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The ridge in A+A collisions 
Not in pp (low multiplicity) neither in pPb (low multiplicity)  

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts and potential contributions from secondary particles (including those from
weak decays) are examined by loosening or tightening the track selections on dz/s(dz) and
dT/s(dT) from 2 to 5. The associated yields are found to be insensitive to these track selections
within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.
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4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts and potential contributions from secondary particles (including those from
weak decays) are examined by loosening or tightening the track selections on dz/s(dz) and
dT/s(dT) from 2 to 5. The associated yields are found to be insensitive to these track selections
within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

pPp 
Ridge 

Distinct long range correlation in η collimated around ΔΦ≈ 0 

Similar for pPb (high mult), pp (high mult) and PbPb (peripheral) 
 
Hydrodynamic flow in pp and pPb collisions? 
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|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts and potential contributions from secondary particles (including those from
weak decays) are examined by loosening or tightening the track selections on dz/s(dz) and
dT/s(dT) from 2 to 5. The associated yields are found to be insensitive to these track selections
within 2%.

ηΔ-4
-2

0
2

4

φΔ 0
2

4

φ
Δ

 dη
Δd

pa
ir

N2 d
 

tri
g

N1 0.16
0.18
0.20

 < 35trk
offline = 5.02 TeV, NNNsCMS pPb  

 < 3 GeV/c
T

1 < p
(a)

ηΔ-4
-2

0
2

4

φΔ 0
2

4

φ
Δ

 dη
Δd

pa
ir

N2 d  
tri

g
N1 1.6

1.7
1.8

 110≥ trk
offline = 5.02 TeV, NNNsCMS pPb  

 < 3 GeV/c
T

1 < p
(b)

Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.
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Why sometimes the particles fly in sync? 
 
“The LHC may be uncovering a new deep 
internal structure of the initial protons … at 
these higher energies, one is taking a 
snapshot of the proton with higher spatial and 
time resolution than ever before” 

 Frank Wilczek 
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4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts and potential contributions from secondary particles (including those from
weak decays) are examined by loosening or tightening the track selections on dz/s(dz) and
dT/s(dT) from 2 to 5. The associated yields are found to be insensitive to these track selections
within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.
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Why sometimes the particles fly in sync? 
 
“The LHC may be uncovering a new deep 
internal structure of the initial protons … at 
these higher energies, one is taking a 
snapshot of the proton with higher spatial and 
time resolution than ever before” 

 Frank Wilczek 
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Linearly polarized gluons can exist in 
unpolarized hadrons

For                gluons prefer to be polarized along kT,  

with a cos 2φ distribution of linear polarization 
around it, where φ=∠(kT,εT) 
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Gluon polarization inside unpolarized protons

[Mulders, Rodrigues, 2001]
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Answer:  at SIDIS scales, very moderately

What do we know about  D1 (z, PhT) ?

4. does  PhT dependence change with scale Q2 ? 

A. Signori, talk at QCD-N16 (Bilbao)
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z=0.28 

z=0.33 
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TMD  FF   map 

Quark-parton Model Interpretation of SIDIS: 
Transverse Momentum Dependent PDFs (TMDs)
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 D1 from unintegrated SIDIS multiplicities

hermes

Airapetian et al.,  
P.R. D87 (13) 074029

further analysis: transverse momentum dependence 
of the unpolarized SIDIS cross section ... 
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FIG. 8 (color online). Multiplicities of pions (left panels) and kaons (right panels) for the proton and the deuteron as a function of
Ph?, xB, and Q2 in four z bins. Positive charge is on the left and negative charge is on the right of each panel. Uncertainties are as in
Fig. 4.

MULTIPLICITIES OF CHARGED PIONS AND KAONS . . . PHYSICAL REVIEW D 87, 074029 (2013)

074029-11

PRD87 (2013) 074029

(multi-dimensional analysis sensitive to <k⊥
2> and evolution, 

work in progress, TO-CA group)

- target: proton, deuteron 

- final state: π+, π−, K+, K− 

- 2688 points

Adolph et al., E.P.J. C73 (13) 2531 
Erratum: E.P.J. C75 (15) 94

about 20000 data points (!) 

- target: deuteron 

- final state:  

- h+, h−  (run 2004) 

- π+,π−,K+,K−  (run 2006)  
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2
T

i
all

in Fig. 9. In addition to the data points,
Fig. 9 shows lines, which represent fits of the data points assuming a linear function of lnW

2. Because of
the Q

2-dependence, the last points are somewhat below the fit. The authors of Ref. [18] first suggested
that hp

2
T

i
all

should depend linearly on the µN center of mass energy squared s. They have verified their
prediction with results from three fixed target experiments: JLab, HERMES and COMPASS, see Fig. 10.
Fig. 10a shows the p

2
T

distribution of charged hadrons with 0.5 < z < 0.6 and integrated over Q

2 and x

B j

,
measured by COMPASS, which was used to determine the acceptance corrected hp

2
T

i
all

. Fig. 10b taken
from Ref. [18] shows the dependence of hp

2
T

i
all

on s. Their value for COMPASS, represented by the
black dots, was not corrected for acceptance. The new, acceptance corrected COMPASS value hp

2
T

i
all

added to Fig. 10b (red dot) is shown in a recent paper [19], and used to quantify the p

T

broadening [20]
in a model to determine the Sivers and Boer-Mulders asymmetries at COMPASS and HERMES. The
result of the model of Pasquini and Schweitzer was closer to the COMPASS data when p

T

broadening
is included. The authors of Ref. [18] also note that hp

2
T

i
all

may depend linearly on W

2 rather than s.
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²  Total: 4918 kinematic bins 

²  Correction for diffractive 
vector meson (DVM)  
production evaluated  

²  Results available with/without 
correction for vector meson 
contribution and radiative 
effects 

²  Publication being prepared, 
expected soon 

²  Valuable input for TMD 
analyses and evolution studies 

•  h+
•  h-

0.4 < z < 0.6	

Multiplicities of charged hadron vs. pT
2, cont. 

16	

N. Makke, talk at SPIN2016

corrected for normalization error

P 2
hT /z ⌧ Q2

Global analysis fitting 

11 P.#Rossi#

•  Stong anti-correlation between the 
widths of the distribution and 
fragmentation Gaussians 

•  The flavor-dependent Gaussian 
ansatz performs better 

Radici et al., Int. J. Mod. Phys. Conf. Ser. 2015.37

•  Factorised functional form  
with Gaussian dependence 
on the intrinsic transverse 
momentum 

•  Global analyses fitting of 
multiplicities and/or 
asymmetries  
$ different values for <k2

T> 

HERMES Mp
π+ 

PT (GeV)

M. Anselmino, et al., JHEP 1404 (2014) 005

CLAS12: AUT with Transverse Proton Target 

22 P.#Rossi#

Aybat, Prokudin & Rogers  C12-11-111  

•  Large acceptance of CLAS12 allows studies 
of PT and Q2-dependence of SSAs in a wide 
kinematic range 

•  Comparison of JLab12 data with HERMES, 
COMPASS and EIC will pin down the Q2 
evolution of Sivers asymmetry 

JLab12 

EIC@Jlab/BNL 

EIC@HIAF 
ENC@FAIR  

Q
2
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We need a bridge! Low	  energies	  

LHC	  

q̄q

L

exploring the 
3D nucleon 
structure

S

k?

sq

b?

3D Parton Distributions: path to the LHC    
LNF, 29/11 - 2/12, 2016

Introduction to orbital effects in hard scattering 
Mauro Anselmino - Torino University & INFN

⊗k⊥

•
-k⊥

single spin asymmetry: the Sivers effect 

PT � k�

spin

spin

the spin-k⊥ correlation is an intrinsic property of the 
nucleon; it should be related to the parton orbital motion 

fq/p,S(x,k?) = fq/p(x, k?) +
1
2
�N

fq/p"(x, k?) S · (p̂⇥ k̂?)

= fq/p(x, k?)� k?
M

f

?q
1T (x, k?) S · (p̂⇥ k̂?)

single spin asymmetry for the process ` p" ! `hX

= -

= -

f and d type gluon Sivers TM
D

Related to antisym
m

etric (f abc) and sym
m

etric (d abc) color structures

Bom
hof, M

ulders, 2007; Buffing, M
ukherjee, M

ulders, 2013

These processes probe 2 distinct, independent gluon Sivers functions 

C
onclusion: gluon Sivers TM

D
 studies at EIC

 and at RH
IC

 or AFTER@
LH

C
 can 

be related or com
plem

entary, depending on the processes considered

D.B., Lorcé, Pisano & Zhou,  arX
iv:1504.04332

e
p "

!
e 0
Q
Q̄
X

� ⇤
g !

Q
Q̄

probes [+,+]

p "
p!

�
jetX

In the kinem
atic regim

e w
here gluons in the polarized proton dom

inate, 

one effectively selects the subprocess:

probes [+,-]

g
q !

�
q

1

arXiv:1212.1701v3  [nucl-ex]  30 Nov 2014

EIC	   If we do not understand 
large SSA’s we do not 
understand NPQCD ! 
(G.Goldstein)           

Studies of TMDs at JLab 

Patrizia Rossi 

Jefferson Lab/LNF-INFN 
 

3D PARTON DISTRIBUTIONS: PATH TO THE LHC 

29/11-2/12 2016,  INFN-Laboratori Nazionali di Frascati (Italy) 

 



9	  

A fixed target @ LHC 

-  High Luminosity; 

-  Access to high-x domain: gluon, antiquark and heavy-
quark content in the nucleon (e.g. particles BSM are at 
high-x) and nucleus;  

-  Variety of atomic mass of the target (from H to Xe); 

-  Polarization of the target à spin physics program at the 
LHC (dynamics and spin of gluons in (un)polarized 
nucleons); 

-  Heavy-ion collisions towards large rapidities; 
 
-  Parasitic data acquisition wrt collider mode. 
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Kinema/cs	  for	  a	  fixed	  target	  at	  LHC	  

61

Kinematics

● p+p or p+A with a 7 TeV p on a fixed target

● A+A collisions with a 2.76 TeV Pb beam

√s≈72GeV
yCMS=0→ yLab=4.3

√s=√2mN Ep≈115GeV
yCMS=0→ yLab=4.8
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Fixed	  target	  experiment:	  op/on	  I	  
Beam	  extrac+on	  using	  a	  bent	  crystal	  

•  AFTER@LHC:	   A	   Fixed-‐Target	   ExpeRiment	   for	  
hadron,	  heavy	  ions	  and	  spin-‐physics	  at	  the	  LHC	  



The LHCb detector 

4 

q  Single arm spectrometer in the forward region  
q  Fully instrumented in its angular acceptance (2 < η < 5) 
q  VELO also provides backward coverage: -3.5 < η < -1.5 
q  Designed initially for b-physics but general purpose detector (fixed target, heavy-ion, EW, BSM) 

                    JINST 3 (2008) S08005 
                    IJMPA 30 (2015) 1530022 

Muon system 
µ identification: ε(µàµ) ~ 97% 
Mis-ID: ε(πàµ) ~1-3% 

RICH: K/π/p separation 
ε(KàK) ~ 95% 
Mis-ID: ε(πàK) ~ 5% 

Vertex detector 
IP resolution ~ 
20µm 

Dipole magnet 
Bending power 4 Tm Tracking system 

Δp/p = 0.5% - 1% 
(5 GeV/c – 100 GeV/c) 
 

Electromagnetic  
+ hadronic 
calorimeters 

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 
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HERMES target 

e  27.6 GeV p  920 GeV 
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27

Sensitivity studies - assumptions

2 < h < 5

LHCb – like acceptance
 and performance

HERMES-type 
polarized target +

∫ℒ = 10 fb-1 /year

P = 60%

microvertexing, particle ID, m ID,
electromagnetic and hadonic cal. 

HERMES + LHCb 

Displaced	  target	  (~11	  mt),	  simultaneous	  
data	  acquisi/on	  (up	  to	  40	  MHz)	  
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The Fixed Target data taking (SMOG) 
à  SMOG: System for Measuring Overlap with Gas: 
  - Main use so far for precise luminosity determination 

 - Low density noble gas injected in the VELO, in the interaction region 
 - Only local temporary degradation of LHC vacuum 

 
q  pNe pilot run at √sNN = 87 GeV (2012) ~ 30 min 
q  PbNe pilot run at √sNN = 54 GeV (2013)  ~ 30min 
q  pNe run at √sNN = 110 GeV (2015) ~ 12h 
q  pHe run at √sNN = 110 GeV (2015) ~  8h 
q  pAr run at √sNN = 110 GeV (2015) ~ 3 days  
q  pAr run at √sNN =  69 GeV (2015) ~ few hours 
q  PbAr run at √sNN = 69 GeV (2015) ~ 1.5 week 
q  pHe run at √sNN = 110 GeV (2016) ~ 2 days  
  
 

15 

Preferred target Gas 

He Ne Ar Kr Xe 

A 4 20 40 84 131 

SMOG system 

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 
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Results from p-Ne collisions 

L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 

q  p-Ne collisions at √sNN = 87 GeV, about 30 min of data taking (2012) 
LHCb-CONF-2012-034 
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https://twiki.cern.ch/twiki/bin/view/LHCb/LHCbPlots2015  

q  p-Ne collisions at √sNN = 110 GeV, about 12h of data taking (2015) 
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   NEW  

Results from Pb-Ne and p-Ne collisions 
q  Pb-Ne collisions at √sNN = 54 GeV, about 30 min of data taking (2013) 
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L. Massacrier                                          Heavy ion and fixed target physics in LHCb – CERN Seminar 
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The (hermes) storage cell 

Material: 	  75	  µm	  Al	  with	  Drifilm	  coa/ng	  
Size:	  length:	   	  400mm,	  ellip/cal	  cross	  sec/on	  (21	  mm	  x	  8.9	  mm)	  
Temperature:	   	  100	  K	  (	  variable	  35	  K	  –	  300	  K)	  



Prospects

‹ beam–target combinations
proton and lead beams (maybe other ions, too)
hydrogen and noble gases as target
‹ A H2

4He 20Ne 40Ar 84Kr 132Xe

‹ instantaneous luminosities

L Nb L

v numerical values:

number of beam particles Nb p 3 2 1014 and Nb Pb 4 1 1010

LHC revolution frequency 11 kHz
target density 10 6 mbar
usable target lengths L 80 cm

leading to: L p A 8
1
b s

and L Pb A 1
1

mb s

LHCb Perspectives for Fixed Target Physics Sapore Gravis Workshop, M. Schmelling, December 11, 2014 12
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LHC beams 

Beam	  half-‐life:	  ≈	  10	  h	  
•  Parasi/c	  opera/on	  requires	  small	  reduc/on	  of	  half-‐life	  (<	  10%)	  

p	  and	  Pb	  beams	  intensi/es	  @	  LHC	  
•  Protons: 	  Ip	  =	  3.63·∙1018	  p/s	  @	  7	  TeV	  
•  Lead: 	  IPb	  =	  4.64·∙1014	  Pb/s	  @	  2.76	  TeV/u	  

1σ-‐radius	  at	  IP	  (full	  energy): 	   	  	   	  <	  0.02	  mm	  
•  Negligible	  compared	  with	  the	  cell	  radius	  (>	  5	  mm)	  

Safety	  radius	  at	  injec/on	  (450	  GeV	  for	  p): 	  >	  25	  mm	  	  
•  “Openable”	  cell	  required	  
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Openable storage cell development in Ferrara (Italy) 

(Storage	  cell	  for	  2	  GeV	  p/d	  beam	  at	  COSY	  FZ-‐Juelich)	  
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The future is near 

P.D.N.	  
M.Ferro	  Luzzi	  
G.Graziani	  
J.P.	  Lansberg	  
P.Lenisa	  
L.M.	  Massacrier	  
A.Nass	  
E.Steffens	  	  
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Thank	  you	  for	  contribu/ng	  to	  this	  s/mula/ng	  mee/ng	  …	  first	  stone	  of	  the	  bridge!	  

Stronger	  together!	  
(Harut	  Avakian)	  


