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Introduction

Nuclear density
I 2-parameter Woods-Saxon

ρAi (r) =
ρA0

1 + exp[ r−Ri
di

]
I Ri = nuclear radius
I di = thickness of the surface

Neutron-skin effect
I Tail of neutrons extends farther
I We use parameters [C.M. Tarbert et al.,

PRL 112 (2014) 24, 242502]
I Rp = 6.680 fm, Rn = 6.70± 0.03 fm
I dp = 0.447 fm, dn = 0.55± 0.03 fm

⇒ Modification for EM-sensitive
observables in peripheral collisions
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Centrality classification

Optical Glauber model

I Total inelastic cross section in A+B
collision at given

√
s

σinelAB (s) =

∫
d2b

[
1− e−TAB(b)σinel

NN (s)
]

A B

sy

sx

b

s1 s2

I Where nuclear overlap function

TAB(b) =

∫
d2s

[
TAp (s1) + TAn (s1)

] [
TBp (s2) + TBn (s2)

]

with TAi (r) =
∫
dzρAi (z, r)

I Centrality classes defined as impact-parameter intervals requiring

(ck+1 − ck)% =
1

σinelAB

∫ bk+1

bk

db 2πb
[
1− e−TAB(b)σinel

NN (s)
]
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Hard process cross section

Hard process cross section in given centrality bin Ck

dσhardAB (Ck) = 2π

∫ bk+1

bk

db b

∫
d2s

∑

i,j

T iA(s1)T
j
B(s2)dσ

hard
ij (A,B, s1, s2)

where i, j = p, n

Differential cross section
I Factorize the spatial dependence to nuclear PDFs (nPDFs)

dσhardij (A,B, s1, s2) =
∑

k,l

f
i/A
k (x1, Q

2, s1)⊗f j/Bl (x2, Q
2, s2)⊗dσ̂kl→Xij

I The nPDFs can be decomposed as

f
i/A
k (x,Q2, s) = r

i/A
k (x,Q2, s)f ik(x,Q

2)

I We use spatially dependent EPS09s nuclear modifications satisfying

R
i/A
k (x,Q2) =

1

A

∫
d2sT iA(s)r

i/A
k (x,Q2, s)
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Two competing effects

Spatially dependent nPDFs

I Smaller nuclear effects in peripheral
collisions

I Enhancement or suppression
depending on x

Neutron skin (NS)

I More neutrons at large s
⇒ fu(x,Q

2)/fd(x,Q
2)

decrease with centrality
I Effect more pronounced at large x

I Goal: Study which observables
would be sensitive to NS effect
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Direct photons

Nuclear modification factor

RγPbPb(Ck) =
1

〈TPbPb(Ck)〉
dσγPbPb(Ck)

dpTdη

/
dσγpp
dpTdη

I Cross sections calculated in NLO using INCNLO with BFGII photon FFs
and CT10 PDFs together with EPS09s nuclear modifications

R
γ P
b
P
b
(p
T
,η
)

pT

CT10 (isospin)

EPS09s

EPS09s+NS

uncert. with NS

Pb+Pb, 0− 100%√
sNN = 5.0 TeV

η = 0

R
γ P
b
P
b
(p
T
,η
)

pT

0− 100%

EPS09s

EPS09s+NS

uncert. with NS

Pb+Pb, 0− 10%√
sNN = 5.0 TeV

η = 0

I Neutron-skin (NS) effect does nothing for MB and central events
I Very small difference between central and MB RγPbPb
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Direct photons

I Look for more peripheral events: 70− 80% and 90− 100%

R
γ P
b
P
b
(p
T
,η
)

pT

0− 100%

EPS09s

EPS09s+NS

Pb+Pb, 70− 80%√
sNN = 5.0 TeV

η = 0

WS uncert.

EPS09s uncert.

R
γ P
b
P
b
(p
T
,η
)

pT

0− 100%

EPS09s

EPS09s+NS

Pb+Pb, 90− 100%√
sNN = 5.0 TeV

η = 0

WS uncert.

EPS09s uncert.

I Need high-pT (& 300 GeV/c) (large x) to see the neutron-skin effect
I Need also very peripheral events
I At high-pT nPDFs and NS have opposite effects vs. centrality
I nPDF uncertainties larger than the uncertainty in WS parametrization
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Direct photons

Central-to-peripheral ratio

RCP =
〈TPbPb(P )〉
〈TPbPb(C)〉

dσγPbPb(C)

dpTdη

/
dσγPbPb(P )

dpTdη

I Some uncertainties cancel out

R
γ C
P
(p
T
,η
)

pT

EPS09s

EPS09s+NS

Pb+Pb

(0− 10%)/(70− 80%)√
sNN = 5.0 TeV

η = 0

WS uncert.

EPS09s uncert.

R
γ C
P
(p
T
,η
)

pT

EPS09s

EPS09s+NS

Pb+Pb

(0− 10%)/(90− 100%)√
sNN = 5.0 TeV

η = 0

WS uncert.

EPS09s uncert.

I Still the nPDF-originating uncertainties larger than neutron-skin effect
I Look for observable where the nPDFs cancel out
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Charged hadrons

Ratio between negatively and positively charged hadrons

h−

h+
(Ck) =

dσh
−

PbPb(Ck)
dpTdη

/
dσh

+

PbPb(Ck)
dpTdη

I Hadronization using fragmentation functions (FFs)
I No final state effects for the ratio (flavour independent energy loss)

Motivated by unmodified K/π and p/π ratios [PRC 93 (2016) 034913]

h
−
/h

+

pT

p+p:
DSS
Kretzer
AKK08

n+n:
DSS
Kretzer
AKK08

√
s = 5.0 TeV

η = 0

I Large differences between
different FFs
⇒Additional uncertainty

I p+p measurement would
further constrain FFs

I Negative cross section with
AKK08, not used here

DIS2016 13.4.2016 10/16 I. Helenius (Lund U.)



Charged hadrons

I h−/h+ in different centralities at Pb+Pb

h
−
/h

+

pT

EPS09s+DSS
0− 100%
70− 80%
90− 100%

DSS+NS
0− 100%
70− 80%
90− 100%

KRE+NS
0− 100%
70− 80%
90− 100%

Pb+Pb√
sNN = 5.0 TeV

η = 0

I nPDF effects cancel out
I Dominant uncertainties from WS-parametrization

(no normalization with 〈TPbPb(Ck)〉)
I Large differences between different FFs
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Charged hadrons

I Normalize with minimum bias h−/h+ (Ratio unity without NS-effect)

Mid-rapidity

(h
−
/h

+
) C

k
/(
h
−
/h

+
) m

b

pT

DSS

70− 80%

90− 100%

KRE

70− 80%

90− 100%

Pb+Pb√
sNN = 5.0 TeV

η = 0

Uncert.

WS

EPS09s

Forward rapidity

(h
−
/h

+
) C

k
/(
h
−
/h

+
) m

b

pT [GeV/c]

DSS

70− 80%

90− 100%

KRE

70− 80%

90− 100%

Pb+Pb√
sNN = 5.0 TeV

η = 2

Uncert.

WS

EPS09s

I FF-dependence cancels almost completely
⇒Observable robust against uncertainties in fragmentation

I nPDF-uncertainties remain small
I With η = 2 NS-effect enhanced at lower pT
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W± production

Production of l± from W± → l±ν decays

I Cross section calculated at NLO in pQCD using MCFM code with
Q2 =M2

W and integrate over plT > 25 GeV/c

I Observable:
σ(l+)

σ(l−)
(Ck) =

dσl
+
(Ck)

dydpT

/
dσl

−
(Ck)

dydpT

I Again, nPDF effects (flavour independet) cancel out

p+Pb collisions

I Asymmetric collisions
(here p with y > 0)

I Biases in experimental
centrality classification

Pb+Pb collisions

I Symmetric collision
I Centrality classification in

better control
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W± production

I Normalized with σ(l+)/σ(l−)(CMB)

[From H. Paukkunen, Phys. Lett. B745 (2015) 73-78]
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Figure 2: Left-hand panel: The ratio dσℓ+/dσℓ−
in proton-lead collisions for two peripheral centrality class

normalized by the corresponding ratio in the minimum bias collisions. Right-hand panel: As the left-
hand panel, but for lead-lead collisions. The small wiggles are residual fluctuations from the Monte-Carlo
integrations in MCFM.

where now x = ξ−
2 for y ≪ 0, and x = ξ+

1 for y ≫ 0. Similarly as in the case of proton-lead, the dependence of
ZPbPb

eff (Ck)/N
PbPb
eff (Ck) explains the stronger suppression of dσ(ℓ+)/dσ(ℓ−) towards peripheral collisions. In

comparison to the proton-lead collisions, the effect is better visible even at y = 0 since both the sea-valence
and valence-sea scatterings depend on ZPbPb

eff (Ck)/N
PbPb
eff (Ck) while in proton-lead collisions this happens

only for sea-valence contribution.
Currently, the most accurate experimental measurements of W ± production in lead-lead collisions come

from the ATLAS collaboration [45]. The data for W+/W − ratio are plotted in Figure 3 and compared to
the calculation described in this letter. The data, as well as the MCFM computation, include all W ± events
within the kinematic region restricted by the lepton transverse momentum pT > 25GeV, pseudorapidity
interval |ηℓ± | < 2.5, missing transverse momentum pmissing

T > 25GeV, and the transverse mass of the ℓ±ν
system mT > 40GeV. While our calculation is consistent with the data, χ2/Ndata ≈ 0.6 (Ndata is the
number of data points), the measurements are clearly not accurate enough and have a too coarse centrality
categorization to draw conclusions to any direction at this stage.

4 Summary and Outlook

We have discussed the generic effects that mutually different spatial distributions of protons and neutrons in
heavy nuclei are expected to induce in production of W± bosons at the LHC. The proton density is known
to fall off more rapidly than that of neutrons towards the surface of neutron-rich nuclei like 208Pb which, as
we have demonstrated, correlates with the sign of the produced W± boson. Thus, the W± production could

7

I Larger effects at large |y| (larger nuclear-x)
I Rather fine centrality binning required
I Use as a benchmark for different centrality definitions at the LHC
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Summary

Neutron-skin effect
I Neutron-to-proton ratio grows towards the edge of nucleus
⇒ Modifications for EM-sensitive observables in peripheral collisions

Direct photon production

I Few percent effects at high-pT
I Spatially dependent nPDFs complicates the interpretation

Charged hadron production h−/h+

I Nuclear PDF effects cancel out
I Some uncertainty due to fragmentation functions – Can be cured by

normalizing with MB-result
I Up to 20% effects at the most peripheral bin
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Conclusions

W± production

I Considered both p+Pb and Pb+Pb collisions at the LHC
I Up to 20% effects at large |y|

Conclusions
I Neutron-skin effect can produce measurable effects at the LHC
I Could be used to study centrality classification
I Could serve as a handle to study centrality also in DIS

(Different effects for neutral- and charged-current reactions)
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Model Framework

Nuclear modifications with spatial dependence

I We replace
RAi (x,Q

2)→ rAi (x,Q
2, s),

where s is the transverse position of the nucleon
I Definition

RAi (x,Q
2) ≡ 1

A

∫
d2sTA(s)r

A
i (x,Q

2, s),

where RAi (x,Q
2) is taken from EKS98 or EPS09 global fits

I Assumption: spatial dependence related to TA(s) as follows:

rAi (x,Q
2, s) = 1 +

n∑

j=1

cij(x,Q
2) [TA(s)]

j

I Important: No A-dependence in the fit parameters cj(x,Q2)
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Fitting Procedure

Parameters cj(x,Q2) obtained by minimizing the χ2

χ2
i (x,Q

2) =
∑

A

[
RAi (x,Q

2)− 1
A

∫
d2sTA(s)r

A
i (x,Q

2, s)

WA
i (x,Q2)

]2

I A-dependence of RAi (x,Q
2)

well reproduced with n = 4:
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nPDF sets EPS09s and EKS98s
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W± production

I Comparison to ATLAS data [Eur. Phys. J. C (2015) 75:23]
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Figure 3: The centrality dependence of W+/W − ratio as measured by the ATLAS collaboration [45] com-
pared to the calculation presented in this paper. The reported experimental values of W+/W − ratio in each
centrality class have been normalized to the average one (W+/W −)0−80% = 1.03 and the uncertainties have
been obtained by adding in quadrature the statistical and systematic uncertainties.

be used to benchmark different experimental definitions of centrality at the LHC. We stress that in this
paper we have considered the centrality from a purely geometric viewpoint neglecting e.g. possible smearing
of the effect that could be caused by event-by-event fluctuations. Therefore, our results should be taken as
first, rough estimates of the expected systematics if a given experimental centrality-selection method truly
reflects the collision geometry.

The effects caused by neutron skin are, of course, not limited to W± production but related phenomena
are to be expected e.g. in the case of high-pT photons and charged hadrons which can also be measured
at lower center-of-mass energies like those available at the Relativistic Heavy-Ion Collider (RHIC). In the
case of lepton-nucleus deeply-inelastic scattering, the neutron skin should affect differently the neutral- and
charged-current reactions. Thus, the neutron-skin effect could serve as a handle to study the centrality also
at planned deeply-inelastic scattering experiments like the Electron-Ion Collider [58] or LHeC [59].
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[From H. Paukkunen, Phys. Lett. B745 (2015) 73-78]I Very mild effects with the given centrality binning
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