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Overview

> Introduction:

- Parton structure & evolution at low-x

- Gluon saturation: Color Glass Condensate (CGC), non-linear QCD
evolution (BK/JIMWLK) equations

- Measurements of low-x PDFs: processes, kinematic domains, ...

» Experimental tests:

- Signatures at HERA (proton) & RHIC (nucleus)
- Low-x perspectives at the LHC (p,A)
- PoPb @ 5.5 TeV case-studies: dN_/dn, Y photo-production

-pp @ 14 TeV case-studies: forward (di)jets, QQbar, DY ...

» Summary
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Parton structure at low-x

> DIS ep collisions probe partonic distributions in the proton:
- ~ ¥ = “resolving power”

Bjorken x = momentum fraction carried by parton
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» HERA: strong rise at low-x of F,(x,C¥) cc sea-quarks, dlnF,/oInC¥ oc gluons
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(x,@?) evolution of PDFs

> Q?- DGLAP (k;-order'd emission): F,(Q%)~a In(Q%/Q?)", Q2 ~1 GeV? [LT,coll.factoriz.]
» x - BFKL (p,-ordered emission): F,(x) ~ a_n(1/x)" [uUPDFs, k. -factoriz.]

» Linear equations: Single parton radiation/splitting (as a function of Q?, x)

> DGLAP/BFKL cannot work at low-x

Y=In1/x} . :
even less for multi-parton systems = nuclei):
y
l;egl%enn . (i) Too high gluon density: nonlinear gluon-
e i gluon fusion balances branchings
CAute gysiem (i) pPQCD (collinear & k) factorization
g7 . . . .
) assumptions invalid (HT, no incoherent
[u"ln“';xﬂ o parton scatt.)
mesons DGLAP . . . .
[—- | (iii) Violation of unitarity even for Q2>>A2
o In(Q?)]" . :
" (too large perturbative cross-sections)
InAZ., InQ?
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“Saturation scale” (Q)

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

“large” enough (low-Q?) to overlap:

Y=1In1/x}

@Samr&mnnoiwpw Q2 o .CCGA(x, Q?,)
-« 7° ° m R?
A
@ Dilute system NAI/@N A1/3 Al/ )\NOS
@ - Saturation for:|low x, large s, large y, large A
In A2 In Q2 Q, = A" x|
'aco 7 T
> Nucleus (larger parton tranverse density) Mt
- — 1.0GeV?
amplifies saturation effects: o | — 2080
9 1/3 AT gt : —— 40GeV
Qs ~A7'"~6 T NN
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Color Glass Condensate (CGC)

[McLerran,Venugopalan,Kharzeev,Levin,

> CGC =EFT In 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.
(LY

xG(x)= dN /d
- i (Bremsstrahlung) (x)= dN,/dy

| Qz“n “saturated gluon

/ wave function” BRI URATION

REGGE,

DATA

1 .- o
Qs k; T

* Q, hard = perturbative calculations (strong F ,, weak coupling): as(Q3) << 1

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

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

merging governed by BK-JIMWLK egs.
® Non-linear, all-twist equations in saturation regime
® Generalized Fokker-Planck eq. (wave-function diffussion)
¢ JIMWLK - large N_limit » BK - low-density limit » BFKL

Y=In1/x

Regzeon
|
Pomjeron

mesons

g

eometric :
scaling

Dilute system

DGLAP
[0 In(Q%)]"

2
In !\QCD
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7/25

[Balitsky,Kovchegov,
Jalilian-Marian,
lancu, McLerran,
Kovner, Leonidov,
Weigert, ... ]

Additional quantum corrections:
lead to anomalous dimension
in “extended scaling” region:

N
S (3) e
Q? < Q% < Ql/A?

extended window of
applicability outside CGC !
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Experimental probes of gluon PDF (Y®p,pp,y°A,AA)

» Perturbative processes:

» Prompt y, (di)jets (YOp, pp, AA): gL T CTEasM
o L~ MRSTO4NLO
| ¥ " Q%= 10 GeV?
ha 5 A 40l TS
/ﬁq - diffract. JPY TN
o . [ LHC(A) HIC TR
. . - i dF ,/dinQ* ™\
» Diffractive QQ, heavy-Q (y°p, YOA): e T A
T o HERA
NI : 1L (djets (y=4)
—<— 7 - di)jets
g ) - . L e
F :Cﬁz f E;:gldlw ? i LHC tevatron
F i CERN-Spp$S
: RHIC
~ Forward production: ol . prompt y, Drelitan "7
{ ; fixed-target

X1-\/S/2 ~~, . IIIIIII| | IIIIHI| | IIII\H| | \III\H‘ | \III\H‘ [ I
. X _min ~ V= X_-eV

& X pT/ Vs -e 7€ 10° 10* 100 102 10" 1

X

Every 2-units of y, x™" decreases by ~10
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PDF (x,Q2) exp. domains: proton, nucleus

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

much less nuclear PDF data available:

1065""'% SREZLLY SR R T o e 4(0PE
f é D@ Inclusive Jets || < 3, present measurement ] E RHIC data (forw. 1) h:uﬁ:;gr(g:g)& DY data:
10°L CDF/D@ Inclusive Jets | < 0.7 5. L B SLAC-E139 (DIS
: ZEUS 95 BPC+BPT+SVTX & 10 = BRAHMSh (n=3.2) ONALEBGS (DIS)
H195 SVTX + H1 96 ISR - s -E665 (DIS)
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> e- 'b - - -
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¥ S A, i-f""' - 1 T o
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4f ' 1 i i At
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> Note: most existing low-x nPDFs measurements in the non-perturbative range
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Saturation hints at HERA ?

> DGLAP fits most of ep data ... Saturation models explain better a few cases:

“Geometric Sca”ng” flat Gdiffract/otot VS energy Longitudinal struc. funct.
BRI =t
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Inclusive DIS x-section depends Diffract. & total x-sections Gluon (F ) at NLO
on single scale Q¥/Q_2 for x < 0.01 similar W dependence # becomes negative
S

pQCD: o _~W? £ qg_ ~W*" for Q2~2 GeV?at low-x
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Saturation hints at RHIC ? (AuAu @ 200 GeV)

> “Reduced” total AuAu hadron multiplicities:

5 (GeV/A)
N
L L II: R \E 18 - 5500
HIING (dN, /dn, befm) - =l LHC
HIJING+ZPC+ART (b=0) i m s 41
RQMD (b=3fm) hi 52\5 5 + Armesto, Salgado, Wiedemann RHIC
VNIUFQMD (beifim) 1 - 5 PP 15
I | 62
HSD, VNI+HSD (b<2fm) om .| /#‘#A
NEAS (aeptm, i i — M19‘6
DPM (Pb+Pb) . O
DPMJET (Pb+Pb, 3%) it i 1 AT E—— (>2 e
it 1 10 10
SFM (5%) 1 Noar
LEAUS (25 it . Centrality & sqrt(s) dependence of dN/dn
EKRT saturation (b=0) ! ' _ . .
Hydro+UrGMD (b=0) R described by geometric-scaling models
Fireball (~5%) |l 200Gev ® 7 b
MeLV (dN/dn, b=0) m|: Z o0t e,
IS 1 I| I L0 | ':‘:E\'- £ aC {EGE5) ‘ﬁ.&.& .
% 0w 1 y wp ISR ~_ | Confirms approx:
~ _ i 2 ik 2 1/3
dN_/dn~ 650 at n=0 described by CGC £ we-w | Q2 ~ A /
(or models which include reduced ol b
incoming parton flux) <1 TR
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Saturation hints at RHIC ? (dAu @ 200 GeV)

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

51.6; d+Au — JI¥ +X at s = 200 GeV: 31.6; d+Au s 10+X at s = 200 GeV:
- 14 ’ ngg!)l(’g?aEKSQS( =0 mb) . 145 ® PHENIX data
1_;%- + EQCD; PDF EKS98 (c:zz = 3 mb) 12; — pQCD: PDF EKS98
1I:*+ + + 117&"“""““
08 os ® ¢ +
08 ’ 0.6
04F 0.4
02F yl<2 o2- Y =0
9545 T G5 0 05 1 15 2 25 T ey S S T R T
y p, (GeVic)
g 2: [ = pQCD-+shadow [Guzey et al]
Fis snewb | Reomomion f
> n= 3.2 (X~1 0'3): Suppressed hadron 1.6;— - —— CGC [Jalilian-Marian]
. 14 DGLAP
production (p, ~ 2 — 4 GeV/c) better 120
1=
described by CGC than NLO pQCD: 0.8-
. . 0.6 CGC
reduced partonic flux in Au at low-x 04"
0.2" n=3.2
I R BE— ‘

4 5
P, (GeV/c)
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LHC: low-x proton PDF studies

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

(i) Very large perturbative cross-sections:

106§""“| L e PRy
F . D@ Inclusive Jets 1| < 3, present measurement ]
105 | CDF/D@ Inclusive Jets|n| < 0.7

— jet +v+ X Prompty

(p1) + p(p2)
| 103 SVIX 4 HIOSISR p(p1) +pp2) = U+ X Drell-Yan
T [ S LA p(p1) +p(p2) — Joty +jety + X Jots
o3l B com p(p1) +p(p2) — Q+Q+ X Heavy flavour
: %:;ZMS p(p1) +pp2) = W/Z+ X W 7 production

Q* (Gev?)

10 &

LHC forward rapidities:
N R . S eg.y~6,Q~10GeV
10 l— Aﬁ o | — x down to 106!
TS 10 Tt
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LHC: low-x nuclear PDF studies

> PbPb @ 5.5 TeV, pPb @ 8.8 TeV:
(i) Very high Vs 0O Bjorken x=2p./Ns~30-45 times lower than AuAu,dAu @ RHIC !

(i) Saturation momentum (A"*~6) : Q_ ~ [5 GeV?]e®¥)

(i) Very large perturbative cross-sections.
Ratio of Pb/p gluon densities:

10°¢ 1
13} = Nuclear DIS & DY data: 3 -
&; 52 RHIC data (forw.m)  ®NMC (DIS) § - Q2=5GeV2 HAC =
_ . W SLAC-E139 (DIS os [ HKM &
i) 10 - BRAMMSE(n=32) ¢ enaL-ees ((DIS)) N
: B PHENIX h* (n=1.8) A EMC (DIS) e} r
o 10's ¥FNAL-E772 (DY) Zos
C o -
10° = /
102 é_ / e : Frankfurt
10:_ ? e L Arrmeasto
i perturbative v :
1 g g " -
= AA - Armesto, J.Phys.G32: (2006)
10'1? AA Ol31o"5 — HWIQ"" — | ‘I1‘c‘>'3 -
:||H|| | IIIHII| | \I\'\II| | |||||H| | ||\||||| | IIIIIH‘ L L ria .
10-5 10-5 10-‘_4 10-3 10-2 10-1 1 NUC'Gar XG(X,QZ) baSICa”y

X unknown for x<103 !
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Forward Detectors in CMS & ATLAS

> CMS + TOTEM:

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

TOTEM-T1 (CSC telescope): 3.1 <n<4.7
TOTEM-T2 (GEM telescope): 5.3<n<6.7

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

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

¢ ’|_ ,‘ lene + 1.1 Services To
ATLAS . 46 tons Ip@ut X3

Pb or steel j

> ATLAS:
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:

| |
I ' ' > [5.3<n<6.7]
E TOTEM
i]: \ —— T
6
/(z = +140 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:

Particle Lli%tlliz?lomentum
Non-bending Plane Muon Detector Time m{jﬁ.‘th" Identification

. Pr%{ecm Detector
Shield Magnet . - Cham| ——

Absorber
i3 Dipole Magnet
Magnet

"
i
]
| Muon Chambers ﬁ

olipgy e L25< n< 4

1-year pp 14 TeV (nominal Luminosity)

> Excellent capabilities for heavy-Q,
QQbar fwd. measurements at low-x:

p; of Q-hadron [GeV]

-2 0 2 4 6

n of Q-hadron
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Case-study I: Total PbPb hadron multiplicity

> Final A+A multiplicity L Initial number of released gluons :

dN 1 2 5 B A s A&
CGC: Ty < aqgh® < WL AT il ool
Tt 10 [N ’Eﬁ%\%”«\éf

+ “local parton-hadron duality” (7 gluon = 1 final hadron) Xh‘ B U
s 7

» CMS dN_ /dn (In|<2.5) via hit counting in Si pixel layers:

Gluon saturation O

4
510 - ® Simulated primary tracks PbPb @ 5.5 TeV
zﬁ B + Reconstructed tracks (Si Pixel) =':?=s;===== dN/dT]|n_0"‘1 8 0
© - 2583804 l‘_==°F== B
I rreecn A, KLN, NPA747 (2005) 609
10° L /, \ ol e vouse N.Armesto,Pajares
- N : g "2 [JMPA15(00)2019
NN \ ' oy
- AR i | © SHAKER P
B / C c \\\ [ : HAK A
- iA A L ,
L NN - g i | a HIUING.31
/i3 HF HE 3 .
AN o ' 102 | o DPMJET-I
10— /| i - ; i
/N N |
— " i ! & SFM (no—fusion)
-, T2 M T2 \\ '
i ffl ) ) ‘ | I ‘ | I\ L :: # SFM (fusion)
- 3 n L I T o0
n
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Case-study ll: Y photoprod. (yPb) in UPC PbPb

> High energy heavy-ions produce strong electromagnetic

fields due to the coherent action of Z = 82 protons:

» Equivalent flux of photons in EM (aka. Ultra-
Peripheral, b__~ 2R, ~20 fm) AA colls.:
Max. yenergy: E _ ~ 80 GeV (PbPb-LHC)

y Pb: max. x/sypbm 1. TeV ~

3.- 4. x Vs_(HERA)

> QQ diffract. photoprod. sensitive to gluon density squared:

y=0:x(Y) =2-10°
y~2 : x(Y)~x(y=0)-e¥~10*
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2)1

o
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Dd'E, hep-ex/0703024

2500 PbPb UPC - 5.5 TeV - 0.5 nb™"
r — yPboY (o)

N
[=]
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=
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D
=
+
—:u

=Y
(2]
o
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(=3
=]

50 Hﬂ -
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7 ) o O A
%7 75 8 85 9 95 10 105 11 115 12
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~500 Y expected(0.5 nb™): unexplored xG,(x,Q?)
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Case-study lll: Forward QQ in ALICE (2.5 <|n|< 4)

» J/Y measurement in p spectrometer: xg(x) in the proton at x,~10~ :

= N
o )
* 10tk J/y |
1= e CTEQBL
o —— MRSTOL
L X probed by Jy
101
(2.5 <y < 4)
o2 —— I Ll T T | e | Ll I B |
-6 -5 -4 -3 -2 -1
logm{x?
A =—_ =
& 1RrE - Sy iy
10E
el GTEQEL
= = MRSTOSL 1
wenen GTEQBL
—— MRSTIL
g X probed ty Y
107 3
[ (2.5 < y < 4)
| R N | L | | L1 L 31 | L1 :.I !
102 N = = =
6 5 4 3 2 1 logm{x?
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do/dy J/Y: NLO CEM w/ varying PDFs

0.7
0.6
0.5
0.4
0.3
0.2

0.1

20/25

.............
.....

pp @ 14 TeV

-+ CTEQSL
«+++ MRSTg8L
-------- CTEQ6L

— MRSTO1L
—— simulation (+J/w from B)

[D. Stocco - ALICE]
l 11 I 1 | 1 | | S | ] 1 1 | 1 1 1 | 1 1 1 j | -

:h}_LIHIIHI]HI:}III 1][[1]1][[11][[]

26 2.8 3 3.2 34 36 3.8 4
Y

QQbar: Sensitive to diff. PDFs and
DGLAP versus CGC predictions
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Case-study IV: Low-p_ charm in ALICE (|n|<1)

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

Xg(x) in the proton

at x,~x,~m /~/s~10*
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d“0,/ dp; dy [mb/GeV/]

pp = cc, 14 TeV

10 |

| m. =15 GeV

L . 2 2
Scale for ot 4mg + py

nl <1
-2
10 ;

0 2 4 6 8 10
Pr.o [GeV]

Charm suppression
due to non-linear QCD
effects

21/25

d?c2’/dp dy [mb/GeVic]

xl\/;/Z C

xz\/;/Z
C

| FONLO (MNR) _

FONLL

- ppNs=14TeV T3
104 [A. Dainese - ALICE]4

0 2 4 6 8 10 12 14 16 18 20
pt[GeVIc]

Good reco capabilities
(displaced vix.+ e* PID)
down to p, = 0 GeV/c
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Case-study V: Forward jets in CMS (3 <|n|< 5)

» Forward “soft” jets (E; ~20-100 GeV):
p+p —jet! +jet2 + X (VBF-Higgs trigger)

Sensitive to partons with:

Jets in CASTOR (5.3 <|n|< 6.6): x, 100

> Inclusive fwd. jet reconstruction (HF):

* PYTHIA 6.4. min-bias (hard&soft QCD)

X, ~ 10

* MC-level proof-of-principle only
* HF grid: AnxA@ = 0.175%X0.175
- Iterative cone, R=0.5, E, __ =10 GeV, E__ =3 GeV

» Missing important corrections: underlying-evi.

E, (GeV)

10?

PYTHIA 6.4: p+p— jet1+jet2, Ns =14 TeV. o
jet, in3.0 < <5.0 ' ‘

" .r--hwum

(PYTHIA CMS-Tune), hadronization (cluster vs. Lund)
- Large yields. Low-E_ uncertainties to be determined.
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P I I T RN S N N SR N A SRR
-4 -3 -2 1

I0910(x1,2)

pp— jet +X (3<n|<5), iter. cone, R=0.5
> PYTHIA (parton-level)

+ PYTHIA (particle-level)
—NLO

PYTHIA ~ NLO [Vogelsang]

| ‘ | I | | ‘ | I ‘ | I | || | L1111 ‘ L1 ‘ | I ‘ L1
20 30 40 50 60 70 80 90 100
E, (GeV)
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Case-study VI: Mueller-Navelet dijets in CMS-HF

> Mueller-Navelet dijets separated by large Ay
very sensitive to non-DGLAP evolution

Tet (k{>Q7)

ol - jet,

} Y= log(x,x,5/Q, Q,) AyN‘I O
—

Jet (k2> Q2) Jet

2

] suppressed ratio sat./BFKL

sat/BFKL ratio
e P B

¥y=1.5
¥y=2.5
y=3.5

¥y =4.5

mcreasmg

W _rapidity

CMarquet Royon, NPB739 (2006)131

5 10°E _ - - = 10°F
o C Mueller-Navelet jets kinematics o = Mueller-Navelet jets kinematics
T ut =
"3 pp— jet, + jet , iter. cone, R = 0.5 k=) C PP jet, + jet , iter. cone, R = 0.5
5 5
F10°c — PYTHIA (particle-level) z 10° — PYTHIA (particle-level)
o - z
3.0<n<3.5 ° - 45<n<5.0
n=mn,~=1M 104? nzn1z-1’]2
10°= ! ? F
& Er =\Epx Ery B Ey = \Epx Er,
10°:=
10°:
10
10° r
Il\I\\‘\\\\‘\\\\‘\\\\l\llll\\\\‘\\\\‘\\\\‘\III L L Ll INEETEEEREEY
20 30 40 50 €0 70 BO 90 1?33\,) 20 30 40 50 60 70 80 90 100
y E,; (GeV)
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03 4
10 20 15 30 35 40

PYTHIA rates with M-N Kin.
cuts: ~10* dijets [E.~30 GeV]
in £ ~ 1 pb? (low luminosity
run): enough stats. for detailed
studies of Ay-evolution.

Dd'E, hep-ex/0703024
David d'Enterria (CERN)



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 guark densities PDF parametrizations

£ 120 neoll-Yanat CMS, pp — qq — 7/Z — e’ (PYTHIA) “'0 ° Q%=4 GeV?
E 100 Both leptons in CASTOR: 52<[n|<6.6 %) 60 = e
M >4 GeV 5 s
80 ) :
&0 40
5.2 < |n| < 6.6 i
40 ] ) 30 - unshadowed
20 LL 20 [
1T ey
0 10 |
B -7 - -5 -4 -3 -1 -1 0 o
log,g %y 160 |
£ 450 Drell-Yanat CMS, pp — qq — 7/Z — e'e” (PYTHIA) | 140
E 400 Both leptons outside CASTOR: 6.6<|n| <5.2 120 [
350 M_ >4 GeV .
00 100 -7
250 80 .
200 60 I
150 :
100 40 |
50 20
0 ot
8 i 5 5 4 -3 2 1 0 . ) s gt
10 10 10
Log,,(x) X

TOTEM T2 tracker+ CASTOR needed to deal w/ large QCD (& QED) bckgd.
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» Gluon saturation & non-linear evolution must set-in at (some) low-x in
hadronic wave-functions » Fundamental info on high-energy limit of QCD
» Hints of non-linear QCD dynamics in ep (HERA) and dA,AA (RHIC)

» LHC = unique lab to study high parton density /evolution in p,Pb down to
x~10° using fwd. detectors and perturbative processes: (di)jets,QQbar,DY,...

In(1/x) i

I I I I
.......... Xs 5= (MIs)e*
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Backup slides
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Small-x [1 Forward rapidities

» 2 — 2 parton kinematics:

-
| p2=2 _ PT ( ty +y') | = min _ XT €
y =0: X,~X, ~ X, = 2p,/Vs | e \/g(e +igs ) x5 3wy e
P — P *—L\se
: T
XV8/2 y' X,Vs/2 - XpVs/2 o/’ X, Vs/2 e.g. LHC, p, =10 GeV/c
| y 4 6 ~10° (N~7): x__ ~10°

» 2 — 1 (gluon fusion) CGC kinematics: much lower x allowed (x,~x,™")

231 __ PT ; & CGC: x(y=4)~10* pQCD: x(y=4) ~ 10

&5 :_(6 y) e e e e P
? ﬁ E-

- 1 E\<x2> 2 1 E<X,> <X ,>
- T 10" i \\ - m—'];;—
Every 2-units of y, 5 o E ws : o |
X, decreases by ~10| Z* ;=L el
£
— i Fa C
10 10-+ &

PG e o Lo-e
—5-285 0 25 5 -6 —26 0 26 6
Ay (RHIC energies) v
[Accardi,nucl-th/0405046]
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Case-study V: Mueller-Navelet dijets in CMS-HF

> Mueller-Navelet dijets separated by large Ay:
] suppressed ratlo sat./BFKL

very sensitive to non-DGLAP evolution - v=1s

) % “pp Vs=14TeV . y=3s

/ = " k=] :— — — — ;;—}72 — —
/ A Tet (k{>Q7) Jet s g

! 1 L

/ //A) PR S L mcreasmg

S ¥=log(x,%,%Q, Q,) JAN ~1 oo™ I

\ - y~10 IR, | rapldlty

\ g . 0. : __-.____..—- sE

\\ i Jet (k5> Qi ) Jet2

03 [
10
Q

A.H.Mueller, H.Navelet, NPB282 (1987)727

> Proof-of-principle study in CMS: MC-level dijet reconstruction applying
MN kinematics cuts to PYTHIA pp-14 TeV:

o Er;>20GeV
o |Er 1 — Ers| < 2.5GeV (similar virtuality, to minimise DGLAP-evolution) o N, 1
' ' __ AtVjetls
e 3 < 2| < 5 (bothjets in HF) dndQ ~ AnAQ T Ldt
e 7)1 - 12 < 0 (each jet in a different HF)
idi Q=+vEr1-Erp2

e |n1| — || < 0.25 (almost back-to-back in pseudo-rapidity)
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HERA (incl. DIS): “"Geometric scaling” of o, at low-x

» Saturation predicts low-x structure depends on single scale Q° (x)
Inclusive DIS cross-section scales with Q%/Q_ for x < 0.01 (0.045<Q?<450 GeV?)

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

- " A
Q) = Q3 (=), Q,=1GeV, A~03

2 o
1o TR |

10° ‘

0., described by dipole model:

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

10

dipole-p

2EUS e o , ' <«——— Scaling valid up to large Q2
Hl low Q795 & :

. = i QZ " =2 113 H L H
wws . %, (“extended scaling” region):
x<0.01 7
all @° ‘:"*' 2 2 4 7 A2
'e Qs < Q" < Gg/A

™ L L

107 102 107! 1 10 10? T

= Q%0 [Note: DGLAP also shows this property but
much more sensitive on xG(C¥) fit chosen]
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HERA (DIS): F, at low-x

» F,_ directly depends on gluon PDF. DGLAP predicts F <0 for Q>~2 GeV?!
» F_much more sensitive to saturation corrections than F, scaling violat.

» Direct measurement of F_expected at HERA in June'07 (ep at lower \s)

0.5 0.5
[ —— DGLAPNLO ] [
04T  ——_peapnno | 4[
38 S]] \
0.8 vy =Ty T i - L - Lo
— eaw 0%  —-- BeBK ] ¥
i e et i ~_\~
| ——- KKT(MOD) ] 0 0.2 oy, " Q'=2 gay’ 0.2 Wy Q'=5 Gev*
i T O ! B s ] P e S
| 01 F o1 "
< 0.5 I o~
e E L] -3
T | 0.0 0.0 Lproonmssinmt xrssl snssnad s Sd
0] 10 10° 10 10° 10° 10" 10
o 0.4
| ]
- 0.5 0.5
= i
T W 04 F 0.4 |
0.1 D.E - '}.3
0.0 0.2 | 0.2 |
0.1 Ty 4 01
. ]
10° 10" 100 107 10" 10" 107
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HERA: o . /O, . ratio

Inclusive hard diffraction
[K. Golec-Biernat and M. Wiisthoff]

ZEUS 1994
® Q°=8GeV’ Y Q=27 Gev
Naively, in perturbative (or Regge) approach " . ki i °;“;:';“L
*-__E U.I}E:- 4
%‘bum;—;;iii 4
iot(W? Q%) ~ ImT ~ (W?)* s T o0 i i G
2 0 2 FIN2A o s N N T 00
Jdlﬁ‘(w ?Q)m T N(W ) n_|||I||||||||||||||||||||| PR T R | 1
0.06 B {«:ch_‘;.SGPV
At HERA X ~ 0.25 for large Q2 but b { ﬁt i .
0.02 f
Taiff / T ot is flat! S B S S S T
D||||||||||||||||| | I I T T A R |

The flat ratio o4i5/0,+ is obtained only if o :
the lower momentum cut-off scale grows as W e Tfﬁrm
a power of W2 002 i $ B S
0 e B e oo oogpe g ool g e g Ao s g g 9
40 60 80 100 120 140 160 180 200 220

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

» Geometric scaling also observed in diffractive observables
(DVCS, exclusive vector-meson production):

Gy (Nb)

10

VM’ O-DVCS

C.Marquet, L. Schoeffel
hep-ph/0606079

#o
t
- ZEUS data Tt,
o H1 data

10 10%
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o H1 data
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*
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HERA (inclusive DIS): F (x,Q?) at moderate Q?

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

g—::__
—— = TE——n
p(P)
16+ \ "'
F2 \,L ll"-.l .‘1'\.. .
o N\ \\+——DGLAP fits
124 \ ":x
\\;.\)( Sat. fits
wosd t‘-.\: ‘..\‘
N
el ; w\kh o Q=15
04- TS quazee
] . -.'i"n;j_._.. — _ Q=025GeV

X
Forshaw,Shaw, hep-ph/0411337
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H1 + ZEUS
full ZEUS opan H1
=27 o’=25 3 =45 “‘\ Q6.5
1 \ ‘%'h,_
: . Qﬂ“*xm s,
T . = b
° \ Y -;%\52;1'0- .:'\‘\-:._.‘?2:-1- > \\.1_ 0P=15
by ' Ty
i %\4\“ h‘"‘-;h M\:‘- u W;‘i\

y Q=18 \‘rif=22 \_o"-=2? :‘_\oz=35
1 “\.. 4\_%6!. .,‘\*r
n 9 . il
=45 Q‘:ﬁﬂ 6F =70 E{:{m
1 \%"'!-Rt ‘i‘Rs-,_: \-%%_ :%.e‘q.n
s r=120 T2=150 CF=200 “oizso
5 Y X '
% % % LY
1 N e T g v
L -4 -4 4 2 -4 2
10 10 10 10 10 10 10 10
X
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HERA (DIS): F,(x,Q?) for charm described

> Saturation models describe well F, for charm: ., @ .
F§ (0, Q%) = ~— gyos(3p — 2X)
(Note: also DGLAP models) dmay

Q'=18.20 Q=40 Q=70 Q'=11.0

Machado-Goncalves, EPJC 30 (2003) R . T

0
Gay-Ducati 00001 0001 001 00001 0001 001 00001 0001 0.0l

=0
by,
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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:

Dipole model predictions for Fsm B ZEUS FPC

. . _ —— CGC b=6.8 GeV™?
. :: " p=00088 \H 0153 \\Wﬂm -~~~ FS04 sat b=6.8 Ge\"?
B >X e \%ﬁu&% A R FS04 no sat b=8 GeV2
X f A e p=00196 \\ PR \ e \\ p=0.1209
'PE rap.gap .. ““wmﬂﬁ;%, S o
L e ;

i S e
pP) p(P) s

], S B=0.1818 \...1!. pe0:28
[T ....l‘.-._‘_ -

p =0.1037 p=0.3125

X, = fraction of p momentum g

¥ §=0.4706
[ . l

carried by Pomeron p=06087

B = fraction of IP momentum

carried by struck parton

Forshaw,Shaw

hep-ph/0411337 Q=27 GeV* Q’ = 55 GeV’
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RHIC: Total AA hadron multiplicity (l)

> AuAu (200 GeV) 0-5% most central collis.: Predicted multiplicites:

HIING (chhfdln, b<3fm) | e |
HIJING+ZPC+ART (b=0) I
RQMD (b=3fm) Ihi
UrQMD (b<3fm) i m
VNI+UrQMD (b<1im) i m
HSD, VNI+HSD (b<2fm) i o
NEXUS (h<2fm) : i S —
DPM (Pb+Pb) i .
DPMJET (Pb+Pb, 3%) It 0
SFM (5%) 1 m
LEXUS (5%) It .
EKRT saiuration (b=0) im
Hydro+UrQMD (b=0) H Au+AU
Fireball (~5% | 200Gey ®
Il |
1000 1500
~ 650 charged particles per unit rapidity at y=0 dN_/dn
Cc

» Reduced multiplicity predicted by saturation models ("gluon recombination”

reduces incoming parton flux).
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RHIC: Total AA hadron multiplicity (ll)

» CGC: Final hadron multiplicity O Initial number of released gluons O Q ?

> Centrality & Vs dependence well described:

+ “local parton-hadron duality” (7 gluon = 1 final hadron) /
i

dN N
d*bdn  as(Q5)

1
07 o 1G(x,07) Al

V3 (GeV/A)
N
™~ O 5500
230 LHC
N 7 F
S 6
<z 5t
5 RHIC
© 47 200
3 PP 130
OProx: 62
2 19,
- e o
1 1 1 1 1 1 III| 1 1 1 1 1 III| 1 1 1
10 107
Armesto, Salgado, Wiedemann Npart
PRL94 (2005) 022002
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Collision of 2 classical
(saturated) fields

kﬂ
w

¢

J

Ak A

_,}d (Y _,} \(: R»M

Y
/“f m o
:,-’“ '.- .q ‘f*

3‘“; M y

Q, dependence on transv. area

1

~ Q2)

Kharzeev-Levin-Nardi, PLB507 (2001) 121
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Incl. DIS nuclear: “Geometric scaling” at low-x

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

P
E
e
~ bR ot "9
< -
a3 «C (EG65) \,“,
f ygt TCALEESH) Confirms approx:
oy «Pb (E6E5) h
*Li {NMC)
*C (NMC) 2 1/8
o 1.6 QS ~ A /
—~ 1.5 F
® 1.4 F “ NMC—¢f
1.3 F 9 NMC-A
1.2 £
1.1 F
| fhithp——
0.9 F
0.8 F
0.7 B
0’6 |_2 ||||_1| 1 Ll | 2
Armesto, Salgado, Wiedemann 10 10 1 10 5 10
PRL94 (2005) 022002 Th=Q / Qun
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RHIC: suppressed forward dAu p. spectra

» Hard hadrons at y=0 (x~102) described by coll. factoriz.+mild LT shadowing:

= C
g6 d+Au > JW +X at Vs = 200 GeV: mg 161 d+Au - 1+X at s = 200 GeV:
x - = ® PHENIX data 142_ @ PHENIX data
14 pQCD: PDF EKS98 (5, = 0 mb) r = pQCD: PDF EKS98
125 + pQCD: PDF EKS98 (5,,, = 3 mb) 1.2
e ? : | T
08 08] o ¢ ¢ +
0.6 + 0.6;*
0.4 0.4;—
0.2 0.2
:\\\I‘I\\I‘I\|\|\\\\|\|\\‘\\\|‘|\\|‘|\|\|\\\\|\|\\ Coov o v v b v b b e b b by
95 2 45 4 05 0 05 1 15 2 25 % 2 4 & 8 10 12 1416
y P, (GeVic)
g 2 o —— pQCD+shadow [Guzey et al]
o ¢ i — pQCD+shadow [Accardi]
> 3 1.8 B fﬁj}f‘?f —— C@C [Tuchin et al ]
At n = 3.2 (x~107°) suppressed hadron 1.6 —— GGG alian V]

DGLAP

spectrum p, ~ 2 —4 GeV/c not described 12
e e
by std. pQCD but by CGC: 08
0.6
reduced partonic flux in Au at low-x 0.4-

=

N
Nl
-

4 5
P, (GeV/c)
> But RHIC & HERA saturation “evidences” too close to non-perturbative range

(Q.2~1 GeV?). Much better conditions @ LHC (Q_2~5 GeV?, lower X, larger y)
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BFKL linear evolution equations

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

on
ayY

softer guo% %ﬁ .
S

~ N =% @Y ] X , Y = In(1/x)

. , [E. lancu, ECT*-07]
Gluon “cascade

as ¥

S
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Non-linear QCD evolution equations

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

- el 0 f = winen n ~ —
oY :

(g

> 0 TTOUT
= o Q0 55500
:_"' o000 0 TOTO0
?'* 000000 S .
23 Q. [E. lancu, ECT*-07]
“ ” # £ A
Gluon “cascades

L
20 alelelelolololelololololriololniele
\.‘ -

» i o
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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) :—i— asn(p,Y) — a 2n2(p,Y)

q-

-
()
' alhlelolele
i
'J
00 BT O
'
o,

13 L] g 0 y A [E IanCU, ECT*'O7]
Gluon Cascades , :Houoontnu

> i
‘B vy

» 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):

)
;;—(10”—1—(11?—(1 n” —i— (v(Y1)v(Ys)) = 6(Y1 — Ya)

[E. lancu, ECT*-07]

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):

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

dN, iz

: 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: @ < @, e ~ 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)~107
(y=3): x(J/WP) ~ 2:10°, x(Y)~10*
Small- &D. 200 581/09/%6T7r0n tagging (£DC): ~50% UPC colls. lead to nuclga Qﬁemau(BERN




CMS: TOTEM-2 and CASTOR (5.2 <|n|< 6.6)

T2 telescope

e CASTOR " ,
PMTs » Tungsten plates + quariz fibres

Active volume /{10 /3 - Cherenkov sampling calorimeter
i Tk ~E — RN s . Lig.ht-guides + APDs readout
oaant) ~_ . * Azimuth segmented (8 octants)
77 - EM section: 11.2¢cm ~ 19 X
« HAD+EM sections: 136 cm~ 10\,
+ 192 channels
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