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Overview

m Introduction:

- Parton structure & evolution at low-x, gluon saturation
- Measurements of low-x PDFs: processes, kinematic domains, ...

m Experimental tests:

- Saturation hints at HERA (proton)

- Saturation hints at RHIC (nucleus)

- Low-x perspectives at the LHC (proton & nucleus):
pp @ 14 TeV: forward (di)jets, QQbar, heavy-Q ...
PbPb @ 5.5 TeV: dN_/dn, Y photo-production

m Summary & Outlook (LHeC).
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Parton densities at low-x

m DIS e-p collisions probe distributions of partons in the proton:
| Q2 = “resolving power”
Bjorken x = momentum fraction carried by parton

v W (or Z)

intermediate boson
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Proton —
gron DS F,,F,,F,= proton structure functions, (y = inelasticity).

m HERA: strong rise of FZ(X,Qz) at low-x: H1+ZEUS
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(x,G¢) evolution of PDFs

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
(even less for multi-parton systems = nuclei):

Y=In1/x}
(i) Too high gluon density: nonlinear gluon-
Reggeen geometric gluon fusion balances branchings
Pomeron scaling
(i) pPQCD (collinear & k,) factorization
AL Dilute system
| 4 assumptions invalid (HT, no incoherent
(1| BFKL parton scatt.)
e o o A2
A i (i) Violation of unitarity even for Q*>>A
o, In(Q2)]" | (too large perturbative cross-sections)
In .ﬁ.gm In dz
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Saturation scale Q_

m Onset of non-linear QCD when gluons are numerous enough (low-x) &

“large” enough (low-Q?) to overlap:

Y=In1/x

Saturation 2
InQA(Y)=AY Q2 ~ O QfGA(xa Qs)
-« 77 s 2
ud i)
Dilute system NAI/@NAl/B Al/ )\NOS
. Saturation for:|low x, large s, large y, large A
InAZ, In Q2 952,:,,{\,1,;:(m,(”?}-,,,,,, I

m Nucleus (larger parton tranverse density) i

amplifies saturation effects: o N
Q% ~ AY3~6 B et =

Q2~1 GeV? (HERA,p) PRI N

Q2~2 GeV? (e)RHIC (Au),5 GeV2 (LHC,Pb) ' @ i i 1o A

1/%
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Experimental access to low-x gluon PDF

& 10°F
m Perturbative processes: 3 | gluon (@ =10 GeV?)
o | CTEQ6.1M
> e-p. Glan/aInQZ, FL’ heavy-Q, n Ny ———— MRST-NLO 2004
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X2m|n ~ pT/\/S V= XT.e-y

B Every 2-units of y, x™" decreases by ~10
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(x,Q?) experimental domains: proton, nucleus

m Kinematical (x,Q?) domains covered experimentally:

1065""'% AL B R BRI RS AL B RALLL IR R 106§
. D@ Inclusive J-::.ts | < 3, present measurement . ; RHIC data (forw. ) ':uﬁ:ﬁgr(g:g)& DY data:
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H195 SVTX + H1 96 ISR = @ PHENIX h (n = 1.8 "£665 (DIS)
: - M=18)  Asemc (DIS)
104 & ZEUS 9697 & H1 9497 -
: E665 10*: X FNAL-E772 (DY)
10 3:— % GE 103 :—
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> : | |
( ! NMC - e A, p A
glo - [ szac 10°E
10 - 10
= perturbative
L& . 1? ....................... T M ——
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m Note: most existing low-x nPDFs measurements in non-perturbative range
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Low-x gluon PDF (proton)

F, scaling violations : 972(~0%) _ 1005(0°)

xg(x,0%)

m Most of our current knowledge of low-x gluons comes indirectly from

R.D. Ball et al. arXiv:0808.1231
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Low-x gluon PDF (nucleus)

m Current knowledge of low-x gluons from:
nuclear F,, nuclear Drell-Yan (p-A), high-p. hadrons (d-Au, RHIC).

m Increasing nuclear shadowing below x~0.1

0.001 T 001 201 . K.Eskola et al. JHEP 0807 (08)102
2 3 4567 23 4567 2 3 4567
]‘lj.""l LI L L L O BRI B AL ‘1.1 T |||||||| T |||||||| T |||||||| T TIT
: ’é N; 1.4 r—
510 3 L2 = Y/
é % 1 0 L1 SR Y
Jos = 0.8 i
0 NMC Ca/D ¥ M 0.6 _
e SLACER7FeD ] @ ) -
- m SLACEI39Fe/D 0.8 - O 4 _
oo A E665 CaD 3 .
E — Parameterization b o) 1
- - Error in parameterization  J A~ O 0,2 ----- —
{}‘?q'....l | IIIIII| | | IIIIII|...-| 1 IIIIII'FO.? m n
2 3 4367 1 3 4367 2 3 4367 00 RV W ool vl
0.001 0.01 0.1 l . 4 <2 L K
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See e.g. M.Arneodo . T
Phys. Rept. 240 (94) 301 m Nuclear xG(x,Q?) virtually unknown below x~10-3 !
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Saturation hints at HERA: proton

m DGLAP fits most of e-p data. Saturation models explain better a few cases:

(1) “Geometric scaling”  (2) flat 0 .../0,,, vs energy  (3) Long. struc. function

® Q°=8GeV* v Q=27 GeV?
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Saturation hints at RHIC: nucleus

(1) Reduced Au-Au hadron multiplicities:

(2) Suppressed forward hadrons

| T T | T T , | T
HIJING (dN_ /dn, b<3fm) —*-g—
HWING+ZPC+ART (b=0) | m (n=3.2, p,~3 GeVlc, i.e. x~10?):
RQMD (b=3fm) "1
| |
UrQMD {b‘:afm} : i u Z 2: e = pQCD+shadow [Guzey et al ]
VNI+UrQMD (b<1fm) i . e 18— ‘igﬂ AHM§> —pCC(Ja(Z:EI[i_JIr_sh:QOWL[?(]:CElrdi]
E el o —_— uchin et al.
HSD, VNiHSD (b<2im) : i . 1.6 —— CGC [Jalilian-Marian]
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| L
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SFM (5%) ii 8 Ll e
LEXUS (5%) i » 0.8—
EKRT saturation (b=0) ! i % 0.6—
| C
HlydrmUrQMD(b:ﬂ} :ql Au+Au 047
Fireball (~5%) N 200Gey © 0.9
| 4N
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IO NS S B | % 1 2 3 4 5
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Nch.’dy
R,,,~0.8 better described by CCG-

dN_/dn~ 650 at n=0 described by

CGC (or models which include models than NLO pQCD:

reduced incoming parton flux) reduced partonic flux in Au at low-x
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Low-x studies at the LHC: proton

mp-p@ 14 TeV:
(1) At y=0, x=2p./Ns~102 (domain probed at HERA,Tevatron). Go fwd. for x<10*
(2) Saturation momentum: Q_2*~ 1 GeV?(y=0), 3 GeV? (y=5)

(3) Very large perturbative cross-sections:

B
].0 §||||||| T T T ||||| T T T ||| ||||||| T T T |||| T LU T T T ||||§
- . D@ Inclusive Jets 1| < 3, present measurement _

105 | CDF/D Inclusive Jets ] <0.7

ZEUS 95 BPC+BPT+SVTX &
H195SVTX +H196 ISR

—Jjet +v+ X Prompty

(p1) + p(p2)

(p1) +p(p2) = 1+ X Drell-Yan
p(p1) +p(p2) — jety +jety + X et
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(p1) + p(p2)

104 B ZEUS 96.97 & H194.97
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"] %EEE;S e p) > Q+Q+ X Heavy flavour
- NMC P{P1 ) —=W/Z+ X W.Z production
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Forward detectors at the LHC

= Most of phase-space Ay~2xIn(+/s)/m ~20 covered:
DdE, arXiv:0806.0883

1t time in a collider ! Otk | |
% E I I pI™* = \s/2 exp(-n)
m ATLAS/CMS: 9"103;— | i
forward calorimeters 5 - |
.0
(up to |n|~6.6) %102?
m ALICE/LHCDb: 10: 447

forward muon spectrometers

(up to n=95) 1 5
n (7))
m TOTEM: _12 S
forward trackers 10 i é "
(up to [n|=6.4)

X2m|n ~ pT/\/S V= XT.e-y

Every 2-units of y, x™" decreases by ~10
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Case-study I: Forward jets in CMS (3 <|n |< 6.6)

[S.Cerci, D.d'E, CMS]

m Forward jets (E, ~20-100 GeV) sensitive to low-x PDFs:

Jets in HF (3<|n|<5) probe: x,~10*

Jets in CASTOR (5.1<|n|< 6.6): x, ~10°

varying PDFs:

= - pp—jet+X,3<n| <5
(L) | E
ui g —— PYTHIA (cteq5l parton-level)
. [ FastNLO (cteg5l SISCone R=0.5)
1ot FastNLO (cteqém SISCone R=0.5)
- - FastNLO (mrst03 SISCone R=0.5)
i - <
_ ; N
L T
10l GendJet: p+p->jet +jet_, Js=14 TeVv 102 = %‘\
- jet, _in3.0<m| <66 E o . . \%%Q
— ' ~ S
~ Iterative cone, R = 0.5 105_ 60 /O d|ffS In \%\\
i p{?m =y £y E 1 o
X e T | 1o yields at p,~40GeV
-6 -5 -4 -3 -2 -1 o c CMS Prefiminary
.1||||\|\||\|\||||||\II\III\II\III\I\IIII\
log, (X, ,) 107720 30 40 50 60 70 80 90 100 110

P, [GeVic]
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Case-study I: Forward jets in CMS (3 <|n |< 6.6)

E,(GeV)
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pjets
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|Og10(X1,2)
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[S.Cerci, D.d'E, CMS]

m Forward jets (E, ~20-100 GeV) sensitive to low-x PDFs:

Jets in HF (3<|n|<5) probe: x,~10"

Jets in CASTOR (5.1<|n|< 6.6): x, ~10°

varying PDFs:

Gendet: p+p-=jet +jet_,Is=14 TeV

jet, (in3.0<m|<6.6

Iterative cone, R = 0.5

[ o(PDF1)-6(PDF2) | / 6(PDF2)

| | ‘ L1 | | L1 1 | I ‘ I — TT_I |

p p— jet+X @ Js=14 TeV, 3 <n|<5
FastNLO SiSCone R=0.5

——— o(CTEQS5L)/c(CTEQ6EM) - 1
——— o(CTEQS5L)Yo(MRST03) -1

\ ~60% diffs. in
yields at p,~40GeV
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Case-study II: Mueller-Navelet dijets in CMS (An ~10)

m Mueller-Navelet dijets with large y

separation very sensitive to low-x QCD

evolution (testing ground for BFKL):

BFKL: extra radiation between the 2 jets

will smooth out back-to-back topology
A.H.Mueller, H.Navelet, NPB282 (1987)727

(partially compensated by gluon saturation ?)

m Increased azimuthal decorrelation
with increasing Ay (w.r.t. DGLAP
collinear-factorization):

[DelDuca, Schmidt], [Orr, Stirling]

[A.Sabio-Vera, F.Schwennsen]
[C.Marquet, Royon] [E. lancu et al.]
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Case-study II: Mueller-Navelet dijets in CMS (An ~10)

m Mueller-Navelet dijets with large y . 1 =lnfer/5/k)
separation very sensitive to low-x QCD Jet,

evolution (testing ground for BFKL): wy=laesf(ht)) | AYy~10

BFKL.: exira radiation between the 2 jets

will smooth out back-to-back topology by =" lnfaa5/h) Jet,
A.H.Mueller, H.Navelet, NPB282 (1987)727 h
(partially compensated by gluon saturation ?) ) S
N3 BFKL (LHC)
m Increased azimuthal decorrelation N ik, > 20 ooy
with increasing Ay (w.r.t. DGLAP V F Ve
collinear-factorization): & A B
semLLe T <0 deconlaton™
[C.Marquet, Royon] [E. lancu et al.] 0.0 U'_- - l - u{ - §| —— 'Jﬁ##_'TLT"'—_
A
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Case-study II: Mueller-Navelet dijets in CMS (An ~10)

m Mueller-Navelet dijets with large y

separation very sensitive to low-x QCD

evolution (testing ground for BFKL):

BFKL.: exira radiation between the 2 jets

will smooth out back-to-back topology
A.H.Mueller, H.Navelet, NPB282 (1987)727

(partially compensated by gluon saturation ?)

m Increased azimuthal decorrelation
with increasing Ay (w.r.t. DGLAP
collinear-factorization):

[DelDuca, Schmidt], [Orr, Stirling]

[A.Sabio-Vera, F.Schwennsen]
[C.Marquet, Royon] [E. lancu et al.]

ECFA-CERN LHeC Workshop, 02/09/2008 18/24

h

(cos(t-A0))

2
o

=i

o
]

0.7

0.

0.5

0.4

b,y =In(zyy/s/ky)
jet

1

Ap= 111\:.1'\.i'j.w;"l:m'g] | AyN 1 O

jet,

ka, g =" In(z,s/ky)

[S.Cerci, D.d'E, CMS]

mPythia GenJet H:EF# +

sHerwig Gendets + T

-

U
<
-
=
2
I
m
X
=
(@)
-
I
3

Highest P, Gendets

~30% decorrelation

=]

! !
2 4 6 5 140 12

An >

David d'Enterria (MIT)



Case-study lll: Forward QQ in ALICE (2.5 <|n|< 4)

m J/y measurement in p-spectrometer: xg(x) in the proton at x,~10 :

% | :
o102k /|
10k gt %
CIECHL
= MHS L
——CIeoel
B —— MRSTOIL
C x probed by Jy .
107 :;:- :I:.
C (25 &y £ 4)
1 0’2 L L L 1 L 1 = | ! -:
-6 N - -3 -2 -1
I*:“Eln’-?"::“j:I
2 [-
= 1 02 =y - T
10E
CTEQSL x
= == AT |
e CIECL
—— MRSTO1L
xprboedby.¥
107 1
(2.5 <y < 4)
10-2— | I _ I I : 1 = 1 1 E 1 1 s 1 Gl I
6 5 4 3 : | Ioglu{xg]
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W(a.u.)
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do/dy J/y: NLO CEM w/ varying PDFs
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pp @ 14 TeV

QQbar: Sensitive to diff. PDFs and
DGLAP versus CGC predictions
(Note: m , ~Q, at the LHC)
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Low-x studies at the LHC: nucleus

m Pb-Pb @ 5.5 TeV, p-Pb @ 8.8 TeV:
(1) Bjorken x=2p./Ns~30-45 times lower than Au-Au,d-Au @ RHIC !

(2) Saturation enhanced (A'*~6) : Q2 ~ 5 GeV?

(3) Very large perturbative cross-sections.

<~10°e
= Nuclear DIS & DY data: 5
T - RHIC data (forw.n) @ NMC (DIS) N; :
10°= L, B SLAC-E139 (DIS) © i
@ E  BRAHMSN (1=3.2) ycya Fees (DIS) o ook
: - PHENIX h* (n=1.8) A EMC (DIS) I [
o10°= ¥ FNAL-E772 (DY) S osf
- x ’
103 = /M S
1022_ ol Frankfurt
10 - 0.5
E perturbative 0.4 ol
1 s T & FArmesto, JPG32(06)R36 ijing
Enon-perturbatlve gk L - i B
- A 1079 1074 1073 102
101 v A DdE JPG30(05)S767 X
;IIII| 1 IIII\H| | | ‘
10-5 10-5 10-4 10-3 10-2 10-1 1 NUC'Gar XG(X,Qz) unknown fOf X<1 0_3 '
X
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Ratio of Pb/p gluon densities:




Case-study I: Total Pb-Pb hadron multiplicity

m Final A+A multiplicity L1 Initial number of released gluons :

dN 1, 2 A1/3 A1 s 4
CGC: —— & —— 02 o« xG(x,0})-A" SIS AV
d-bdn as(0%) N TR NS
RS ICENI A S RS
’ 1 ;/q % )
“local parton-hadron duality” (7 gluon = 1 final hadron PATIRY
+“local p uality” (7 glu I ) /‘\61 A /5

m CMS dN _ /dn (|n|<2.5) via hit counting in Si pixel layers:

Gluon saturation [

4

3:10 - B ® Simulated primary tracks PbPb @ 5.5 TeV
zﬁ C +Ref:onstructed tracks (Si Pixel) f':?:é§===== dN/dn |n_0~ 1 8%0
T | S teun oo, =

- o Aa%. KN, NPA747 (2005) 609

ol /‘fl w03l | o venuse.12 Li‘.}-... N.Armesto,C.Pajares

- . | " IJMPA15(00)2019

B ,’b i | o sHAKER B

B e 3 i

- A .

L /f S I ! 2 HIING1.31

N
T 102 L o DPMIET-I
100 /| R | . 5

S\ ;

B f’f T2 i ® SFM (no-fusion)

i ff \ * SFM (fusion)

I I _5 ....I..‘E‘\....I....I....I.‘..I.......".'
0 1 2 3 4 5 6 10
n
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Case-study II: Y photoproduction in UPCs (y Pb)

[DAE, hep-ex/0703024]
m High-energy heavy-ions produce strong E.M. fields

E

due to coherent action of Z, = 82 protons: Ultra-Periph.Colls.
m Equivalent photon flux: - ,W—V:
E,"= ~ 80 GeV (PbPb-LHC) T
Y Pb: max. s,y ~ 1. TeV ~|3. - 4. x Vs _(HERA) vIe\ T

m QQ diffractive photoproduction (ZDC neutron-tagging) sensitive to [xG|?

Pb , Pb < z

r PbPb UPC - 5.5 TeV - 0.5 nb"! i PbPb UPC - 5.5 TeV - 0.5 nb"!
300}5 — yPboY (me'e) [ — YPbY (')

entries (60 MeV/c?)
=
=
d
[0}
@
entries (60 MeV/c?)
S
=3

e

o

=)
L

20000000 4

: 100} | - 4
Pb i Pb* 50 i s
\ : tr‘ac‘ke‘r+l‘EC‘AL‘ - -tracker+p-chambers
_ 5 % 75 & 85 9 95 10 105 11 115 12 %" 75 8 85 9 95 10 105 11 115 12
':Z(T'}"P,A—-ﬂ/ p.A Of.s'ree 16 '5 "o (8430} Mo i)
= — a
dr |y 3aM;, ~500 Y/0.5 nb' expected in CMS
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Outlook: proposed nuclear DIS facilities

m eRHIC:
(e) 20 GeV — (A) 100 GeV
Vs~60 GeV, £~10% cm2s"

m LHeC:
(e) 70 GeV — (p,A) 2.75, 7 TeV
Vs~0.9,1.4 TeV, £~10% cm2s"

Huge increase in nuclear
(x,Q?) kinematical reach !
Q2~108 GeV?

Xx~10°

ECFA-CERN LHeC Workshop, 02/09/2008
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DdE, arXiv:0706.4182

= [nuclearDIs - F,ax.Q%)

E Proposed facilities:

L | [ ] LHeC

= [ ] eRHIC

L Fixed-target data:

=— ([ ] nmC

= e-Pb (LHeC)
- (70 GeV - 2.5 TeV)
B O (4u, b=0fm) o-Au (eRHIC)

= (10 GeV,~100 GeV)

| perturbative

non-perturbative

il e
Lol il e

10 10°

10*

103

102

10

1
X
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m Gluon saturation & non-linear evolution must set-in at (some) low-x in
the hadrons - Basic info on high-energy limit of QCD
m Hints of non-linear QCD dynamics in e-p (HERA) and d-A,A-A (RHIC)

m LH(e)C = unique lab to study high parton density /evolution in p,Pb down to
x~10% using fwd. detectors & perturbative processes: (di)jets, QQbar,...

In(1/x) A

________________

Regoe |
region

| | | |
107° 10 1072 10°

2
InA
ECFA-CERN LHeC Workshop, 02/09/2008
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Backup slides
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Color Glass Condensate (CGC)

[McLerran,Venugopalan,Kharzeev,Levin,

B CGC =EFTin high_energy (Sma”'X) QCD limit: Kovchegov, Jalilian-Marian, Mueller,

lancu, Gelis, Tuchin, Ikatura, Dumitru, ...]
* Color (obvious) Glass (g ~ “frozen” sources) Condensate (high gluon occup.)

* Hadrons = Classical fields below/around Q.
O

XG(x)= dN_/dy

—

(Bremsstrahlung)

1
-
ki

' ~ YA
“saturated gluon | \ ’/X G(x) ~ X

QG
/ wave function” B URATION

(parton fusion)

REGGE,
DATA

- T

I
I
I
|
Aqgep Qs k,

* Q, hard = perturbative calculations (strong F ,, weak coupling): as(Q7) <<1

* pA,AA = collisions of gluon wave function(s) “resum” all multiple scatts.
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Non-linear QCD evolution equations: BK/JIMWLK

m Gluon evolution at low-x: classical stochastic process of splitting &

merging governed by BK-JIMWLK egs. [fa‘l!ilFskygoYchegov’
alilian-iviarian,
® Non-linear, all-twist equations in saturation regime lancu, McLerran,
. . . . Kovner, Leonidov,
® Generalized Fokker-Planck eq. (wave-function diffusion) Weigert, .. ]

® JIMWLK = (large N_Ilimit) » BK - (low-density limit) - BFKL

Y=In1xt _
w;:'k - .
4 Additional quantum corrections:

L lead to anomalous dimension
Reggeon tri o . ” ‘
Poneron g:;:gy — | In “extended scaling” region:

1 1\
Dilute system Q? (Qz ) 7 /

Q? < Q% < Ql/A?

' DGLAP extended window of
| [0 In(Q%)]" - applicability outside CGC !

In hgcp InQ?
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Case-study IV: Low-p. charm in ALICE (|n|<1)

» Open charm measurement in TPC+TRD (y=0):

P
[
T T T T T [ T T T T T
<
|~

xg(x) in the proton
at x,~x,~m /~/s~10

ECFA-CERN LHeC Workshop, 02/09/2008

d’c,/ dp, dy [mb/GeV]

pp = cc, T4 TeW
1 - — linear
————— R=1.5
— R=3.1
-
10 -
| m. = 1.5 GeV
r Scale for a,: 47713 +p?
nl <1
-2 \
-1 0 1 1 1 1 T
0 2 4 6 8 10

pT,D [GEV]

Charm suppression
due to non-linear QCD
effects

28/24

d?c2’/dp dy [mb/GeVic]

xl\E/Z (_:
xz\/;/2
C
F T T T T T T T T
NN | |FONLO(MNR)
RON :
t m_}\ FONLL :
-

- pp,Ns=14TeV ~
10%F [A. Dainese - ALICE]-

0 2 4 6 8 10 12 14 16 18 20
p'[GeWc]

Good reco capabilities
(displaced vix.+ e* PID)
down to p, = 0 GeV/c
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Case-study VII: DY in CASTOR-T2 (5.2 <|n|< 6.6)

> Drell-Yan feasibility studies with CMS (CASTOR) + TOTEM (T2):

» Sensitive to low-x quark densities PDF parametrizations

= — 70
.E L0 prell-Yan at CMS, pp —+qq — 'y".-"I. — e'e (PYTHIA) 'No 02_4 G V2
E 100 Bothleptonsin CASTOR: 5.2<n|<6.6 o 60 ] =4 Ge
M_ >4 GeV <
BO 5 50 C
60 40
5.2<|n|<6.6 :
40 30 unshadowed
Jo T Yooy
(1] 10
B -7 & -5 -4 -3 -1 -1 0 -
gy %, , 160 |
-E 450 Drell-Yan at CMS, pp — qq — f.-f'L — e'e (PYTHIA) 140 ;
E 400 Both leptons outside CASTOR: 6.6 < || <5.2 120
350 M_ >4 GeV g
250 80 |
200 60
150 N
100 40
50 20 |
0 0 B
B -7 £ -5 -4 -3 -2 -1 0
107  10° 10 107 107
Log,,(x) X

TOTEM T2 tracker+ CASTOR needed to deal w/ large QCD (& QED) bckgd.
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Saturation hints at RHIC ? (AuAu @ 200 GeV)

m “Reduced” total AuAu hadron multiplicities:

5 (GeV/A)
N
| I | T I. \E 18 j 5500
HNING (dN, dn, beafm)  —8 2 & LHC
HIING+ZPC+ART (b=0) ! £ 6.
RQMD (b=3fm) ] 22\5 s | Armesto, Salgado, Wiedemann RHIC
UrQMD (b<3fm) ° 4

oY

VNI+UrQMD (b<1fm)
HSD, VNI+HSD (b<2fm)

- PRL94 (2005) 022002 200
| w [
62

2+ M

|
|
NEXUS (b<2im) | /M1 9.6
DPM (Pb+Pb) I Q
DPMJET (Pb+Pb, 3%) i D 1 Y ()2 S
, 1 10 10
SFM (5%) | g Noart
LEXUS {5%) : " m Centrality & sgrt(s) dependence of dN/dn
EKRT saturation (b=0) i m _ . .
Hydro+UrGMD (b=0) | described by geometric-scaling models.
Fireball (~5%) [l 200Gey ™ 3 P
McLV (dN/dn, b=0) n i = 0% ""'*""‘%-...H
Ly o0 S vy il o E ec(E565) “‘\.\( )
0 500 1000 1500 £ tof ISGees ~_ | Confirms approx:
Ny i
~ _ i S sk 2 1/3
dN_ /dn~ 650 at n=0 described by CGC . Q% ~ AY
(or models which include reduced ol
incoming parton flux) 4 R
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Saturation hints at RHIC ? (dAu @ 200 GeV)

m y~0 (x~10%): Hard hadroprod. described by NLO pQCD (+mild LT shadowing):

C = C
< 16b- d+Au — JIW +X at\s = 200 GeV: 3160 d+Au —s 794X at \s = 200 GeV:
e O ® PHENIX data & Cr ® PHENIX data
14 pQCD: PDF EKS98 (o, = 0 mb) 1.4F 0CD: PDF EKS98
1.2 + pQCD: PDF EKS98 (o, = 3 mb) 120 L
1f L 1 N —
: + . . e I
0.8f- 0.8 o o
0.6] ’ 0.6
045 0.4
0.2;* |y| < 2 0_2; y - O
_I 111 | 1111 | 111 ‘ - ‘ - | 1111 | 1111 | 111 ‘ - ‘ 111 1 :
95 2 45 4 05 0 05 1 15 2 25 I L S S TS U SRR VRN [
y P, (GeVic)
] 2: o = pQCD+shadow [Guzey et al]
£ 18- BRAHMS —— pQCD-+shadow [Accardi]
3 TE S o - —— CGC [Tuchin et al ]
mn =32 (x~10°): Suppressed hadron  16- —— CeO allan Ve
14 DGLAP

production (p, ~ 2 — 4 GeV/c) better 12

described by CGC than NLO pQCD: 08 CGC
reduced partonic flux in Au at low-x 04F 3.0

0.2 n=

4 5
P, (GeV/c)
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Small-x [0 Forward rapidities

m 2 — 2 parton kinematics:

22 in xre N
y =0: X,~X, ~ X, = 2p,/Vs 12" = \/_(Eiy+€iy) = %= 2 —xren
.‘ } A
- -— | Pr | —pg—
X,V's/2 " X,VS/2 Vs T x 2 e.g. LHC, p. = 10 GeV/c
| y 4 X,~10% (N~6): x__~10°

m 2 — 1 (gluon fusion) CGC kinematics: much lower x reached (x,=x,m")

CGC: x(y=4) ~10* pQCD: x(y=4) ~ 10°?
- PT oty _'_'_'_'_'_‘_I_'_""'_l_'—'—'—'—l—-—v—'—-—ﬁ?i .
Hie \/E( ) A1 R <x> <X >4 1 §-<x2> <x,>
T 10 d \ | -3 101 E—
Every 2-units of y, f 10~ E ] 10-* ;r
x,decreases by ~10[ ¥ 107} ;»f ja 10—=E—
4+ _ ~ j, . r
10 Ej,’ 2 311 NG 10 F.E- 2,49
1{3—5 N B—_—
-5 -25 0 2. 5 S -5 —25 0 25 5
A (RHIC energies) N

[Accardi,nucl-th/0405046] . _
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Forward Detectors in CMS & ATLAS

> CMS + TOTEM:

HF (Iron-Q-fiber calo):3<n <5

=f
i

TOTEM-T1 (CSC telescope): 3.1<n<47 |nEl
TOTEM-T2 (GEM telescope): 5.3<n<6.7 LN

CASTOR (W/-Q-fiber calo): 5.3 <n < 6.5

ZDC (W/Q-fiber calo): n > 8.3 (neutral)

-1 Services To
Al ATLAS In/Qut | _UX4
> ATLAS: \%J : Ph (?1‘ gltrqtl l Bl
[

FCal.:3<n<5

LUCID (Cerenkov Counter): 5.4 < n < 6.1

Cast iron
575 tons

ZDC (W/Q-fiber calo): n > 8.3 (neutral)
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CMS/TOTEM at the LHC

» HF,CASTOR,ZDC + TOTEM: Quasi-full acceptance at LHC:
=] ' ' .

[5.3<nN<6.7]

o | \
¢ 8 -6 -4 ;-2 0 2 | 4 6 8 1
I Pixels+Tracker I (Z = i1 40 m)

ZDC [n > 8.1 neutral]

» Detection capabilities within n < 6.7 (and n > 8.1, neutral).

» Hard scattering measurements (jets, high-p, hadrons, DY) possible
down to x~10°in pp, pA, AA at LHC.
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Forward Detectors in ALICE & LHCDb

> ALICE, LHCDb forward muon spectrometers:

Non-bending Plane Muon Detector

= BREaae i

i
2 O
= 100 By
Q o2
E ;f::::
> Excellent capabilities for heavy-Q, = .. .
d B
QQbar fwd. measurements at low-x: © -
s FoEiG

1

n of Q-hadron
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Saturation hints at HERA (l): “Geometric scaling”

m Saturation predicts low-x structure dependence on single scale Q (x)

m Inclusive G, , seen to scale with Q%/Q 2 for x < 0.01:

107

Gy*p Golec-Biernat-Wusthoff ‘
PRD60 114023 (1999) To

5 x A
Q) = Q3 (=), @,=1GeV, A~ 023

e J oM
10 2 N
|

0., described by dipole model:

particular realization of CGC
where o ~f(G(x)) ~ 1(Q,)

dipole-p

10

ZEUS BPT 97
ZEUS BPC 95
Hl low Q7 95

«——— Scaling valid up to large Q2

. i i Qz " £ 173 H LE] H
s 5, (“extended scaling” region):
<000 'ﬁ
all Q° 2 2 4 2
e Qs < Q< Q4/A
i ’ -3 -2 -1 2
10 10 10 1 10 10

mJ
o !3; ( ;;e [Note: DGLAP also shows this property but
o &
much more sensitive to xG(Q¥) fit chosen]
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Saturation hints at HERA (ll): F, at low-x

m F directly depends on gluon PDF: £ o< O xg

. .  d*c  2ma? ,
but F _is a small correctionto c_: A " 30 [Y+.F2:FY_.xF3

m I derived from NLO DGLAP analysis, is negative for Q>~2 GeV=!?

(indicates “tension” with std. DGLAP evolution) , 5

IIIII| T IIIIIII| T IIIIIII| T T TTTTIT
Q’=2 GeV~
0.8 y . ' y NLO fit
| — BV 1
07 b —-—1mM i g2 = = scesssss NNLO fit —
| ——- KKT (MOD) ] R LO fit
_pgp Semmeso g T e dipole fit
m.;::I S resum fit _ |
:; 0.5 F FY N/—\ 0-3 i
& <
@ 2L,
[ o]
g . )~ 0.2 " —
"'LI'-j I ~
0.1 —
0 11
-5
10

m Direct measurement of F, carried out at HERA in Jun'07: e-p at lower Vs
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Saturation hints at HERA (lll): o

dlffract t rath

m Hard diffraction x-sections & total x-sections observed to have similar

energy dependence. ZEUS 1994 . _,_
& GE:EGeVZ v GE:ZTGe‘Uz
O @ =14 GeV A Q= 60 GeV
o 008 f My Gev
. . — -
m Flat o, /0, Vs energyis atvariance 5 oosf 3 4 & & & 4
. . . . 02LE O T S TR PR
with expected rise behaviour in WAL :i
0 - R e I e droeomim e e L
standard pQCD: vos M, < 7.5 Geb
MR R
2812 2 00RE i L i S —
ogift/otor < |2g(z, Q)" /29(7, Q) T e -
0.02 |
: A A S _:f i -i ik * ST
~ W4)\/W2)\ ~J WQ)\ 0 '...|...|...q|:...|...|...|...|...|...|
0.06 [ 7T5<M_<15GeV
. Bl " f RN, [ SEinR
.. constant dependence naturally described U S — - .H. ﬁg Ao
by saturation models. e e B o
40 60 80 100 120 140 160 180 200 220

W(GeV)
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HERA (diffract. DIS): “Geometric scaling” of o

VM’ 0-DVCS

» Geometric scaling also observed in diffractive observables

(DVCS, exclusive vector-meson production):

= =
= =
i NS =5
10 =10
BE 1%5% L=}
32,
%%
1 10
= ZEUS data
.4 | © H1 data
10 1
1 10 102
‘Ev
VM
= =
= =
|
£102 — ! &10 2
-
p p .,
10 10
“ﬂ
» ZEUS data
1 1
1 10
"I.'.||lIr
ECFA-CERN LHeC Workshop, 02/09/2008
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C.Marquet, L. Schoeffel
hep-ph/0606079

0032;;' M=¢
e
Q
@
¢¢¢
- ZEUS data f4,
o H1 data
10 10°
Ty
AVAIY
»
R
KA
« ZEUS data%‘q.q,
o H1 data
10 10

Tw
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HERA data vs. saturation models: F_(x,Q?)

m Saturation models describe well F,(x,Q%) in “transition region” of
moderate/low Q?  (Note: also DGLAP, though at limit of applicability)

H1 + ZEUS
'Yx full ZEUS opan H1
Thy =27 =35 =45 Q°=6.5
\ . \ \,
Ap \\ 1 Ty k"-xk 5‘”'*-5
X e " e, v Mg
F— | i - 5
—_— N, =85 TN P=10 T Q=12 . Q=15
p(P) A\, N, \ X
1 . ,
. -ﬁ:‘». %“ " ht.““. s K‘h"\
16 \ Vi,
F2 \ \§ TN o N Q=22 N or=27 “h\QP=35
1.4 \ Y \ — \ \\ b4 MG
1.2 \ e )\1“1 A m,’% . L
10 \ \ \ Sat fItS 2 i
woa '\:A)( =45 5@2='5':' : .Q?=?0 G{:’Eﬂ
) N, 1 * X B :
06 N Q=15 Ge o .. . .
04 TS guarce ” . .
T tneng =120 =150 F=200 =250
W B TR S ge02ceV Q‘f\ N iy .3.3%
' : ; : ke \'*. h! %
10 0 10 10 1 10 - . . .
X , 2 |
[Forshaw,Shaw, hep-ph/0411337] w0 107 w0t 1w” 1" 1w0* w0t 107
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HERA data vs. saturation models: F_"2™(x,Q?)

m Saturation models describe well F, for charm:

(Note: also DGLAP models)

[Machado-Goncalves, EPJC 30 (2003)]

ECFA-CERN LHeC Workshop, 02/09/2008

Q’= 1300

i
o
[ g

0 1 1
0.0001  0.001

41/24

0.01 0.0001 0.001

0.01

0.0001

0.001

0.01
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HERA (diffractive DIS): F °(x,p) described

» Saturation models provides framework to describe consistently total yp
x-section (F,) and DDIS (xF,°®, Pomeron) & DVCS forward amplitudes:

pP)

X, = fraction of p momentum

carried by Pomeron
B = fraction of IP momentum

carried by struck parton

Forshaw,Shaw
hep-ph/0411337

ECFA-CERN LHeC Workshop, 02/09/2008

Dipole model predictions for Fsm

e pe0.0153

B ZEUSFPC
—— CGC b=6.8 GeV2
----- FS04 sat b=6.8 GeV2

Sl FS04 no sat b= 8 GV

o p=0.0632

] B

e p=01208

Sl p=0.1824

p=0.3125

_ §=04706
ey

w0 0 0*

Q' =8GeV

42/24

Q’ =14 GeV’

Q' =27 GeV*

Q’ = 55 GV
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Saturation hints at RHIC (I): hadron multiplicity

m AuAu (200 GeV) 0-5% most central colls.: Predicted multiplicites:

HWING (dN., /i, b<3fm) —ilu;-
HIWING+ZPC+ART (b=0) it
RQMD (b=3fm) hi
UrQMD (b<3fm) |
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

VNI+UrQMD (b<1fm)
HSD, VNI+HSD (b<2fm)
NEXUS (b<2fm)

DPM (Pb+Pb)

DPMJET (Pb+Pb, 3%)
SFM (5%)

LEXUS (5%)

EKRT saturation {b=0)
Hydro+UrQMD (b=0)
Fireball (~5%

McLV (dN/dn, b=0) m
| { EE S GO | | i
0 500

T AuAu
. 200GeV ®

| ] 1 |} |
1000 1500

dN_ /dn

m Reduced multiplicity predicted by saturation models: gluon recombination

reduces incoming parton flux.
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Saturation hints at RHIC (ll): dN_ /dn vs. centrality

m CGC: Final hadron multiplicity O Initial number of released gluons O Q_?

dN 1 i .
: - - Q% o xG(x, QE)'AI/S Collision of 2 classical
d*bdn  ay(Q%) (saturated) fields
“local -h lity” (7 gluon = 1 final h aoooh
+ “local parton-hadron duality” (7 gluon inal hadron) 4 }% %_ 4

"L, ,M oy ) pu
4 /7(“ “fiw—*fl

m Centrality & Vs dependence well described:

V8 (GeV/A) ? “ ; 7 "
Q 10 ¢¥ v ﬂ¥
T 9l 5500 o m }{“”) "
= 8 LHC
£ 6 | w! fl ! f
§ | 4 i
%E? Nl RHIC
- o 200
) 3 PP 130
PIoE o7 QS dependence on transv. area
| M\ J.
1/3 _
| kg | L }E |
1 T S S S L @.m . .Q S\ g/
1 10 102

Armestoi Sa|gadoi Wiedemann Kharzeev-Levin-Nardi, PLB507 (2001) 121

PRL94 (2005) 022002
ECFA-CERN LHeC Workshop, 02/09/2008 44/24 David d'Enterria (MIT)



huclear DIS: “Geometric scaling™ at low-x

» Geometric scaling also in nuclear DIS O data (E665, NMC) for x<0.01

P
£
"
oe 10% hat N
S .
a2 [ aC(E665) K"a
§ 1oL *Col(ESES) Confirms approx:
o g =Pb (EEEE)
: *Li {NMC)
i *C {NMC) 2 1/3
o 1.6 = Q.& ~ A K
~= 15 F
© 1.4 F o NMC—CF
1.3 F o NMC—A
1.2 F
1.1 F
1 E
0.8
0.8
0.7 B
0’6 |_2 ||||_1| ] Pl | 2
Armesto, Salgado, Wiedemann 10 10 1 10 ) 110
PRL94 (2005) 022002 Th=RQ / Qun
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Saturation hints at RHIC (lll): fwd. hadron suppression

my~0 (x~102): Hard hadroprod. described by NLO pQCD (+mild LT shadowing):

e d+Au— JI¥ +X at \s = 200 GeV:
o 1-0F ® PHENIX data

14F pQCD: PDF EKS98 (o, = 0 mb)

12F + pQCD: PDF EKS98 (o, = 3 mb)
1# | + +

0.8

0.6 '

0.4

020 ly| <2

:||||||||||||\\\\\\‘\\\\|||||||||||||\\‘\\\\‘\\\\

9572745 4 05 0 05 1 15 2 25

mn = 3.2 (x~103): Suppressed hadron

production (p, ~ 2 — 4 GeV/c) better

described by CGC than NLO pQCD:
reduced partonic flux in Au at low-x

ECFA-CERN LHeC Workshop, 02/09/2008
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2 C
n:ﬁ 16— d+Au — '+X at\s = 200 GeV:
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BFKL linear evolution equations

» Malthusian growth of gluon density (n) w/ increasing-y (decreasing-x):

I (Y) Y = In(1/%)
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[E. lancu, ECT*-07]

Gluon “cascades”
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Non-linear QCD evolution equations

» Growth of gluon density (n) compensated by gluon fusion (-n?):

— T ¥ g0 = L WIHel
dY
> g TeTe]o]s
. > ;"" s[o]o]s]¢

()

20
- O00000

- 3
[/
J‘ -
L0 TUTTOV O
> -
, !’\

On \
L G00000000000000000
\‘..,

Gluon “cascades”
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BK-JIMWLK non-linear QCD equations

> Full evolution (non-locality) requires additional diffusion term: saturation
“spills out” into the dilute regime above Q_ (“geometric scaling”)

dyn(p,Y) :—|— a,n(p,Y) — a’n?(p,Y)
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» Same class as FKPP eq. (stat. phys.): diffusion+growth+recombination
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BK-JIMWLK + “Pomeron loops”™

> Full non-linear evolution needs to take into account also gluon-number
fluctuations (“hot spots” inside hadron):
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proton .

> Stochastic FKKP equation: full reaction-diffusion process in stat. phys.
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Photoproduction (yA) in UPC AA collisions

» Heavy-ions (charge 2) produce strong EM
fields (coherent action of all protons): C Y

> Equivalent flux of photons in electromagnetic () Z=e
(aka. Ultra-Peripheral, b . ~ 2R, ) A+A .

dN, iz

dN. Clem Z% 1
_T(b > bmin) oC -
d E

(soft bremsstrahlung y spectrum) |

> Photon beams:

55753 - E'i.;flé:
> Flux ~ Z? (~7-108 for Pb).
> “Coherence condition” : y wavelength > nucleus size

Maximum y energy: ® < @4y 9 ~ 80 -160 GeV (Pb,Ca)

> Center of mass-energies (LHC): Vs , ~ 0.7 —2. TeV ~ (3 - 10) x vs_(HERA)
> Bjorken x range in nucleus: (y=0): x(J/W¥) ~3-10° , x(Y)~10?
(y=3): x(J/WP) ~ 2:10° , x(Y)~10*
cornoerk QWA NeUlreRIA9ging (ZDC): x5Q% UPC colls. lead to nucleay breakup.,,




