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Nucleus-nucleus at the LHC: the Initial-state

m Two nuclei coming against each other.
- Each nucleon has a momentum of p =2.76 TeV

nucleon

=2.76 TeV =2.76 TeV

pnucleon pnucleon

m What is the structure of this initial-state ?
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Bjorken-x versus Q? plot
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Bjorken-x versus Q? plot
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Partonic structure of hadrons

m A hadron (proton, neutron) accelerated at high energies is seen
as a composite object made of constituents partons:

- valence quarks (uud,udd): ~50% momentum
Give global quantum numbers (Q,B,1,,...)

- gluons (g): ~50% hadron momentum
“everywhere”, exchanged among partons

u
u
d
- sea quarks (qq):
gluon fluctuations g — uu,dd,ss,cc,bk ’W‘(}’mﬂ? (virtual qq pairs)

m Hadron composition in terms of
of quarks or gluons depends on:

- Energy scale (Q?): hardness of “projectile” probe
- Bjorken-x fraction = p of parton “target”

parton pnucleon
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Partonic structure of hadrons: f(Q?)

m Parton distribution functions (PDF) vs. energy scale:

(moderate Q? energy scale) (large Q? energy scale)
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m Higher scale — plus energy available - more gluons (sea-q) radiated

PDF evolution as a fct. of Q2: described by DGLAP equations
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Partonic structure of hadrons: f(x)

m Parton distribution functions (PDF) vs. momentum fraction:
MSTW 2008 NLO PDFs (68% C.L.)
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Partonic structure of hadrons: f(x)

m Parton distribution functions (PDF) vs. momentum fraction:
MSTW 2008 NLO PDFs (68% C.L.)
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Bjorken-x versus Q? plot
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Bjorken-x versus Q? : low Q?

Y =In1/x I’_‘
— Low-energy
k) non perturbative
g regime
= |
% QZ * AQCD
= o ~1
c s guarks & gluons
> cannot be resolved !
3 |
= Interactions
o == described in
E Y terms of
[ meson-exchanges:
= “Pomerons”
ab “Reggeons”
N\
ey
soft scale Energy scale (Q?)
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Bjorken-x versus Q? : large-x
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Bjorken-x versus Q? : large-x, high-Q?

Y=In1/x"

— Rparton~1IQ
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Bjorken-x versus Q? : intermediate-Q?

Y =In1/x}
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Bjorken-x versus Q? : small-x

Y=In1x"

small-x
(gluons)

Parton momentum fraction (x)
-

QM'11, Annecy, May'11

below “saturation scale”:
Q%2 _~N larea

sat gluons

number of gluons is very large.
but their size is the same:

(Color-Glass-Condensate)

Qz_., increases for nuclei:

Larger parton saturation
than for proton !

. o
InAZ_, In Q*
Energy scale (Q?)
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Bjorken-x versus Q? (summary)
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Q? versus Bjorken-x (experiment, pre-LHC)

m Deep-inelastic-scattering (ep), fixed-target (pp), collider (pp)

NNPDF2.0 dataset « gluons | quarks
6 | NMC-pd :
10 = : NMCP
—| + SLAC
| + BCDMS
105 | HERAI-AV
I E CHORUS
= ® FLH108
g w | ® NTvOMN
® ZEUS-H2
QO % 10° S| % DYE605
('_5 O | O DYE886
O wr [l I corceae
0O 23k
R
o) = ~|_ o pomacon
e B =
8 o 102 E_ .......................................................................... & -8--8-%
LL -
10 =
1
10° 10" 10° 8 102 10" 1
Parton momentum fraction (x)

-
QM'11, Annecy, May'11 16/22 David d'Enterria (CERN)



Q? versus Bjorken-x (experiment, LHC)

m (X,Q?) increased significantly !
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Q? versus Bjorken-x (experiment, LHC)

m (X,Q?) increased significantly ! m parton-parton collision:
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Q? versus Bjorken-x (experiment, LHC)

m (X,Q?) increased significantly ! m parton-parton collision:
< « gluons: quarks
% 108%_ ] LHC: jets,W,Z,DY, g : q //i
@ AT (sea-quarks):1 7|
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Nucleus-nucleus at the LHC: the Initial-state

m Two nuclei coming against each other.
- Each nucleon has a momentum of p

=2.76 TeV

nucleon

=2.76 TeV = 2.76 TeV

I:)nucleon pnucleon
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Nucleus-nucleus at the LHC: the Initial-state

m Two “parton balls” coming against each other.
- Parton “targets” with typical momentum fraction: x ~ 0.1% (gluons !)

- Parton “projectiles” with typical energy scale: Q ~ 2.5 GeV

r.‘ll.rl -.l."_u (]
HNinrs

Average p fractionzx ~.107 Average p fraction: x ~ 403

Q ~P,one 2.0 GeV Q ~ Pyon~ 2-2:GeV
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Nucleus-nucleus at the LHC: g-g collisions

m Two “gluon balls” coming against each other.
- Gluon “targets” with typical momentum fraction: x ~ 0.1%

- Gluon “projectiles” with typical energy scale: Q ~ 2.5 GeV

r.‘ll.rl -.l."_u (]
HNinrs

Average p fractionzx ~.107 Average p fraction: x ~ 403

Most!of collisions like this: (at midrapidity, X.=X.)

David d'Enterria (CERN)
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Initial-state at the LHC: saturated g-g collisions
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-

large-x
(quarks)

QM'11, Annecy, May'11

Y=In1x"

Most of particle production
in nucleus-nucleus colls.
in gluon saturation regime
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Low-x gluon nuclear densities

m Current knowledge of low-x gluons from:

F, (e-A), Drell-Yan (p-A), high-p_ hadrons (d-Au).

m x<0.01: very few measurements (non-perturbative): huge uncertainties !

—~400 =
0 10° Nuclear DIS & DY data:
a  RHIC data (forw.n) ® NMC (DIS)
210°c  BRAHMSHK (1=32) WSLACE3 (DIS)
U J FNAL-E665 (DIS)
= ,f M=18)  Lemc (DIS)
o 10*= ¥ FNAL-E772 (DY)
i
10 e-A, p-A
10°:
10
E perturbative
1 ? ................ ‘\"F ........ -h.,'si.s. .............................
- |' non-perturbative . ¥
107 ., A4~ DdE,JPG30 (05)S767
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XG(x,Q?) virtually unknown below x~102 !
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Experimental access to low-x PDFs

DdE, DIS'07 arXiv:0708.0551

I . &"102:
m Perturbative Processes. > F gluon (@ = 10 GeV?)
h — 2 I CTEQ6.1M
> e(V)'p’ e('Y)'A: in FL: FZC o, excl. QQ’ 1 :\ ———=MRST-NLO 2004
+ 3 NG
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1
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Low-x PDFs

m DIS collisions probe distributions of partons inside hadrons:

Q2 = *“resolving power”
Bjorken x = momentum fraction carried by parton

d*c 2o :
i :: YA By | itrOT ddeZ o XQ4 [Y+ @FY_-XFg,—y 'FL:I

Cvl < P chower

roton _.; . . . .
i guons DS F,,F,,F = proton structure functions, (y = inelasticity).

v W (or Z)

intermediate boson

m Gluons dominate but only indirectly constrained via F, “scaling violations”:
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QCD evolution equations

[cf. F.Gelis' talk]
m Q?- DGLAP (k -order'd emission): F,(Q?)~a In(Q%Q,*)",Q,*~1 GeV? [LT,coll.factoriz.]
m x - BFKL (p, -ordered emission): F,(x) ~ a In(1/x)" [UPDFs, k_-factoriz.]

m Linear equations (single parton radiation/splitting) cannot work at low-x:

Y=Intix} B (i) Too high gluon density: nonlinear gluon-

gluon fusion balances branchings

Reggeon geometric

scaling

(i) pQCD (collinear & k) factorization

Pomeron

assumptions invalid (HT, no incoherent

A e | Dilute system parton scatt.)

[u..lnlil;“.r]]"T BFKL (i) Violation of unitarity even for Q2>>A?

- (too large perturbative cross-sections)
mesons DGLAFP

_—

[osIn(@?)]" ~ m Saturation enhanced in multi-parton
InAZ, In Q2 systems (nuclei): Q> ~ A"~ 6
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Photoproduction in A-A collisions at the LHC

m High-energy heavy-ions produce
strong E.M. fields due to coherent
action of Z, = 82 protons:

Ultra-Peripheral Collisions

ey IE

m Various processes in (X,VQ?) plane:

» v-Pb - QQ
» v-Pb — dijets

QM'11, Annecy, May'11

m UPCs in Pb-

Pb @ 5.5 TeV:

E "~ 80 GeV =

Y-Pb max. Vs,

~1TeV =3Vs_ (HERA)

)
; B
8 nuclear DIS - F, , data
S
- an2 Pb-Pb — Z*+X (5.5 TeV)

[e ] 10 :
| . -
o) B
o~ L
g i

B / 1-Pb - dijet +X

/ (UPC Pb-Pb 5.5 TeV)
10

- v-Pb - Y+X 7

B 7

B UPC p-Pb 8.8 TeV

( p )/ / i
B v-Pb — nn 79 / ;
B (UPC Pb-Pb 5.5TeV) / __ _/__,__
v-Pb — Jiy +X /’
11 (UPCPb-Pb55Tev) [/ /¢
- EIC
7\IIIIH| | IHIH\‘ | HIIH\‘ 1| IIHHI| | I\HIH| LI

10°  10°  10* 10

29/__

10 10" 1
X
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xg(x,Q2?) from exclusive QQ photoprod. at HERA

my pll JWY+ pis sensitive to gluon distribution squared:

do(yp = Vp 02T e .
4 )| =% ‘ l6n Jwith Q%= M? /4
;:250 T T T T T II|IIII T T T 1T 1T :{'I—HID T 1T T7TT1TTT T T T T T17TT
= [ ZEUS 2004 e L - CTEQ6.5M ]
B | e HI1 2006 i ‘;5 - — MRST2004NLO
= - . B - QE=1GeV* 7
T 200 g ) -
o] L 4
150 | _ 6
00 | o 1
50 9 . ) ] 2
Top: Q°=6.4 GeV" (x20) |
Middle: Q°=2.4 GeVZ 1
i Bottom: Q°=4.1 GeV? (x2)
D 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 D L1 |
E -3
50 100 150 200 250 300 10 10
W (GeV) X
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NLO pQCD analysis:

Discriminates between
different xg(x,Q?)
parametrizations

Martin, Nockles,
Ryskin, Teubner
PLB 662, (2008)252
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xg(x,Q?) from exclusive QQ photoprod. at RHIC

my Aull J/W+Au at WYA~24 GeV =
— 12 7] 5
_'Io_’) - PHENIX AuAu UPC Sy = 200 GeV ©
g - . e*e (unlike-sign pairs) e
8 10 ] are
- X % e*e” coherent continuum
E8 8;‘ """" max/min e'e continuum
% Y do/dy |,.,=
76x 31 (stat)
PHENIX Collab. +
PLB 679, 321 (2009) * 15 (syst) pb
0, By s
m,. (GeV/c?)
m Model comparisons:
Starlight: coherent, HERA data parametrization
Strikman et al:

coherent & incoherent, color-dipole + g, = 3mb

Goncalves-Machado:
coherent only, color-dipole + Glauber-Gribov shadow

Kopeliovich et al:
coherent & incoheren, color-dipole + gluon saturation

Filho, Goncalves, Griep:
coherent, DGLAP nuclear PDFs

QM'11, Annecy, May'l1 31/22
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* PHENIX

Starlight, coh. [1]
--------------- Strikman et al, coh.
—  — = Strikman et al, incoh. [2]
i Goncalves-Machado, coh.
---------- Kopeliovich et al, coh.
— — —— Kopeliovich et al, incoh. [3]

[1] PRL 89 (2002) 012301
[2] PLB 626 (2005) 72 %Y
£ [31arxiv:0706.2810 [hep-ph] %3
[4] arXiv:0706.1532 [hep-ph] %

I\\lll\\l\\l\l\\l\‘l\\\ll\\l‘\lll‘\l\-‘iII\\

-25-2-15-1-050 05 1 15 2 25

do/dy (1 b)

2

IIIIIII|
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O

y

My,
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[Filho et al, PRC78 (2008)044904]

""""""

Mo,
‘h.ll".”
-

@ PHENIX
— No shadowing
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LHC example I: Pb-Pb —» v Pb = JI¥,Y Pb

m Theoretical predictions:

Pb : Pb

Pb E Pb*

LHC Pb+Pb — Pb+Pb + '

Impulse: o =133 mb
LT shadowing: ¢ = 78 mb
CGC: o 040 mb

my Pb [ JYY+ PbinALICE, CMS.

140ff

~500 J/¥Y /0.5 nb*?

I~ eer

60f

a0f i
"hel e
20} 3. Nystrand

FNPA 787, 29 (07) fi

QM'11, Annecy, May'11

Nuclear DIS & DY data:

&
O, a5
‘;;10 E  Ultra-peripheral @@: ®NMC (DIS)
? m SLAC-E139 (DIS)
040tk WLHCY (I<25) | c\aL-E665 (DIS)
o E RHIC Jiy (nl <2) A EMC (DIS)
o XFNAL-E772 (DY)
103f
10%= Y
10: O (4u, b0 ) |
1 - perturbative ‘ —
E non-perturbative -T‘-'-'
C A
A
AL A
107 A
= A
10.2 HIH‘ L IHHII‘ L HIHII‘ L HIHH‘ L \HHH‘ L \IIHH‘ L L L

10 10° 10* 10° 102 10" 1
X

~500 Y/ 0.5 nb* DdE, NPB 184, 158 (08)

E PbPb UPC - 5.5 TeV - 0.5 nb™
3001 g — yPbo Y (»e'e)

entries (60 MeV/c?)"!

P R I S RN B S RN SRR R S
%7 15 8 85 9 95 10 105 11 115 12
m,,.. (GeV/c?)

32/22

LB PbPb UPC - 5.5 TeV - 0.5 nb"*
E - — YPb>Y (- p'y)

8 200; .......... TY—=UU

. -t
K -

: Y = uu
o 150—

-tracker+p-chambers

% |
07 75 8 85 9 95 10 105 11 115 12
m,,,. (GeVic?)
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LHC example II: Forward jets in CMS (3 <|n | < 6.6)

m Jets with p_ ~20-100 GeV/c at forward rapidities (3<|n|<5) probe x,~10*:

pp @ 14 TeV
Spectrum dependence on PDF choice:

v 2.5¢
= Forward jets relative yields:
E o [o(CorrCaloJet)/c(fastNLO MRSTO03)]-1
S I
S B [o6(CorrCaloJet)/c(fastNLO CTEQ6M)]-1
3 T L [ | JES uncertainty
"y “g 1-5:_ [] CTEQ6M PDF uncertainty
107 | 3 B
; 5 "
L E B
B 8 N
-~ 05
i T ¢
10l GendJdet: p+p-=jet +jet_, Js=14 Tewv -
B jet, ,in3.0<mM|<6.6 0_
- Iterative cone, R = 0.5 20 -
i Pr. v, = C
o l X1__2—ﬁlg—(e -II-eW) | | '0.57
6 I-5 1 1 1 I-4 1 1 1 I-3 1 1 1 I-2 1 1 1 1 -1 1 1 1 1 0 : CMS Preliminary - -
199,,0%, ) . | ny 7 s, Cerci, DdE, arXiv:0812.2665
) 30 40 50 60 70 80 90 100
Ioglo(xl,Z)

p, [ GeVic]
m Warning: p-p analysis. Jet reconstruction performances in p-Pb ?
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LHC example lll: y in ATLAS/CMS (|n | < 3)

10°
m p-A-yXat8.8 TeVw/p ~10-100 GeV/c at p+Pb — 7Y+X, 8.8 TeV
'\{ 104 |
In|<3 probe glue at x,~10: |
* g L 10°)
8 L)
_f’g o 10°]
hs 1
10 |
m Nuclear modification factor (y=0, y=2.5): ; A A A
10> 10% 103 102 10T
1.2 — — 12 . X
O e o —— LI e -
T ] i [cf. T. Gousset talk]
0.8 _—_'_'::-_- ] 0.8 _ﬁ‘_‘___.f.f-_-'_--_'_""" .
=106} i % 06
8 - Vsyy=8.8TeV y=0 i‘z [ sy =88TeV y=25
o 0.4F : 204+
[ — isolated y NLO w/ nDSg o [ — isolated y NLO w/ nDSg
0.2 . 0.5Rp,(x,)+0.5Rs(x,) r;':;:(xJ: 02} Re(x,eY) -+ r;HC(xLe'y)
0 _____ ______: 0 R e L IF TT T TP _
_0.2:_3 T S -0.2:-'_4 e ]
10 " 10 10 x eV 10

d

= Note: theoretical analysis. Photon reco performances in p-Pb ?
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LHC example IV: Forward QQ in ALICE (2.5 < n < 4)

[cf. C.Hadjidakis talk]

m J/y measurementin 2.5 <n < 4: E

® 102 L J,/?‘;}- i

Sensitive to xg(x) down to X,~ 105 - —

""""
ay,

CTEQSL

m Expected Rppb(y,pT) In p-Pb at 8.8 TeV =
In H-spectrometer: o1
: (25 <y <4) | |
E 1 — SHAD EKS98 R | R
£ |EKSE8 i

- CGC kr kick - gaussian

LEPS08 —

T T TR PR T TN SR NN S SR S
0 5 10 15
P, (GeV/c)
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LHC example V: Forward y* in LHCb (2 <1 <5)

m Drell-Yan forward u: qq — wt (trigger on low-p muons: p>8GeV, p.>1GeV)
m Sensitive to low-x quark densities

pp @ 14 TeV LHCD
(expected cross sections)
10° F ' rrr 1o T
10° g - X < 10°1
F x,, = (M/14 TeV) exp(ty) - 4
10°EF Q=M M =10 TeV < i MF =4 GeV T
2 — —
L DY lepton pair production at LHCb @ ’1':'3 = ™
107 Q :
oL a 8 GeV
— e
— 10°L =10 | =
EX > f 5
S F A 16 GeV ;
10 E M =100 GeV = ]
o | =B B
10° b B 10k 24 GeV ]
E L= F _-_'_"‘-'---...E
10° 3
Drell-Yan @ LHC
10' NLO pQCD (MSTW2007)
E ’1[:'” L L L L I L L L L I [ [ [ [ I [ [ [ [ | [ [ [ [
100 L . _. - . 0 1 2 3 4 L
10—7 4 -3 ) -1 [s]
X y_ll_u

m Warning: p-p analysis. Reconstruction performances in p-Pb ?
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LHC example VI: fwd DY,Z,W in LHCb (2 <n <5)

m Impact of 1 fb* LHCb data for forward DY,W,Z (<5% error)
production on the gluon PDF uncertainty: >20% — <10%

1DD [ T T T T T T

McNulty
Thorne

iy
o

% pdf uncertainty

1F pdf uncertainty on

. da(W*idy,,,, da(\W)idy,,,
do(Z)/dy,, do(DY)/dMdy
at LHC using MSTWZ2007MNLO

0 1 2 3
Y

100 ———rrmm

80

=100GeV>

Xg at Q2

100GeV*

m Warning: p-p analysis. Reconstruction performances in p-Pb ?
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Low-x studies at the LHC: proton

mpp@14TeV:
(1) At y=0, x=2p_/V's~10 (domain probed at HERA,Tevatron). Go fwd. for x<10*
(2) Saturation momentum: Q_*~ 1 GeV?(y=0), 3 GeV? (y=5)
(3) Very large perturbative cross-sections:

1065"""| R ERAL IR LLL UL I L L L L L ""g
| B s e P ) — et X Promaty
W Eapeamame plpr) + plps) — 1T+ X Drell-van

p) + plp) = ety +jety + X Jets

= p(p1) +p(p2) — Q+ Q+ X Heavy flavour
~ [ | | BcDMS ep, -
e - p(p1) +p(p2) — W/Z + X W,Z production
<10%F
5 SLAb

0 - . LHC forward rapidities:

Lo | - €.0.y~6,0~10GeV

// y—clovra-te—+05!
10 g Z//_/_/hf E
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3 T T
m Current knowledge of low-x nuclear YR

gluon density (& evolution?) is as B

atQ2=10 GeV' — EHLQW |

— DuOwsd 7
'94-'99 w7
94- Gl — CTQM 1
uon MRSA9S ]

T T
Gloun Distribution

bad or worst! than for the proton I density _ﬁgii :

— _ T L \ = — MRS0Z1 ]

15 years ago (pre-HERA). S recent __ in proton - %?m _:

Large impact on genuine physics (saturation) & & 1 t QL
on interpretation of QGP data (e.g. J/wsuppr.). = pre-HERA

05 pre-Hera N ]

- N
N

| | ] [ R =

m Likely, in order to reach present-day .
proton PDF precision we would ot B R e
need a machine like LHeC.

m Hopefully, we can constrain
XG(x,Q?%) with coming LHC data:

> v-Pb (Pb-Pb) @ 5.5 TeV
> p-Pb @ 8.8 TeV

... In particular thanks
to excellent forward
detection capabilities
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