution is shown in Fig. 2(c).
The MC simulation describes the data well in both lepton
channels. The slight shift of the mass peak visible between the
data and the simulation for dielectron events has only a very
small effect on the calculation of corrections based on the MC
simulation and is incorporated into the systematic uncertainty
associated with electron reconstruction.
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FIG. 2. (Color online) Dilepton invariant mass distributions in
data and MC simulation. (a) Z → ee candidates with both electrons
at midrapidity (|η| < 2.47); (b) candidates in which the nontriggering
electron is a forward electron (2.5 < |η| < 4.9); (c) Z → µµ

candidates. The midrapidity Z → ee and Z → µµ distributions
are overlaid with the mass distributions of like-sign lepton pairs.
For candidates in which the nontriggering electron is a forward
electron (2.5 < |η| < 4.9) the background, estimated based on a
decomposition of the invariant mass distribution (see text), is shown.
In all plots the vertical lines indicate the mass window within which
candidates are defined, and the MC simulation is normalized to the
data inside this region.

Based on the like-sign pairs and MC simulation of charge
misreconstruction, the uncertainty from the background sub-
traction is approximately 1% in the Z → ee channel for
pairs in which both electrons are at midrapidity; in pairs
involving a forward electron the uncertainty ranges from 5%
to 20% based on fits of the invariant mass distribution. The
background uncertainty in the Z → µµ yield is negligible.
The largest source of correlated background in both lepton
decay channels is the decay of Z → ττ events into dielectron
and dimuon pairs. These are simulated and reconstructed just
as Z → ee and Z → µµ are but are found to have a negligible
contribution following the analysis procedures.

F. Systematic uncertainties

The dominant source of uncertainty in the Z → ee mea-
surement stems from imperfect knowledge of the efficiency
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TABLE III. The measured integrated cross section (in nb) for several rapidity ranges, for Z → µµ, Z → ee, and the combined Z → ℓℓ.
The first uncertainty listed is statistical, and the second systematic. There is an additional 2.7% luminosity uncertainty for each cross section.
Cross sections predicted by the models (see text) are also listed. Uncertainties listed with the model calculations are the PDF and scale
uncertainties added in quadrature.

y∗
Z [−2,0] [0,2] [−3,2] [−3.5,3.5]

Z → µµ 54.2 ± 1.6 ± 1.3 45.3 ± 2.1 ± 0.9 118.2 ± 3.3 ± 2.6 N/A
Z → ee 55.1 ± 1.8 ± 5.9 46.5 ± 2.2 ± 5.0 121 ± 3 ± 13 143 ± 5 ± 17
Z → ℓℓ 54.4 ± 1.3 ± 1.4 45.9 ± 1.4 ± 1.4 119.3 ± 2.2 ± 3.4 139.8 ± 4.8 ± 6.2

CT10 (NLO) 47.4 ± 0.9 46.8 ± 0.9 110.8 ± 2.9 132.2 ± 3.3
CT10 + EPS09 (NLO) 48.7 ± 1.0 43.5 ± 1.1 108.6 ± 3.1 127.4 ± 3.6
MSTW2008 (NNLO) 48.3+1.2

−0.9 47.9+1.2
−0.9 113.5+2.8

−2.2 135.2+3.4
−2.7

approximately 3% at midrapidity and rise to about 10% at
forward and backward rapidity.

IV. RESULTS

A. Z → ℓℓ cross section

From the combined Z → ee and Z → µµ data a total cross
section of 139.8 ± 4.8 (statistical) ± 6.2 (systematic) ± 3.8
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FIG. 4. (Color online) (a) The dσ/dy∗
Z distribution from Z →

ℓℓ, shown along with several model calculations in the upper panel.
Bars indicate statistical uncertainty, and shaded boxes systematic
uncertainty, of the data; uncertainties of model calculations are not
shown. (b)–(d) Ratios of the data to the models. Uncertainties of the
model calculations (scale and PDF uncertainties added in quadrature)
are shown as bands around unity in each panel. An additional 2.7%
luminosity uncertainty of the cross section is not shown.

(luminosity) nb is obtained in the |y∗
Z| < 3.5 acceptance. Based

on the MC simulation (and the models discussed below)
this acceptance covers approximately 99.5% of the total
Z → ℓℓ cross section. Restricting the results to the smaller
rapidity interval of −3 < y∗

Z < 2, the cross section is 119.3 ±
2.2 (statistical) ± 3.4 (systematic) ± 3.2 (luminosity) nb.
Table III lists the integrated cross section in the larger and
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FIG. 5. (Color online) (a) The differential cross section of Z

boson production multiplied by the Bjorken x of the parton in the
lead nucleus, xPbdσ/dxPb, as a function of xPb using Z → ℓℓ events
shown along with several model calculations. Bars indicate statistical
uncertainty, and shaded boxes systematic uncertainty, of the data;
uncertainties of the model calculations are not shown.(b)–(d) Ratios
of the data to the models. Uncertainties of the model calculations are
shown as bands around unity in each panel. There is an additional
2.7% luminosity uncertainty of the cross section.
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Comparisons with calculations, scaled up by <TAA> to data. 
Pb+Pb is not yet precise enough to decide on nPDFs. 

Compared to CT10 (NLO), w/ or w/o EPS09, some enhancement 
in the backwards direction of p+Pb (large xPb)…
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Fig. 1. Invariant mass of selected muon (top) and electron (bottom) pairs compared 
to pythia 6+hijing simulated pN → Z → ℓℓ events with N = (p, n) according to the 
number of nucleons in the Pb nucleus. The MC sample is normalized to the number 
of events in the data.

The raw yield, S , of Z boson candidates in the pPb sample is 
determined by counting the number of oppositely-charged lepton 
pairs in the 60–120 GeV/c2 mass region that fulfill the accep-
tance and quality requirements. This number is found to be 2183 
in the muon channel and 1571 in the electron channel. The dif-
ference between the two channels is due to the tighter selection 
criteria applied to the electrons in order to suppress the higher 
background. A charge misidentification correction of 1% is applied 
to the dielectron yields; this correction is negligible for dimuons. 
No events are found with more than one Z boson candidate. For 
the differential cross sections, the measurement is performed in 
the dilepton transverse momentum or rapidity bins, where the ra-
pidity is calculated in the center-of-mass frame.

Possible background contributions to the Z → ℓℓ production 
are QCD multijet events, tt pairs and electroweak processes such 
as W+jets, diboson (WW, WZ, ZZ), and Z → ττ production. Al-
though the expected background contamination is small, an esti-
mate based on data is used to subtract its contribution from the 
dilepton raw yield. For tt, bb, WW, and Z → ττ processes, two 
electron–muon events are expected for each dimuon or dielec-

tron event, because of lepton universality. In the Z boson mass 
range, the oppositely-charged electron–muon pairs are counted 
and translated into the expected number of muon or electron 
pairs, taking into account the differences in the muon and elec-
tron reconstruction and selection efficiencies. This background is 
subtracted from the dilepton raw yield and accounts for the main 
electroweak and tt backgrounds, as well as for the part of QCD 
multijet background (such as bb decays) that produces oppositely-
charged leptons. The background from random combinations of 
other leptons in the event is estimated by counting the same-
charge pairs. Additional electroweak contributions from W+jets 
and diboson production are found to be negligible via MC sim-
ulations. The fraction of background events subtracted from the 
raw yield is 2.4% (2.9%) in the muon (electron) channel, where 
the dominant background contribution comes from QCD processes, 
since no isolation requirements are imposed on the leptons.

3.2. Efficiency and acceptance

The efficiency, ϵ , for Z bosons is defined as the number of re-
constructed Z candidates, where both leptons fulfill the acceptance 
and quality requirements, divided by the number of generated 
Z bosons where both leptons fulfill the acceptance requirements. 
This combined reconstruction, lepton identification, and trigger ef-
ficiency is calculated from the pythia 6+hijing simulation samples 
so that the effects of the pPb environment are taken into account.

For the rapidly falling dilepton pT spectrum, an unfolding tech-
nique based on the inversion of a response matrix similar to the 
one used in Ref. [4] is first applied to the data before applying the 
efficiency correction. The response matrix is constructed from the
pythia 6+hijing simulation to take into account the detector reso-
lution effects. The dilepton pT resolution is about 0.5–1.5 GeV/c, 
which results in a maximum bin-to-bin spill of about 30% in the 
lowest pT bins chosen for this analysis. In the measurement of the 
dilepton rapidity, the unfolding is not necessary as the shape of the 
ycm spectrum is almost flat and the resolution is a small fraction 
of the analysis bin size. Instead, the resolution effects in rapidity 
are taken into account in the efficiency corrections.

In order to correct for possible differences between data and 
simulation, a method derived from data is used to determine cor-
rection factors to the baseline efficiency from simulation. These 
correction factors are determined as a function of lepton η and pT
by applying the tag-and-probe method to both data and simulation 
to calculate single lepton efficiencies for reconstruction, identifica-
tion, and triggering, similar to the method described in Ref. [28]. 
The ratio of each efficiency from data over the corresponding effi-
ciency in the simulation is then applied to reweight the simulation 
on a lepton-by-lepton basis. The efficiency for the Z bosons, after 
correcting for the small differences between data and simulation, 
is found to be 0.878 ± 0.015 in the dimuon and 0.605 ± 0.015 in 
the dielectron decay channel. The sources of systematic uncertain-
ties are described in Section 3.3.

The acceptance, α, is defined as the number of generated dilep-
ton events where both leptons fulfill the acceptance requirements 
(pℓ

T > 20 GeV/c, |ηℓ
lab| < 2.4) divided by the number of all gener-

ated dilepton events in the 60–120 GeV/c2 mass range. It is cal-
culated using simulated events. The event generation is provided 
by the powheg generator [35–38] with the CT10 free proton PDF 
set [39], interfaced with pythia 6 parton shower, and the events 
are boosted to the laboratory frame (powheg+pythia 6). Final-state 
photon radiation is also simulated by pythia 6. The integrated ac-
ceptance is found to be 0.516 ± 0.026 in both decay channels.

40 CMS Collaboration / Physics Letters B 759 (2016) 36–57

Fig. 2. Differential cross section of the Z bosons in pPb collisions as a function of 
rapidity in the fiducial region for the combined leptonic decay channel. Colored 
boxes are predictions from the mcfm generator, scaled by 208 (see text), and using 
nuclear (EPS09 and DSSZ) or free (CT10) PDF sets. The bottom panel shows the ratio 
of the data and the nPDF predictions to the CT10 PDF set. The vertical bars (boxes) 
represent the statistical (systematic) uncertainties.

This measurement has an uncertainty of about 5% from the ex-
trapolation of the detector acceptance to the full phase space. The
powheg+pythia 6 generator after scaling predicts 136.1 ± 6.8 nb, 
which is consistent with the measured value.

Fig. 2 shows the differential cross section of the Z bosons in the 
fiducial region in pPb collisions as a function of rapidity. The lumi-
nosity normalization uncertainty of 3.5% is not shown. The mcfm
theoretical predictions, both with and without nuclear modifica-
tion, are consistent with the measured differential cross section 
within uncertainties. The corresponding rapidity dependence pre-
dicted by powheg+pythia 6 for pp collisions agrees with the mcfm
calculation for pN collisions using the CT10 PDF set without nu-
clear modification, showing that any dependences on isospin or 
the PDF set are within the theoretical uncertainties.

Nuclear effects are expected to modify the rapidity distribu-
tion asymmetrically and thus they can be further quantified by 
the forward–backward asymmetry defined in Eq. (1). This quantity 
is expected to be more sensitive to nuclear effects [24] because 
normalization uncertainties cancel both in theory and in experi-
ment. Fig. 3 shows the measured forward–backward asymmetry as 
a function of |ycm| compared to the mcfm predictions with and 
without nuclear modification.

While being consistent with the three theoretical predictions 
shown, the data tend to favor the presence of nuclear effects in 
PDFs. The ATLAS collaboration reached similar conclusions from 
their Z boson measurement [19]. Together with the measured 
W boson production in pPb collisions [17], these results can re-
duce the nPDF uncertainties by adding new data to the global fits 
in a previously unexplored region of the (Q 2, x) phase space.

In order to quantify the agreement between the measurements 
and the predictions with the different PDF sets, a χ2 test is per-
formed for the rapidity-dependent differential cross section and 
the forward–backward asymmetry. The few correlations in the ex-
perimental uncertainties, only relevant for the cross section but 
not for the asymmetry, are taken into account, as well as the cor-
relations in the theoretical uncertainties. The resulting χ2 values 
and probabilities are given in Table 2. The theoretical calculations 

Fig. 3. Forward–backward asymmetry RFB distribution of the Z bosons in pPb colli-
sions as a function of rapidity in the fiducial region for the combined leptonic decay 
channel compared to the predictions from the mcfm generator with nuclear (EPS09 
and DSSZ) or free (CT10) PDF sets. The bottom panel shows the ratio of the data 
and the nPDF predictions to the CT10 PDF set. The vertical bars (boxes) represent 
the statistical (systematic) uncertainties.

Fig. 4. Differential cross section of the Z bosons in pPb collisions as a function of 
transverse momentum in the fiducial region for the combined leptonic decay chan-
nel compared to the prediction from the powheg+pythia 6 generator scaled by the 
number of nucleons in the Pb nucleus. The vertical bars (boxes) represent the sta-
tistical (systematic) uncertainties. The 3.5% luminosity uncertainty is shown in the 
ratio plot as a hashed band together with the assumed 5% theoretical uncertainty, 
shown as a yellow band. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

including nuclear effects provide a somewhat better description of 
the measurements.

Fig. 4 shows the differential cross section as a function of pT
in the fiducial region. The results are compared only to theoretical 
predictions from powheg+pythia 6, because the expected nuclear 
modification of the pT spectrum is small compared to the uncer-
tainties in the theory [21,22]. No large deviations are found from 
the theoretical cross sections, apart from the lowest dilepton pT
bins where the differences from powheg+pythia 6 are similar to 
the ones observed in the pp measurements at 7 TeV [2,4].
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Fig. 2. Differential cross section of the Z bosons in pPb collisions as a function of 
rapidity in the fiducial region for the combined leptonic decay channel. Colored 
boxes are predictions from the mcfm generator, scaled by 208 (see text), and using 
nuclear (EPS09 and DSSZ) or free (CT10) PDF sets. The bottom panel shows the ratio 
of the data and the nPDF predictions to the CT10 PDF set. The vertical bars (boxes) 
represent the statistical (systematic) uncertainties.

This measurement has an uncertainty of about 5% from the ex-
trapolation of the detector acceptance to the full phase space. The
powheg+pythia 6 generator after scaling predicts 136.1 ± 6.8 nb, 
which is consistent with the measured value.

Fig. 2 shows the differential cross section of the Z bosons in the 
fiducial region in pPb collisions as a function of rapidity. The lumi-
nosity normalization uncertainty of 3.5% is not shown. The mcfm
theoretical predictions, both with and without nuclear modifica-
tion, are consistent with the measured differential cross section 
within uncertainties. The corresponding rapidity dependence pre-
dicted by powheg+pythia 6 for pp collisions agrees with the mcfm
calculation for pN collisions using the CT10 PDF set without nu-
clear modification, showing that any dependences on isospin or 
the PDF set are within the theoretical uncertainties.
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Fig. 4. Differential cross section of the Z bosons in pPb collisions as a function of 
transverse momentum in the fiducial region for the combined leptonic decay chan-
nel compared to the prediction from the powheg+pythia 6 generator scaled by the 
number of nucleons in the Pb nucleus. The vertical bars (boxes) represent the sta-
tistical (systematic) uncertainties. The 3.5% luminosity uncertainty is shown in the 
ratio plot as a hashed band together with the assumed 5% theoretical uncertainty, 
shown as a yellow band. (For interpretation of the references to color in this figure 
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including nuclear effects provide a somewhat better description of 
the measurements.

Fig. 4 shows the differential cross section as a function of pT
in the fiducial region. The results are compared only to theoretical 
predictions from powheg+pythia 6, because the expected nuclear 
modification of the pT spectrum is small compared to the uncer-
tainties in the theory [21,22]. No large deviations are found from 
the theoretical cross sections, apart from the lowest dilepton pT
bins where the differences from powheg+pythia 6 are similar to 
the ones observed in the pp measurements at 7 TeV [2,4].

CMS observes similar slight excess,  
also comparing to CT10 @ NLO
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Figure 1: The invariant mass distribution of dimuon pairs selected as Z boson candidates. In addition to the data,
MC simulations of the Z ! µµ and background sources are also shown. The MC estimated contribution of diboson
events where one of the bosons is a Z boson decaying to two muons is also shown, and considered as contributing
to the signal (see text).

Figure 7 shows the rapidity distribution of the Z boson candidates along with the expectations from
simulation for the Z boson production and the background.
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Figure 2: The y distribution of dimuon pairs selected as Z boson candidates are shown. In addition to the data, MC
simulations of the Z ! µµ and background sources are also shown.
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The same p+Pb with a new data reference (NNNNNNNNLO?): 
now the forward region (small xPb) looks suppressed, with  

some enhancement potentially remaining in backwards region  
 Not inconsistent w/ nPDF expectations: 

a good warning be very careful with calculations!
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Fig. 2. Production cross sections for W+ → ℓ+ν (top) and W− → ℓ−ν (bottom), 
as a function of the lepton pseudorapidity. Error bars represent the statistical un-
certainties, while brackets show statistical and systematic uncertainties summed in 
quadrature. The global luminosity uncertainty of ±3.5% is not included. To improve 
visibility, the muon (electron) measurements, in red circles (blue squares), have 
been shifted by −0.05 (+0.05) in pseudorapidity. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)

(0.5% for both channels). Though the common electron/positron 
correction factors cancel, a residual systematic uncertainty of 3% 
is assigned to the charge asymmetry, based on simulation studies 
and ηlab-integrated efficiencies determined from Z → e+e− data. 
No other systematic uncertainty cancellations are assumed for the 
asymmetry results.

3. Results

Fig. 2 shows the production cross sections for pPb → W± +
X → ℓ±ν + X as a function of the charged lepton pseudorapidity in 
the laboratory frame, with the lepton having pT > 25 GeV/c. The 
cross sections are determined by dividing the efficiency-corrected 
lepton yields by the integrated luminosity.

Since the cross sections measured in the electron and muon 
channels are found to be in good agreement with each other, they 
are combined using the BLUE method [28]. Fig. 3 compares the 
combined cross sections with next-to-leading-order (NLO) pertur-

Fig. 3. Production cross sections for W+ → ℓ+ν (top) and W− → ℓ−ν (bottom), 
as a function of the lepton pseudorapidity. Error bars represent the statistical un-
certainties, while brackets show statistical and systematic uncertainties summed in 
quadrature. The global luminosity uncertainty of ±3.5% is not displayed. Theoreti-
cal predictions with (CT10+EPS09, dashed green line) and without (CT10, solid red 
line) PDF nuclear modifications are also shown, with the uncertainty bands. The 
bottom panels show the ratio of the data (black points) and CT10+EPS09 (dashed 
green line) to the CT10 baseline. All theory uncertainty bands include scale and PDF 
uncertainties, except the EPS09 of the bottom panels which only includes the EPS09 
PDF uncertainties. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

bative QCD predictions provided by the authors of Ref. [4] using 
CT10 [29] proton parton distribution functions (PDF) without or 
with EPS09 [30] nPDF corrections, termed CT10 and CT10+EPS09, 
respectively. Their uncertainties are estimated as prescribed in 
Refs. [29,30]. Table 1 gives the measured cross sections for each 
channel separately and combined, as a function of the lepton pseu-
dorapidity, for positive and negative leptons. The theoretical pre-
dictions and their uncertainties (coming from the PDF set and from 
the renormalisation and factorisation scales) are also given. The 
agreement between the data and both theoretical predictions is 
within the uncertainties, although a small excess of W− candidates 
appears at negative ηlab, i.e. in the Pb ion beam direction.

The comparison between the CT10 and CT10+EPS09 calcula-
tions shows that the predicted modifications of the PDFs are of 
the same order as the theoretical uncertainties. This indicates that 
cross sections alone lack discriminating power, and motivates the 

Combined µ and e 
channels, fully corrected
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Table 1
Production cross section for pPb → W + X → ℓν + X for positively (top) and negatively (bottom) charged leptons of pT larger than 25 GeV/c, in nanobarns, as a function 
of the lepton pseudorapidity. Values are given first for muons and electrons separately, then combined. Quoted uncertainties are first statistical, then systematic. Theoretical 
predictions with (CT10+EPS09) and without (CT10) PDF nuclear modifications are also given, with their uncertainties. The global normalization uncertainty of 3.5% is not 
included in the listed uncertainties.

dσ
dη (nb) [η bin] [−2.4,−2.0] [−2.0,−1.5] [−1.5,−1.0] [−1.0,−0.5] [−0.5,0]
µ+ 43.0 ± 2.2 ± 3.1 62.5 ± 2.1 ± 2.6 86.9 ± 2.6 ± 3.4 98.1 ± 2.7 ± 2.6 98.3 ± 2.8 ± 3.3
e+ 46.5 ± 2.6 ± 3.6 64.0 ± 3.1 ± 4.2 84.2 ± 3.1 ± 4.8 99.8 ± 3.0 ± 4.6 102.0 ± 2.9 ± 4.6
ℓ+ 44.5 ± 1.7 ± 2.3 62.9 ± 1.8 ± 2.2 85.9 ± 2.0 ± 2.7 98.6 ± 2.1 ± 2.3 99.7 ± 2.1 ± 2.7

CT10+EPS09 42.1+2.6
−2.8 66.0+3.8

−4.2 84.6+4.8
−5.4 93.4+5.3

−6.0 96.0+5.8
−6.3

CT10 43.4+2.5
−2.8 65.8+3.7

−4.2 82.4+4.6
−5.2 90.5+5.1

−5.7 94.4+5.7
−6.1

dσ
dη (nb) [η bin] [0,0.5] [0.5,1.0] [1.0,1.5] [1.5,2.0] [2.0,2.4]
µ+ 113.9 ± 3.1 ± 4.5 101.3 ± 2.8 ± 2.9 102.3 ± 2.8 ± 3.6 107.9 ± 3.1 ± 5.7 107.8 ± 3.7 ± 8.4
e+ 99.6 ± 2.7 ± 3.6 102.8 ± 2.9 ± 4.6 95.6 ± 3.4 ± 5.8 95.4 ± 3.5 ± 6.2 108.3 ± 4.3 ± 8.7
ℓ+ 105.3 ± 2.1 ± 2.8 101.8 ± 2.1 ± 2.5 100.2 ± 2.2 ± 3.1 102.3 ± 2.3 ± 4.2 108.1 ± 2.8 ± 6.0

CT10+EPS09 95.9+6.2
−6.4 95.5+6.6

−6.7 95.7+6.8
−7.5 95.3+7.5

−8.4 91.6+7.9
−8.9

CT10 97.0+5.8
−6.4 100.0+6.4

−6.6 103.4+6.3
−6.8 105.7+6.2

−7.2 103.6+6.0
−7.3

dσ
dη (nb) [η bin] [−2.4,−2.0] [−2.0,−1.5] [−1.5,−1.0] [−1.0,−0.5] [−0.5,0]
µ− 74.5 ± 3.0 ± 5.6 84.5 ± 2.8 ± 4.4 89.4 ± 2.6 ± 3.5 81.4 ± 2.5 ± 2.6 80.6 ± 2.6 ± 2.6
e− 70.2 ± 3.2 ± 4.8 74.3 ± 3.3 ± 4.8 79.6 ± 3.1 ± 4.3 80.7 ± 2.7 ± 3.7 81.3 ± 2.6 ± 4.0
ℓ− 72.1 ± 2.2 ± 3.7 79.9 ± 2.1 ± 3.3 85.4 ± 2.0 ± 2.7 81.1 ± 1.8 ± 2.1 80.8 ± 1.9 ± 2.2

CT10+EPS09 65.2+4.0
−4.6 72.4+4.4

−5.0 75.9+4.6
−4.9 76.9+4.6

−5.0 76.1+4.9
−5.3

CT10 64.2+3.9
−4.4 70.1+4.2

−4.7 73.3+4.3
−4.8 74.8+4.4

−4.8 75.1+4.7
−5.1

dσ
dη (nb) [η bin] [0,0.5] [0.5,1.0] [1.0,1.5] [1.5,2.0] [2.0,2.4]
µ− 81.7 ± 2.5 ± 3.0 78.8 ± 2.5 ± 3.3 69.8 ± 2.3 ± 3.0 62.9 ± 2.1 ± 3.3 63.1 ± 2.8 ± 5.1
e− 73.5 ± 2.5 ± 3.5 74.0 ± 2.5 ± 3.5 70.6 ± 2.8 ± 4.6 55.0 ± 2.7 ± 4.1 64.6 ± 3.3 ± 6.0
ℓ− 78.0 ± 1.8 ± 2.3 76.5 ± 1.8 ± 2.4 70.1 ± 1.8 ± 2.5 59.8 ± 1.7 ± 2.6 63.7 ± 2.1 ± 3.9

CT10+EPS09 73.6+5.1
−5.2 69.7+4.9

−5.1 64.8+4.5
−4.9 59.1+4.3

−4.8 53.4+4.3
−4.8

CT10 74.3+4.9
−5.2 72.4+4.8

−5.1 69.1+4.2
−4.9 64.5+3.8

−4.3 59.3+3.6
−4.0

study of various asymmetries of the ℓ+ and ℓ− cross sections. The 
interest in such asymmetries is twofold. First, some of the ex-
perimental (e.g. integrated luminosity) and theoretical (e.g. scale 
dependence) uncertainties cancel in such asymmetries. Second, the 
various asymmetries exhibit different sensitivities to the nuclear 
modifications of the PDFs, as discussed below.

The lepton charge asymmetry, defined as (N+
ℓ −N−

ℓ )/(N+
ℓ +N−

ℓ )

with N±
ℓ being the efficiency-corrected lepton yields, is shown 

in Fig. 4, as a function of ηlab, and compared to the theoret-
ical predictions. For ηlab > −1, both calculations reproduce the 
present measurements. For ηlab < −1, however, the two calcula-
tions overpredict the asymmetry values. A possible physical ori-
gin of this disagreement could be a different modification of u 
and d quark distributions in nuclei. In proton–(anti)proton colli-
sions, the W-boson charge asymmetry is known to be a sensi-
tive probe of the down-to-up quark PDF ratio in a proton, dp/up

[20,31,32]. Similarly, this asymmetry in pPb collisions measured 
in the lead fragmentation region (i.e. ηlab < 0.465) probes these 
quark densities in a nucleon inside the lead nucleus. Assuming 
the standard isospin symmetry (up = dn , un = dp), one can de-
fine a similar ratio, dp/A/up/A = dp/up × Rd/Ru, where Ri are 
the nPDF ratios, Ru ≡ up/A/up and Rd ≡ dp/A/dp . The typical 
quark momentum fraction probed in the Pb nucleus is given by 
x ≃ MW /

√
sNN × exp(−ηlab + 0.465) (assuming that the W boson 

rapidity is similar to that of the lepton), therefore x ≃ 0.02–0.20
in the range −2 < ηlab < 0. In most global fit analyses of the 
nPDFs (as in the case of EPS09), it is assumed that the nuclear 
ratios respect the isospin symmetry, namely Ru = Rd, essentially 
to minimise the number of free parameters in the fits. However, 
no physical reason prevents nuclear modifications to be different 
for up and down quark PDFs. For example, it is known that the 

Fig. 4. Lepton charge asymmetry, (N+
ℓ − N−

ℓ )/(N+
ℓ + N−

ℓ ), as a function of the lep-
ton pseudorapidity. Error bars represent the statistical uncertainties, while brackets 
show statistical and systematic uncertainties summed in quadrature. Theoretical 
predictions with (CT10+EPS09, dashed green line) and without (CT10, solid red 
line) PDF nuclear modifications are also shown, with their uncertainty bands. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

shapes of the up and down quark distributions in protons are dif-
ferent [33]. Furthermore, the present disparity between data and 
theory is unlikely to come from the proton PDF assumption, given 
the excellent agreement of lepton charge asymmetry measured in 

Excess of W- in backwards 
hemisphere (Pb-going): 

well beyond EPS09. 
Requires weakening of  

assumed isospin symmetry?
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Fig. 2. Production cross sections for W+ → ℓ+ν (top) and W− → ℓ−ν (bottom), 
as a function of the lepton pseudorapidity. Error bars represent the statistical un-
certainties, while brackets show statistical and systematic uncertainties summed in 
quadrature. The global luminosity uncertainty of ±3.5% is not included. To improve 
visibility, the muon (electron) measurements, in red circles (blue squares), have 
been shifted by −0.05 (+0.05) in pseudorapidity. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)

(0.5% for both channels). Though the common electron/positron 
correction factors cancel, a residual systematic uncertainty of 3% 
is assigned to the charge asymmetry, based on simulation studies 
and ηlab-integrated efficiencies determined from Z → e+e− data. 
No other systematic uncertainty cancellations are assumed for the 
asymmetry results.

3. Results

Fig. 2 shows the production cross sections for pPb → W± +
X → ℓ±ν + X as a function of the charged lepton pseudorapidity in 
the laboratory frame, with the lepton having pT > 25 GeV/c. The 
cross sections are determined by dividing the efficiency-corrected 
lepton yields by the integrated luminosity.

Since the cross sections measured in the electron and muon 
channels are found to be in good agreement with each other, they 
are combined using the BLUE method [28]. Fig. 3 compares the 
combined cross sections with next-to-leading-order (NLO) pertur-

Fig. 3. Production cross sections for W+ → ℓ+ν (top) and W− → ℓ−ν (bottom), 
as a function of the lepton pseudorapidity. Error bars represent the statistical un-
certainties, while brackets show statistical and systematic uncertainties summed in 
quadrature. The global luminosity uncertainty of ±3.5% is not displayed. Theoreti-
cal predictions with (CT10+EPS09, dashed green line) and without (CT10, solid red 
line) PDF nuclear modifications are also shown, with the uncertainty bands. The 
bottom panels show the ratio of the data (black points) and CT10+EPS09 (dashed 
green line) to the CT10 baseline. All theory uncertainty bands include scale and PDF 
uncertainties, except the EPS09 of the bottom panels which only includes the EPS09 
PDF uncertainties. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

bative QCD predictions provided by the authors of Ref. [4] using 
CT10 [29] proton parton distribution functions (PDF) without or 
with EPS09 [30] nPDF corrections, termed CT10 and CT10+EPS09, 
respectively. Their uncertainties are estimated as prescribed in 
Refs. [29,30]. Table 1 gives the measured cross sections for each 
channel separately and combined, as a function of the lepton pseu-
dorapidity, for positive and negative leptons. The theoretical pre-
dictions and their uncertainties (coming from the PDF set and from 
the renormalisation and factorisation scales) are also given. The 
agreement between the data and both theoretical predictions is 
within the uncertainties, although a small excess of W− candidates 
appears at negative ηlab, i.e. in the Pb ion beam direction.

The comparison between the CT10 and CT10+EPS09 calcula-
tions shows that the predicted modifications of the PDFs are of 
the same order as the theoretical uncertainties. This indicates that 
cross sections alone lack discriminating power, and motivates the 

Combined µ and e 
channels, fully corrected
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Table 1
Production cross section for pPb → W + X → ℓν + X for positively (top) and negatively (bottom) charged leptons of pT larger than 25 GeV/c, in nanobarns, as a function 
of the lepton pseudorapidity. Values are given first for muons and electrons separately, then combined. Quoted uncertainties are first statistical, then systematic. Theoretical 
predictions with (CT10+EPS09) and without (CT10) PDF nuclear modifications are also given, with their uncertainties. The global normalization uncertainty of 3.5% is not 
included in the listed uncertainties.

dσ
dη (nb) [η bin] [−2.4,−2.0] [−2.0,−1.5] [−1.5,−1.0] [−1.0,−0.5] [−0.5,0]
µ+ 43.0 ± 2.2 ± 3.1 62.5 ± 2.1 ± 2.6 86.9 ± 2.6 ± 3.4 98.1 ± 2.7 ± 2.6 98.3 ± 2.8 ± 3.3
e+ 46.5 ± 2.6 ± 3.6 64.0 ± 3.1 ± 4.2 84.2 ± 3.1 ± 4.8 99.8 ± 3.0 ± 4.6 102.0 ± 2.9 ± 4.6
ℓ+ 44.5 ± 1.7 ± 2.3 62.9 ± 1.8 ± 2.2 85.9 ± 2.0 ± 2.7 98.6 ± 2.1 ± 2.3 99.7 ± 2.1 ± 2.7

CT10+EPS09 42.1+2.6
−2.8 66.0+3.8

−4.2 84.6+4.8
−5.4 93.4+5.3

−6.0 96.0+5.8
−6.3

CT10 43.4+2.5
−2.8 65.8+3.7

−4.2 82.4+4.6
−5.2 90.5+5.1

−5.7 94.4+5.7
−6.1

dσ
dη (nb) [η bin] [0,0.5] [0.5,1.0] [1.0,1.5] [1.5,2.0] [2.0,2.4]
µ+ 113.9 ± 3.1 ± 4.5 101.3 ± 2.8 ± 2.9 102.3 ± 2.8 ± 3.6 107.9 ± 3.1 ± 5.7 107.8 ± 3.7 ± 8.4
e+ 99.6 ± 2.7 ± 3.6 102.8 ± 2.9 ± 4.6 95.6 ± 3.4 ± 5.8 95.4 ± 3.5 ± 6.2 108.3 ± 4.3 ± 8.7
ℓ+ 105.3 ± 2.1 ± 2.8 101.8 ± 2.1 ± 2.5 100.2 ± 2.2 ± 3.1 102.3 ± 2.3 ± 4.2 108.1 ± 2.8 ± 6.0

CT10+EPS09 95.9+6.2
−6.4 95.5+6.6

−6.7 95.7+6.8
−7.5 95.3+7.5

−8.4 91.6+7.9
−8.9

CT10 97.0+5.8
−6.4 100.0+6.4

−6.6 103.4+6.3
−6.8 105.7+6.2

−7.2 103.6+6.0
−7.3

dσ
dη (nb) [η bin] [−2.4,−2.0] [−2.0,−1.5] [−1.5,−1.0] [−1.0,−0.5] [−0.5,0]
µ− 74.5 ± 3.0 ± 5.6 84.5 ± 2.8 ± 4.4 89.4 ± 2.6 ± 3.5 81.4 ± 2.5 ± 2.6 80.6 ± 2.6 ± 2.6
e− 70.2 ± 3.2 ± 4.8 74.3 ± 3.3 ± 4.8 79.6 ± 3.1 ± 4.3 80.7 ± 2.7 ± 3.7 81.3 ± 2.6 ± 4.0
ℓ− 72.1 ± 2.2 ± 3.7 79.9 ± 2.1 ± 3.3 85.4 ± 2.0 ± 2.7 81.1 ± 1.8 ± 2.1 80.8 ± 1.9 ± 2.2

CT10+EPS09 65.2+4.0
−4.6 72.4+4.4

−5.0 75.9+4.6
−4.9 76.9+4.6

−5.0 76.1+4.9
−5.3

CT10 64.2+3.9
−4.4 70.1+4.2

−4.7 73.3+4.3
−4.8 74.8+4.4

−4.8 75.1+4.7
−5.1

dσ
dη (nb) [η bin] [0,0.5] [0.5,1.0] [1.0,1.5] [1.5,2.0] [2.0,2.4]
µ− 81.7 ± 2.5 ± 3.0 78.8 ± 2.5 ± 3.3 69.8 ± 2.3 ± 3.0 62.9 ± 2.1 ± 3.3 63.1 ± 2.8 ± 5.1
e− 73.5 ± 2.5 ± 3.5 74.0 ± 2.5 ± 3.5 70.6 ± 2.8 ± 4.6 55.0 ± 2.7 ± 4.1 64.6 ± 3.3 ± 6.0
ℓ− 78.0 ± 1.8 ± 2.3 76.5 ± 1.8 ± 2.4 70.1 ± 1.8 ± 2.5 59.8 ± 1.7 ± 2.6 63.7 ± 2.1 ± 3.9

CT10+EPS09 73.6+5.1
−5.2 69.7+4.9

−5.1 64.8+4.5
−4.9 59.1+4.3

−4.8 53.4+4.3
−4.8

CT10 74.3+4.9
−5.2 72.4+4.8

−5.1 69.1+4.2
−4.9 64.5+3.8

−4.3 59.3+3.6
−4.0

study of various asymmetries of the ℓ+ and ℓ− cross sections. The 
interest in such asymmetries is twofold. First, some of the ex-
perimental (e.g. integrated luminosity) and theoretical (e.g. scale 
dependence) uncertainties cancel in such asymmetries. Second, the 
various asymmetries exhibit different sensitivities to the nuclear 
modifications of the PDFs, as discussed below.

The lepton charge asymmetry, defined as (N+
ℓ −N−

ℓ )/(N+
ℓ +N−

ℓ )

with N±
ℓ being the efficiency-corrected lepton yields, is shown 

in Fig. 4, as a function of ηlab, and compared to the theoret-
ical predictions. For ηlab > −1, both calculations reproduce the 
present measurements. For ηlab < −1, however, the two calcula-
tions overpredict the asymmetry values. A possible physical ori-
gin of this disagreement could be a different modification of u 
and d quark distributions in nuclei. In proton–(anti)proton colli-
sions, the W-boson charge asymmetry is known to be a sensi-
tive probe of the down-to-up quark PDF ratio in a proton, dp/up

[20,31,32]. Similarly, this asymmetry in pPb collisions measured 
in the lead fragmentation region (i.e. ηlab < 0.465) probes these 
quark densities in a nucleon inside the lead nucleus. Assuming 
the standard isospin symmetry (up = dn , un = dp), one can de-
fine a similar ratio, dp/A/up/A = dp/up × Rd/Ru, where Ri are 
the nPDF ratios, Ru ≡ up/A/up and Rd ≡ dp/A/dp . The typical 
quark momentum fraction probed in the Pb nucleus is given by 
x ≃ MW /

√
sNN × exp(−ηlab + 0.465) (assuming that the W boson 

rapidity is similar to that of the lepton), therefore x ≃ 0.02–0.20
in the range −2 < ηlab < 0. In most global fit analyses of the 
nPDFs (as in the case of EPS09), it is assumed that the nuclear 
ratios respect the isospin symmetry, namely Ru = Rd, essentially 
to minimise the number of free parameters in the fits. However, 
no physical reason prevents nuclear modifications to be different 
for up and down quark PDFs. For example, it is known that the 

Fig. 4. Lepton charge asymmetry, (N+
ℓ − N−

ℓ )/(N+
ℓ + N−

ℓ ), as a function of the lep-
ton pseudorapidity. Error bars represent the statistical uncertainties, while brackets 
show statistical and systematic uncertainties summed in quadrature. Theoretical 
predictions with (CT10+EPS09, dashed green line) and without (CT10, solid red 
line) PDF nuclear modifications are also shown, with their uncertainty bands. (For 
interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)

shapes of the up and down quark distributions in protons are dif-
ferent [33]. Furthermore, the present disparity between data and 
theory is unlikely to come from the proton PDF assumption, given 
the excellent agreement of lepton charge asymmetry measured in 

568 CMS Collaboration / Physics Letters B 750 (2015) 565–586

Fig. 2. Production cross sections for W+ → ℓ+ν (top) and W− → ℓ−ν (bottom), 
as a function of the lepton pseudorapidity. Error bars represent the statistical un-
certainties, while brackets show statistical and systematic uncertainties summed in 
quadrature. The global luminosity uncertainty of ±3.5% is not included. To improve 
visibility, the muon (electron) measurements, in red circles (blue squares), have 
been shifted by −0.05 (+0.05) in pseudorapidity. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of 
this article.)

(0.5% for both channels). Though the common electron/positron 
correction factors cancel, a residual systematic uncertainty of 3% 
is assigned to the charge asymmetry, based on simulation studies 
and ηlab-integrated efficiencies determined from Z → e+e− data. 
No other systematic uncertainty cancellations are assumed for the 
asymmetry results.

3. Results

Fig. 2 shows the production cross sections for pPb → W± +
X → ℓ±ν + X as a function of the charged lepton pseudorapidity in 
the laboratory frame, with the lepton having pT > 25 GeV/c. The 
cross sections are determined by dividing the efficiency-corrected 
lepton yields by the integrated luminosity.

Since the cross sections measured in the electron and muon 
channels are found to be in good agreement with each other, they 
are combined using the BLUE method [28]. Fig. 3 compares the 
combined cross sections with next-to-leading-order (NLO) pertur-

Fig. 3. Production cross sections for W+ → ℓ+ν (top) and W− → ℓ−ν (bottom), 
as a function of the lepton pseudorapidity. Error bars represent the statistical un-
certainties, while brackets show statistical and systematic uncertainties summed in 
quadrature. The global luminosity uncertainty of ±3.5% is not displayed. Theoreti-
cal predictions with (CT10+EPS09, dashed green line) and without (CT10, solid red 
line) PDF nuclear modifications are also shown, with the uncertainty bands. The 
bottom panels show the ratio of the data (black points) and CT10+EPS09 (dashed 
green line) to the CT10 baseline. All theory uncertainty bands include scale and PDF 
uncertainties, except the EPS09 of the bottom panels which only includes the EPS09 
PDF uncertainties. (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

bative QCD predictions provided by the authors of Ref. [4] using 
CT10 [29] proton parton distribution functions (PDF) without or 
with EPS09 [30] nPDF corrections, termed CT10 and CT10+EPS09, 
respectively. Their uncertainties are estimated as prescribed in 
Refs. [29,30]. Table 1 gives the measured cross sections for each 
channel separately and combined, as a function of the lepton pseu-
dorapidity, for positive and negative leptons. The theoretical pre-
dictions and their uncertainties (coming from the PDF set and from 
the renormalisation and factorisation scales) are also given. The 
agreement between the data and both theoretical predictions is 
within the uncertainties, although a small excess of W− candidates 
appears at negative ηlab, i.e. in the Pb ion beam direction.

The comparison between the CT10 and CT10+EPS09 calcula-
tions shows that the predicted modifications of the PDFs are of 
the same order as the theoretical uncertainties. This indicates that 
cross sections alone lack discriminating power, and motivates the 

NB, a noticeable 
discrepancy between µ and e,  

just in that region…
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Ref. [24] but incorporating pþ n and nþ n collisions
would increase the cross section by 3%. The shape is well
reproduced by PYTHIA, and the integrated yield is in good
agreement with the hTAAi-scaled NNLO cross section.

The fully corrected pT distributions in five centrality
classes are shown in the left panel of Fig. 3 along with the
model prediction. The shape as a function of pZ

T is well
reproduced by PYTHIA. The right panel of Fig. 3 shows the
ratios of the data to the PYTHIA prediction scaled by hTAAi.
The ratios are constant within uncertainties for all central-
ity classes over the range of measured pZ

T .
To further examine the binary collision scaling of the

data, the Z boson per-event yields, divided by hNcolli, are
shown in Fig. 4 as a function of hNparti, in several pZ

T bins.
The figure demonstrates that the Z ! ee and Z ! !!
results are consistent within their uncertainties for all pZ

T
and centrality regions. Within the statistical significance of
the data sample, the Z boson per-event yield obeys binary
collision scaling.

The elliptic anisotropy v2 of the Z boson is defined as
v2 ¼ hcos2ð"$!2Þi=#2, where " is the azimuthal angle
of the Z boson momentum vector and !2 is the azimuthal
angle of the event plane, the plane containing the momen-
tum vectors of both lead nuclei and measured with resolu-
tion #2 [25]. The v2 values measured in the two decay
channels are consistent and are combined. The main
uncertainty on the v2 measurement arises from the event
plane (EP) resolution, which is measured from the differ-
ence of !2 determined using the two sides of the FCal at

positive and negative rapidities [25]. To ensure that the jets
associated with Z boson production do not affect the
determination of !2, the EP resolution is also measured
comparing the FCal signal on the side which may be
affected by a recoiling jet to the one of the unaffected
side. A systematic uncertainty of 12 mrad is assigned for
possible EP distortion.
The v2 of the Z boson is shown in Fig. 5 as a function

of jyZj, pZ
T , and hNparti. The averaged v2 of the Z boson

has been measured to be v2 ¼ $0:015& 0:018ðstatÞ &
0:014ðsysÞ, which indicates an isotropic distribution. This
observation is an independent measurement consistent
with Z ! ll yields being unaffected by the medium in
HI collisions.
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Scaling with Ncoll is equivalent to scaling with <TAA>: 
works for Z’s, works for W’s, works for photons

EW bosons provide an excellent cross check on centrality: 
some have even advocating using them to 

replace traditional centrality estimates! 
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Figure 6. The measured Z → ℓ+ℓ− yields per MB event in PbPb collisions, shown for the combined
leptonic channel as a function of the Z boson y (top left), pT (top right), and Npart (bottom). For
the y dependence, the measurements from dimuons and dielectrons are combined for |y| < 1.44,
and the dimuon measurements alone are shown for 1.5 < |y| < 2.0. The yields are compared with
pp → Z → ℓ+ℓ− powheg predictions scaled by the 0–100% centrality averaged TAA. The light
gray bands represent the theoretical uncertainty of 5% assumed for the powheg reference curve
together with the uncertainty of 6.2% due to the TAA scaling. The results vs. y are compared to
predictions with (green dark band) and without (yellow light band) nuclear modification effects.
Vertical lines (boxes) correspond to statistical (systematic) uncertainties.
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FIG. 7. (Color online) The yield of Z bosons per event scaled by
the mean number of nucleon-nucleon collisions ⟨Ncoll⟩ as a function of
the mean number of participating nucleons ⟨Npart⟩. Each panel uses
a different Glauber model configuration in calculating ⟨Npart⟩ (and
⟨Ncoll⟩). Standard Glauber model (a) with no Glauber-Gribov color
fluctuations (GGCFs) and ωσ = 0.11 and (b) with GGCFs and ωσ =
0.2. The data are compared to the CT10 model prediction plotted
at ⟨Npart⟩ = 2. Bars indicate statistical uncertainty; shaded boxes,
systematic uncertainty. Systematic uncertainties are correlated bin
by bin. The ⟨Ncoll⟩ uncertainty plotted does not include the bin-by-
bin fully correlated uncertainty stemming from the uncertainty of
σ (N + N → X), which is instead included in the CT10 prediction
uncertainty. As a reference, data are plotted as they would be with no
centrality bias correction in the open points.

this, the yield of Z bosons per event scaled by ⟨Ncoll⟩,
within −3 < y∗

Z < 2, is displayed as a function of ⟨Npart⟩ in
Fig. 7. The yield is independent of centrality defined using the
standard Glauber model. Using the GGCF centrality models
increases ⟨Ncoll⟩ in central events and reduces it in peripheral
events; consequently, the yield divided by ⟨Ncoll⟩ is reduced
in central events and increased in peripheral events. Figure 7
also shows the yield without the application of the centrality
bias corrections discussed in Sec. III C.

The ATLAS Collaboration has previously measured the
inclusive charged-hadron multiplicity in p + Pb collisions as
a function of centrality [22], and the centrality dependence
of that quantity is similar to that observed in the present
measurement. In order to quantify the similarity, the ratio
(dNZ/dy∗

Z)/(dNch/dη) is plotted vs ⟨Npart⟩ in Fig. 8. The
charged-particle yield is expected to scale with ⟨Npart⟩ and the
Z boson yield with ⟨Ncoll⟩ = ⟨Npart⟩ − 1, and so the ratio is
fit to a function with the form a · (⟨Npart⟩ − 1)/⟨Npart⟩. This
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FIG. 8. (Color online) Ratio of the Z boson multiplicity to the
inclusive charged particle multiplicity, (dNZ/dy∗

Z)/(dNch/dη), as a
function of ⟨Npart⟩. A function of the form a · (⟨Npart⟩ − 1)/⟨Npart⟩ is
also shown. The normalization a is set based on the GGCF with ωσ =
0.11 points. Statistical uncertainties are plotted as bars; systematic
uncertainties, as shaded boxes.
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(b) Ratios of the data to the model. The uncertainty of the model
added in quadrature to the scale uncertainty due to uncertainty in the
inclusive NN cross section is shown as a band around unity. (c) RCP

(see text for details). The 0–10% and 40–90% centrality points are
offset for visual clarity. Arrows in (b) and (c) indicate values outside
the plotted axes.

044915-9

Expect Z yields in p+Pb to 
scale with <TpPb>: 

corrected yields do not 
do so (open circles)!

Two approaches to “fixing” this 
(if it needs it of course!) 

1. Allow the NN cross section to 
fluctuate event by event (Alvioli et al) 

2. Fix the bias accounting for the  
correlation of the forward ET  

with hard process yields

Both approaches seem to 
restore linearity:  

how to distinguish?
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FIG. 7. Fully corrected normalized yields of prompt photons as a function of pT in |η| < 1.37 [(a)–(d)] and 1.52 ! |η| < 2.37 [(e)–(h)]
using tight photon selection, isolation cone size "Riso = 0.3, and isolation transverse energy of less than 6 GeV, divided by JETPHOX predictions
for pp collisions, which implement the same isolation selection. The combined scale and PDF uncertainty on the JETPHOX calculation is shown
by the gray line with yellow area. In addition, two other JETPHOX calculations are shown, also divided by the pp results: Pb + Pb collisions
with no nuclear modification (black line with gray area) and Pb + Pb collisions with EPS09 nuclear modifications (gray line with blue area).
Statistical uncertainties are shown by the bars. Systematic uncertainties on the photon yields are combined and shown by the upper and lower
braces. The scale uncertainties owing only to ⟨TAA⟩ are tabulated for each bin in Table I.

for Pb + Pb (both with A = 208) collisions using the standard
PDF. The other incorporates nuclear modifications to the
nucleon parton distributions using the EPS09 [1] PDF set,
which are x- and Q2-dependent modifications of the CTEQ 6.1

PDF, defined as ratios of the standard PDF as a function of x at a
hardness scale Q2

0 = 1.69 GeV2 and evolved to the relevant Q2

using standard DGLAP evolution. The EPS09 modifications
have their own set of 15 uncertainty eigenvectors, which are
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(gray line with yellow area), Pb + Pb collisions with no nuclear modification (black line with grey area), and Pb + Pb collisions with EPS09
nuclear modifications (gray line with blue area). Statistical uncertainties are shown by the bars. Systematic uncertainties on the photon yields
are combined and shown by the braces.
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Run 1 statistics were good to get started, but are not enough: 
reasonable agreement with NLO calculations  (CTEQ6.6 PDFs), 

but not enough precision to constrain presence of nPDFs 
For photons the action in Run 2 will be in the forward region,  

where at least we might see isospin effects and/or EMC
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We have always assumed the two nuclei overlap
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But what if they miss?
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Strong EM fields, highly contracted: quasi-real photons 
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Probing small x parton densities in ultraperipheral AA and
pA collisions at the LHC
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We calculate production rates for several hard processes in ultraperipheral proton-nucleus and nucleus-
nucleus collisions at the LHC. The resulting high rates demonstrate that some key directions in small x research
proposed for HERA will be accessible at the LHC through these ultraperipheral processes. Indeed, these mea-
surements can extend the HERA x range by roughly a factor of 10 for similar virtualities. Nonlinear effects on
the parton densities will thus be significantly more important in these collisions than at HERA.

PACS numbers:

Studies of small x deep inelastic scattering at HERA
substantially improved our understanding of strong in-
teractions at high energies. Among the key findings of
HERA were the direct observation of the rapid growth
of the small x structure functions over a wide range
of virtualities, Q2, and the observation of a significant
probability for hard diffraction consistent with approx-
imate scaling and a logarithmic Q2 dependence (“lead-
ing twist” dominance). HERA also established a new
class of hard exclusive processes – high Q2 vector me-
son production – described by the QCD factorization
theorem and related to generalized parton distributions
in nucleons.

The importance of nonlinear QCD dynamics at small
x is one of the focal points of theoretical activity (see
e.g. Ref. [1]). Analyses suggest that the strength of
the interactions, especially when a hard probe directly
couples to gluons, approaches the maximum possible
strength – the black disk limit – for Q2 ≤ 4 GeV2.
These values are relatively small, with an even smaller
Q2 for coupling to quarks, Q2 ∼ 1 GeV2, making it
difficult to separate perturbative and nonperturbative
effects at small x and Q2. Possible new directions
for further experimental investigation of this regime in-
clude higher energies, nuclear beams and studies of the
longitudinal virtual photon cross section, σL. The latter
two options were discussed for HERA [2, 3]. Unfor-
tunately, it now seems that HERA will stop operating
in two years with no further measurements along these
lines except perhaps of σL. One might therefore expect
that experimental investigations in this direction would
end during the next decade.

The purpose of this letter is to demonstrate that sev-
eral of the crucial directions of HERA research can be

continued and extended by studies of ultraperipheral
heavy ion collisions (UPCs) at the LHC. UPCs are in-
teractions of two heavy nuclei (or a proton and a nu-
cleus) in which a nucleus emits a quasi-real photon
that interacts with the other nucleus (or proton). These
collisions have the distinct feature that the photon-
emitting nucleus either does not break up or only emits
a few neutrons through Coulomb excitation, leaving a
substantial rapidity gap in the same direction. These
kinematics can be readily identified by the hermetic
LHC detectors, ATLAS and CMS. In this paper we
consider the feasibility of studies in two of the direc-
tions pioneered at HERA: parton densities and hard
diffraction. The third, quarkonium production, was dis-
cussed previously [4, 5, 6]. It was shown that pA and
AA scattering can extend the energy range of HERA,
characterized by √

sγN , by about a factor of 10 and,
in particular, investigate the onset of color opacity for
quarkonium photoproduction.
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T

−

FIG. 1: Diagram of dijet production by photon-gluon fusion
where the photon carries momentum fraction x1 while the
gluon carries momentum fraction x2.
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324 PHENIX Collaboration / Physics Letters B 679 (2009) 321–329
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Fig. 1. Lowest order Feynman diagrams for exclusive photoproduction of (a) J/ψ and (b) dielectrons, in ultra-peripheral Au + Au collisions. The photons to the right of the
dashed line are soft photons that may excite the nuclei but do not lead to particle production in the central rapidity region. Both diagrams contain at least one photon and
occur when the nuclei are separated by impact parameters larger than the sum of the nuclear radii.

18X0) and two sectors of lead-glass Čerenkov calorimeter (PbGl,
9216 modules with 4 cm × 4 cm × 40 cm, 14.4X0), at a radial dis-
tance of ∼ 5 m from the beam line.

The ultra-peripheral Au + Au events were tagged by neutron
detection at small forward angles in the ZDC. The ZDCs [31,32] are
hadronic calorimeters placed 18 m up- and down-stream of the
interaction point that measure the energy of the neutrons coming
from the Au⋆ Coulomb dissociation with ∼ 20% energy resolution
and cover |θ | < 2 mrad, which is a very forward region.3

The events used in this analysis were collected with the UPC
trigger set up for the first time in PHENIX during the 2004 run
with the following characteristics:

(1) A veto on coincident signals in both Beam–Beam Coun-
ters (BBC, covering 3.0 < |η| < 3.9 and full azimuth) selects
exclusive-type events characterised by a large rapidity gap on
either side of the central arm.

(2) The EMCal-Trigger (ERT) with a 2×2 tile threshold at 0.8 GeV.
The trigger is set if the analog sum of the energy deposit in a
2×2 tile of calorimeter towers is above threshold (0.8 GeV).

(3) At least 30 GeV energy deposited in one or both of the ZDCs is
required to select Au + Au events with forward neutron emis-
sion (Xn) from the (single or double) Au⋆ decay.

The BBC trigger efficiency for hadronic Au + Au collisions is
92 ± 3% [33]. A veto on the BBC trigger has an inefficiency of 8%,
which implies that the most peripheral nuclear reactions could be
a potential background for our UPC measurement if they happen
to have an electron pair in the final state. An extrapolation of the
measured p–p dielectron rate [34] at minv > 2 GeV/c2 to the 8%
most peripheral interactions – scaled by the corresponding number
of nucleon–nucleon collisions (1.6) – results in a negligible contri-
bution (only 0.4 e+e− pairs). On the other hand, the ERT trigger
requirement (2) has an efficiency of 90 ± 10%, and the require-
ment (3) of minimum ZDC energy deposit(s) leaves about 55% of
the coherent and about 100% of the incoherent J/psi events, as dis-
cussed above. All these trigger efficiencies and their uncertainties
are used in the final determination of the production cross sections
below.

The total number of events collected by the UPC trigger was
8.5 M, of which 6.7 M satisfied standard data quality assurance
criteria. The useable event sample corresponds to an integrated lu-
minosity Lint = 141 ± 12 µb−1 computed from the minimum bias
triggered events.

3 Much larger than the crossing angle of Au beams at the PHENIX interaction
point (0.2 mrad).

3. Data analysis

Charged particle tracking in the PHENIX central arms is based
on a combinatorial Hough transform in the track bend plane (per-
pendicular to the beam direction). The polar angle is determined
from the position of the track in the PC outside the DC and the
reconstructed position of the collision vertex [35]. For central colli-
sions, the collision vertex is reconstructed from timing information
from the BBC and/or ZDC. This does not work for UPC events,
which, by definition, do not have BBC coincidences and often do
not have ZDC coincidences. The event vertex was instead recon-
structed from the position of the PC hits and EMCal clusters as-
sociated with the tracks in the event. This gave an event vertex
resolution in the longitudinal direction of 1 cm. Track momenta
are measured with a resolution δp/p ≈ 0.7% ⊕ 1.0%p[GeV/c] in
minimum bias Au + Au nuclear collisions [36]. Only a negligible
reduction in the resolution is expected in this analysis because of
the different vertex resolution.

The following global cuts were applied to enhance the sample
of genuine γ -induced events:

(1) A standard offline vertex cut |vtxz| < 30 cm was required to
select collisions well centered in the fiducial area of the central
detectors and to avoid tracks close to the magnet poles.

(2) Only events with two charged particles were analyzed. This is
a restrictive criterion imposed to cleanly select “exclusive” pro-
cesses characterised by only two isolated particles (electrons)
in the final state. It allows to suppress the contamination of
non-UPC (mainly beam–gas and peripheral nuclear) reactions
that fired the UPC trigger, whereas the signal loss is small (less
than 5%).

Unlike the J/ψ → e+e− analyses in nuclear Au + Au reactions
[36,37] which have to deal with large particle multiplicities, we
did not need to apply very strict electron identification cuts in the
clean UPC environment. Instead, the following RICH- and EMCal-
based offline cuts were used:

(1) RICH multiplicity n0 !2 selects e± which fire 2 or more tubes
around the track within the nominal ring radius.

(2) Candidate tracks with an associated EMCal cluster with dead
or noisy towers within a 2 × 2 tile are excluded.

(3) At least one of the tracks in the pair is required to pass an
EMCal cluster energy cut (E1 > 1 GeV ∥ E2 > 1 GeV) to select
candidate e± in the plateau region above the turn-on curve of
the ERT trigger (which has a 0.8 GeV threshold).

Beyond those global or single-track cuts, an additional “coherent”
identification cut was applied by selecting only those e+e− candi-

Photon-pomeron:  
production of vector mesons  
(sensitivity to nPDF)

Photo-nuclear:  
jet photoproduction  
(probe nPDF directly)

Photon-photon:  
dilepton production  
(& other exclusive states)

You are also working at a photon collider: use it!
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Figure 2: Differential cross section versus rapidity for coherent J/y production in ultra-
peripheral PbPb collisions at

p
sNN = 2.76 TeV, measured by ALICE [29, 30] and CMS (see text

for details). The vertical error bars include the statistical and systematic uncertainties added
in quadrature, and the horizontal bars represent the range of the measurements in y. Also the
impulse approximation and the leading twist approximation calculations are shown (see text
for details).

input and implements a gluon recombination mechanism within the leading twist approxima-
tion result. This results in an effective nuclear gluon shadowing. The theoretical uncertainty
band for the leading twist approximation result shown in Fig. 2 is 12% and is due to the uncer-
tainty in the strength of the gluon recombination mechanism. This uncertainty is uncorrelated
with the photon flux uncertainty. The nuclear gluon distribution uncertainty is largest at mid-
rapidity where x ⇠ 10�3 in the nuclear gluon distribution. At forward rapidity there is a
two-fold ambiguity about the photon direction but the measurements are mostly sensitive to
x ⇠ 10�2 [29].

The data are also compared to the impulse approximation result that uses data from exclusive
J/y photoproduction in g + p interactions to estimate the coherent J/y cross section in g + Pb
collisions. By using g + p data, the impulse approximation calculation neglects all nuclear
effects such as the expected modification of the gluon density in the lead nuclei compared
to that of the proton. This calculation overpredicts the CMS measurement by more than 3
standard deviations in the rapidity interval 1.8 < |y| < 2.3, when adding the experimental and
theoretical uncertainties in quadrature.

The impulse approximation calculation is derived from the product of two quantities: the elas-
tic nuclear form factor FA(t) and the differential cross section ds/dt of g + p ! J/y + p, where
t is the momentum transfer from the target nucleus squared. The FA(t) is the Fourier transform
of the matter density r(t), while the elementary cross section ds/dt has been measured by var-
ious collaborations [4–8], as described in Section 1. The impulse approximation result shown

Beautiful (challenging) data combined from ALICE and CMS: 
events with nothing else but a J/psi.  

Also providing information on nuclear gluon distributions
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S P E C T R A L  S H A P E S  I N  D ATA  A N D  M C

STARLIGHT MC implements collisions of  
Weisacker-Williams quasi-real photons + QED µ± production: 

good agreement with ATLAS (Run 2) & ALICE (Run 1) data 
Already helping to calibrate incoming photon flux for 𝛾+A and LbyL
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Figure 3: Left: Transverse momentum distribution of exclusive e+e− pairs with 0.6 ≤ Mee ≤ 2.0 GeV/c2 compared with
STARLIGHT. Right: Differential cross section, dσ/dMee, for Pb+Pb → Pb+Pb+ e+e− compared with STARLIGHT.

the trigger, the results from 2011 were restricted to high invariant masses, Mee > 2.2 GeV/c2. The 2010 data allow to
go down to Mee = 0.6 GeV/c2.

The event selection was similar to that for coherent ρ0 production, with the selection on the TPC dE/dx modified
to accept electrons rather than pions. The raw data were corrected for acceptance and efficiency using events generated
by STARLIGHT. Figure 3 (left) shows the pT distribution of the selected e+e− pairs. The distribution is well described
by STARLIGHT, indicating that there is no background not accounted for in the sample. The measured cross section
for the selection 0.6 ≤ Mee ≤ 2.0 GeV/c2 and |η1,2| < 0.9 (η1,2 are the pseudorapidities of the two tracks) is 9.8 ±
0.6(stat.)+0.9

−1.2(sys.) mb. The STARLIGHT prediction for the same selection is σ = 9.7 mb. The differential cross section,
dσ/dMee, is shown in Fig. 3 (right) together with the previous ALICE measurement for Mee > 2.2 GeV/c2 and the cross
section from STARLIGHT. The variation of dσ/dMee with Mee is well described by STARLIGHT.

5 Conclusions

The ALICE Collaboration has made the first measurements of coherent ρ0 and ψ(2S) photoproduction in Pb-Pb collisions
at the LHC. The measured cross section for the ψ(2S) disfavors models with no nuclear effects and models with strong
gluon shadowing. This is thus consistent with the conclusions from the J/ψ measurements [1, 2] but less strong because
of the larger uncertainties for ψ(2S) discussed above. The results on ρ0 show that a straightforward scaling of the
γ-p cross section using the Glauber model [8] overpredicts the cross section. This confirms what was observed in Au-
Au collisions at RHIC energies. The cross section for two-photon production of e+e− pairs at midrapidity in Pb-Pb
collisions is in good agreement with leading order QED as implemented in STARLIGHT in the invariant mass range
0.6 ≤ Mee ≤ 10.0 GeV/c2.
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• EW probes produced by partonic interactions are a 
great tool for studying several aspects of HI collisions 
• Informing our understanding of the initial nPDFs 
• Validating Glauber geometric pictures 
• The LHC provides great variety and kinematic reach 
• Rich program at RHIC as well, at lower pT scales 

• The nuclei themselves provide EM probes 
• Photon-pomeron, photon-photon, photon-nuclear 
• Pioneered at RHIC, but now getting more and more 

interest (including from HEP side)

ENJOY QM2017!
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>95% @ pT=100 GeV for pp 
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ATLAS photon ID uses full capabilities of calorimeter:  
1. Narrow cluster in EM cal. 2nd layer (most of energy) 

2. No energy leakage behind EM section 
3. Shower shape inconsistent with diphoton hadron decay

Calorimeter cells corrected for UE in Pb+Pb, including v2  
using algorithm similar to what is used for ATLAS jets
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Isolation criterion based on ET of cells in R=0.3 
cone, after subtracting core region, and shower 

leakage correction. ET<6 GeV in Pb+Pb  
(approx 1-sigma, due to UE fluctuations)

G. AAD et al. PHYSICAL REVIEW C 93, 034914 (2016)

the UE fluctuations are largest), using the isolation criteria
described in the next section.

To derive a data-driven estimate of the background can-
didates from jets, a “nontight” selection criterion is defined,
which is particularly sensitive to neutral hadron decays. For
this selection, a photon candidate is required to fail at least one
of four shower shape selections in the first calorimeter layer:
ws,3, Fside, Eratio, and !E. These reversed selections enhance
the probability of accepting neutral hadron decays from jets,
via candidates with a clear double shower structure (via Eratio
and !E) as well as candidates in which the two showers may
have merged (via ws,3 and Fside) [21].

While the photon energy calibration is the same as
used for pp collisions, based in part on measurements of
Z bosons decaying into an electron and a positron, and
validated with Z → ℓℓ + γ events [46], the admixture of
converted and unconverted photons leads, on average, to a
small underestimate of the photon energy in Pb + Pb events,
because the energies of converted photon clusters is typically
reconstructed in a larger region in the calorimeter. This is
quantified in the simulation by the mean fractional difference
between the reconstructed and the truth photon transverse
momenta (preco

T − ptruth
T )/ptruth

T ≡ !pT/ptruth
T , obtained from

simulation. For matched photons, the average deviation from
the truth photon pT is the largest at low photon pT and is
typically within 1% for pT > 44 GeV. The fractional energy
resolution, determined by calculating the standard deviation
of the same quantity in smaller intervals in ptruth

T , ranges from
4.5% for 22 ! ptruth

T < 26 GeV to 1.5% for ptruth
T = 200 GeV

for |η| < 1.37 and from 6% to 3% for 1.52 ! |η| < 2.37. The
effects of energy scale and resolution are corrected for by using
bin-by-bin correction factors described below.

The isolation transverse energy Eiso
T is the sum of trans-

verse energies in calorimeter cells (including hadronic and
electromagnetic sections) in a cone of size !Riso around the
photon direction. The photon energy is removed by excluding
a central core of cells in a region corresponding to 5 × 7
cells in the second layer of the EM calorimeter. The cone
size is chosen to be !Riso = 0.3, to reduce the sensitivity to
UE fluctuations. The isolation criterion is Eiso

T < 6 GeV. An
additional correction, based on simulations and parametrized
primarily by the photon energy and η, is then applied to
the calculated isolation transverse energy to minimize the
effects of photon shower leakage into the isolation cone. It
typically amounts to a few percent of the reconstructed photon
transverse energy.

The left column of Fig. 2 shows the distributions of Eiso
T

for tight photon candidates with 35 ! pT < 44.1 GeV as
a function of collision centrality, compared with simulated
distributions. The data and simulations are normalized so the
integrals of Eiso

T < 0, where no significant background from
jet events is expected, are the same. Both, the simulated and
the measured Eiso

T distributions grow noticeably wider with
increasing centrality; as the UE subtraction only accounts
for the mean energy in an η interval, local fluctuations are
still present. Furthermore, in the data, an enhancement in
events with Eiso

T > 0 is expected from the jet background.
The Eiso

T distribution for a sample enhanced in backgrounds is
shown in the right column of Fig. 2, which shows the isolation
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FIG. 2. Distributions of photon isolation transverse energy in a
!Riso = 0.3 cone for the four centrality bins in data (black points,
normalized by the number of events and by the histogram bin width)
for photons with 35 ! pT < 44.1 GeV. In the left column (a)–(d)
simulations (yellow histogram) are normalized to the data so that
the integrals in the range Eiso

T < 0 are the same. The corresponding
sample of nontight photon candidates, normalized to the distribution
of tight photons for Eiso

T " 8 GeV is shown overlaid on the tight
photon data in the right column (e)–(h) to illustrate the source of the
photons with large Eiso

T .

distribution for the nontight candidates in the same pT interval.
For larger values of Eiso

T , the distributions from the tight
and nontight samples have similar shapes. The distributions
are normalized to the integral of the tight photon candidate
distribution in the region Eiso

T > 8 GeV.
After applying the tight selection and an isolation criterion

of Eiso
T < 6 GeV to the 0%–80% centrality sample, there are

62 130 candidates with pT " 22.0 GeV within |η| < 1.37 and
30 568 candidates within 1.52 ! |η| < 2.37.

VI. YIELD EXTRACTION

The kinematic intervals used in this analysis are defined as
follows. For each centrality interval, as described in Sec. III,
the photon kinematic phase space is divided into intervals in
photon η and pT. The two primary regions in η are |η| < 1.37

034914-6
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382 F.A. Berends et  aL, Angular asymmetry  in e+e - --. u+/a- 

Fig. 1. Lowest order Feynman diagram for/a-pair production. 

(a) (b) 
Fig. 2. Feynman diagrams which interfere with the lowest order one to pr~duce an angular asym- 
merry. 

Fig. 3. Brcmsxtr,ddung di:lgralus producing muons in a C-odd state. 

Fig. 4. Bremsstrahlung diagranls producing nlu()ns in a C-even state. 

(fig. ! ) and tile two-photon graphs (fig. 2) cont r ibu te  to D to order or 3, as far as tile 
virtual radiative correct ions are concerned.  Similarly,  for tire bremsstrahlung contri- 
bu t ion ,  only the interference between tile C-odd n luon  graphs of  fig. 3 and the C- 
even muon  graphs of fig. 4 has to be computed ,  in sect. 2 we present the complete  
analytic calculation of  the interference of  the two box graphs with tire lowest order 
matrix element .  This evaluation is valid for all energies and scattering angles, in con- 
trast to some recent approxim:tte calculations [ 3 - 5 ] .  
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t w o - p h o t o n  events e + e - - - * e  + e -  #+ # -  and  cosmic  
rays. Wi th in  our  stat ist ics no f o r w a r d - b a c k w a r d  
a s y m m e t r y  was observed  at  a level of  1 ~ .  

(2) Poo r  m o m e n t u m  measu remen t  or  a twist of 
the centra l  drift  chamb e r  could  lead to a wrong 
charge  ass ignment  for bo th  t racks  s imul taneously .  
To cont ro l  this effect we s tudied  the cor re la t ions  of 
the charge weighted rec iproca l  m o m e n t a  of  forward  
versus b a c k w a r d  going muons  [5]. The d i s t r ibu t ion  
of 2690# pairs  shown in Fig. 6 conta ins  7 # + #  + and 
10# # pairs.  This leads to a charge confusion 
p robab i l i t y  of  (0.3 _+ 0.1) ~ per  t rack.  F r o m  the den- 
sity a r o u n d  the or igin the cor re la ted  charge  flip 
p robab i l i t y  was es t imated  to be less than  10 -5  . This 
implies  that  the curva ture  measu remen t s  of the two 
t racks  are independen t  from each other. These num- 
bers  are  also consis tent  with those der ived f rom the 
m o m e n t u m  reso lu t ion  ap/p=O.O16.pt (p in GeV/c).  

Acceptance Calculations 

The accep tance  funct ions used to correct  the mea-  
sured angu la r  d i s t r ibu t ions  were ca lcu la ted  by M o n -  
te Car lo  using the event genera tors  of Berends et 
al. [16]. Elec t rons  were s imula ted  with the EGS 
code  [17] and  good  agreement  with the da t a  was 
obta ined.  We es t imate  the overal l  uncer ta in ty  due to 
shower  cor rec t ions  in the b in - to -b in  po la r  angle  ac- 
ceptance  to be less than  1~o. M u o n  t racks  were 
p ro jec ted  into the m u o n  chambers  and  l iquid a rgon  
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Fig.7. The observed acollinearity distribution for the reaction 
e + e---*#+ # . The histogram shows the QED prediction includ- 
ing radiative corrections up to order c~ 3 

ca lo r ime te r  t ak ing  all de tec to r  effects into account .  
The  accep tance  is a rap id ly  vary ing  funct ion in the 
po la r  angle  range 0 .5<1cos  01<0.8. Different  pro-  
cedures for ca lcula t ing the accep tance  were used;  
they p roduce  a m a x i m u m  change in the a s y m m e t r y  
of  + 0 . 4 ~ .  Higher  o rde r  Q E D  processes  induce 
angu la r  asymmet r ies  which are dependen t  on the 
exper imenta l  select ion criteria.  Rad ia t ive  cor rec t ions  
up to o rde r  ~3 were ca lcu la ted  as descr ibed  in the 
text  and  were found to agree well with the experi-  
menta l  data.  As an example  we show in Fig. 7 the # 
pa i r  aco l l inear i ty  d is t r ibut ion .  

Cross Section Formula 

The cross sect ions were eva lua ted  using the fo rmula  
of  [18] for the e lec t roweak  in te rac t ion  and  ex tended  
by the au thors  of [13] for compos i t e  models .  F o r  
Bhabha  scat ter ing with unpo la r i zed  beams  the cross 
sect ion can be wr i t ten  in the fol lowing form 

do- 0~ 2 
d f 2 - 8 s  {4BI+B2(1-c~176 (A1) 

with 
_~ ~RL" t 2 B l = \ t  ]{S~ 2 l + ( g ~ _ g 2 ) ~  ~ A  2 ' 

1 + "  2 2", _[_ qRL " SI 2 
B e =  [gv--gA) Z 

B 3 =  1 
+z)+VA  

+ ~ 2  , 

G v  9 M 2 s 
Z=21/2rco "s_  M2 + i M z  r ' 

= G r  9 M 2 t 
2 1 ~  t-m~z+iMz r 
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Fig.7. The observed acollinearity distribution for the reaction 
e + e---*#+ # . The histogram shows the QED prediction includ- 
ing radiative corrections up to order c~ 3 
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STARLIGHT calculations only include pure µ+µ-, w/ no final state QED. 
Clearly required in e+e- → µ+µ- , e.g. from DESY. 

Not easily available in existing MC codes: exploring several avenues
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