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Theory: high-energy QCD
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Our aims:
understanding

® The implications of
unitarity in a QFT.

® The behavior of QCD at
large energies / hadron
wave function at small x.

® The initial conditions for
the creation of a dense

Where do the available
experimental data lie?
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medium in heavy-ion
collisions: nuclear WF +
initial stage.




Saturation ideas: CGC

Hadron wave function

fixed Q3

E

parton d;sity\

39

~
-~

time

Small-x physics at the LHeC: |. Introduction.



Saturation ideas: CGC

Hadron wave function

~

fixed Q3

Source (frozen)

09999 ©%)

saturated

parton defisity
%x)ﬂ)

dilute,
Q. (x)<Q

\%

>

Classical,

AHoc | /X

+~<*

time

Small-x physics at the LHeC: |. Introduction.



[ )
Satu ration:
( J
@ DENSE - [fixed Q]
REGION s
& DENSE

REGION

' BK/JIMWLK
‘ a
()

DILUTE
REGION A
DILUTE
REGION
DGLAP

InQ

non-perturbative region

eA complementary
to ep: nuclei offer the
possibility of testing
these ideas (density
effect) and enhance the
saturation effects for a
fixed x (energy).
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DGLAP analysis of npdf’s:
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Statu S: R Albacete et al 09
Ls,,\

02_0 5 GeV?

e,

Q*=25 GeV?

® Three pQCD-based alternatives up omcer
to describe small-x ep and eA data: e
— DGLAP evolution (FO PT). o LNM

— Resummation schemes. # ﬂ«\\

— CGC (dipole models and rcBK). : . LLLH‘“ 3 caver
her: NA, Kaidalov, Salgado, T iuk ‘10.

(Other aidalov, Salgado, Tywoniuk ‘10.) F,. 1‘“‘{ L%,'
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0.6
SAE  QP=20 GeV? Q’=50 GeV

e Differences lie at moderate " wiccay " }Lﬁ
Q%2(>/A\%*qcp) and small x. Hints of = & omer % comew X
deviations from NLO DGLAP at small F,; b %

0.6
o4 Q°=250 GeV* ) Q*=450 GeV*

X (Caola et al ’09). R s s L

FL - data: H1 (PLB665, 139; x-averaged)
08— solid: GBW Inltial conditions

® Unitarity (non-linear effects): where is it? =} doxed:wvintia conations

06—

« Theory: refine the tools and predict. HLJWL |
e Experiment: LHC, EIC, LHeC. :
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Project:

oLHeC@CERN — ep/eA experiment using p/A from the LHC:
E,=7 TeV, EaA=(Z/A)E;=2.75 TeV/nucleon for Pb.
® New e*/e accelerator: Ecm~1-2 TeV/nucleon (Ec=50-150 GeV).

nuclear DIS - F, ,(x,Q%)

® Requirements:
* Luminosity~1033 cm2s-!.

d’Enterria

Proposed facilities:

. | LHeC
Fixed-target data:
.~ NMC
| E772
— E139
E665 e-Pb (LHeC)
L EMC (70 GeV - 2.5 TeV)

* Acceptance: |-179 degrees
(low-x ep/eA).

*Tracking to | mrad.

* EMCAL calibration to 0.| %.
* HCAL calibration to 0.5 %.
* Luminosity determination
to | %.

* Compatible with LHC D .
operation. 10°  10° 10* 10° 102 10"

Q’ (Pb, b=0 fim)

perturbative

non-perturbative

X
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Physics goals:

LHeC Experiment:

E XXX L1

- HERA Experiments:

[ H1 and ZEUS

Fixed Target Experiments:
NMC
BCDMS
E665

A

New Physics
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Electroweak Physics
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Large x
Partons

® Proton structure to a few
102 m: Q2 lever arm.

| ® Precision QCD/EWV physics.

o High-mass frontier

(leptoquarks, excited fermions,

' contact interactions).

71 ® Unambiguous access, in ep

-3

-2
10

77 and eA, to a qualitatively
. novel regime of matter
| predicted by QCD.

1 ® Substructure/parton dynamics

inside nuclei with strong
implications on QGP search.
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Standard
Parameters

Beam size

Luminosity

Protons
Np=1.15*10"
Ep=7 TeV
nb=2808
Ip=582mA
f,=180cm
B,,=50cm
&y =0.5nm rad
{-:W=0. Snm rad
30 um
-I 5.8

Electrons
Ne=1.4*10"0
Ee=60 GeV
nb=2808
Te=111mA

=7 6nm rad
P -3 8nm rad

Ve

1 Collider.




The machine:

Zimmermann, 20.05.2010
60 pulsed, racetrack

1.67 km LHCp

034km * >

}

30-GeV linac

circumference = 4.4 km

CW energy recovery

erl 10-GeV linac

10-GeV linac
\ circumference = 8.3 km

® lons RR/LR: lumi/nucleon ~

|-2%10%?cm™?s™!,~ ep for 179°

Linac-Ring option

highest energy racetrack

70-GeV linac

circumference = 14.1 km

p-60

erl

p-140

e~ energy at [P [GeV] 60

60

140

Jluminosity [10%2 cm—2s71] @

10.1

0>

polarization [%o] 90
bunch population [10°] 4.5
e~ bunch length [ pm] 300
bunch interval [ns] 50
transv. emit. ye, ,, [p#m] 50
rms [P beam size [ pum | 7
hourglass reduction Hy, 0.91
crossing angle 8, 0
repetition rate [Hz]

bunches/pulse [10°] 1
pulse current [mA]

beam pulse length [ms]

ER efficiency n

acceptance (low-x) (owett@DIS10). voil pvalieierpesser T

U
2.0
300
50
50
7
0.91
0
CW
N/A
10
N/A
94%
100

9
1.6
300
50
100
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The detector: low-x/eA setup

HaC-Barrel-fwd

Fwd Tracking

|

20
HaC-insert-Y2-fwd

.7;-u-.__44 / 40
ttral Tracking HaC-insert-%bwd |60
T —

12
EmC-insert-Y2-fwd
£m-Endcap-fwd

>

Kostka, 20.05.2010
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Kinematics:
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ep inclusive pseudodata (1):

® Extensive model comparison
under way (Albacete).

® | HeC substantially reduces the
uncertainties in global fits: FL most
useful.

| NNPDF1.2

- NMPDF1.2 ¢ LHeC amall-x F2p

HERA + LHeC F,

11 l 1 1 L1lLl l 1 llllllll 1 llllllll
10‘ 10” 10% 107

(Q2 -2 GeV?)

Small-x physics at the LHeC: 3. Inclusive observables.

F){l (2"' () —

Y

2GeV?

4

Albacete

NNPDF 1.0
— IPSat-1

BGBK

- BGBK-2

AAMS + charm
— IPSat-2

—~ [] DGLAP based
T e - BK based

A4 2112l 1 PR S
0.0001 :
X

S| eeerorz

- NNEDF 1.2 + LiHeC small x F2p FL




ep inclusive pseudodata (ll):

[Forshaw, Klein, PN, Soyez] '
LE Q% =2 GeV? Q2 =5 GeV?
Forshaw & Shaw; FSD4-Regge
Forshaw & Shaw; FS04-sat

Forshaw & Shaw; CGC
» Soyez, HF-impraved CGC

2 __ @ [ension between F; and
T=0EY 1 FLin DGLAP fits as a sign
of physics beyond standard

DGLAP (GBW and CGC
models).

[ >

[Forshaw, Klein, PN, Soyez]

oF @°=2GeV? Q’=5GeV’
osE + Forshaw & Shaw, FS04-gat

o 0 = Forshaw & Shaw, CGC £
6E- ~ Soyez, HF-improved CGH

llllllllllllllllllllllllllllllllllllllllIllllllll

o

é

#3*3#3 }

lllIlllIIIIIIIIIllIIlllIllqull

O«

Q% =30 GeV?

b -
-
-
-
—
—
)
-
b
—
-
=
=
—
—
-
=
—
—
—
-
=
-
—
—
-
-
-
-
——
=
-
-
-
—
=
=
—
b -
}
b—
b
—
—
-
-
-
—
}
-
-
-
-
a
-
-
-
-
b—
—
—
-
-
—
-
—
-
-
_—
—
—
—
-
S
-
—
-
—
-
-
-
)
b
—
—
-
=
=
—
b
-
-
-

llillllll]llll]llll]llll]llllllll]lllllllllllllll lllllllll[lllllllllllll

o
&
Q r
O
a

lIIIIIIIIIIIIIIIIIIIIIIIIIIIIIHIIllllllll]llll T

Small-x physics at the LHeC: 3. Inclusive observables.



ep inclusive pseudodata (ll):

[Forshaw, Klein, PN, Soyez]

Q% =2 GeV’ Q% =5 GeV’

Forshaw & Shaw; FSD4-Regge
* Forshaw & Shaw; FS04-sat
s« Forshaw & Shaw; CGC
» Soyez, HF-impraved CGC

: _ ® [ension between F> and
+=1EY 1 FLin DGLAP fits as a sign
of physics beyond standard

DGLAP (GBW and CGC
models).

O

3
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F, atthe LHaC - Simulated data from FS04 saturation model F_ atthe LHeC - Simulated data from FS04 saturation model

" LHeC simulated data seee—s | + L LHeC simulated data seefilf=s Tt Roi
~  NNPDF1.0 + LHeC data NNPDF 1.0 + LHeC [Rojo]

v =50 GeVE - ‘_I
) O
L i .

_ . L
a

,l-_-_'_.
.'—“'U-u-u v

Mg Oy w

'y

¥

$
3

1e-05 0.0001 1a05
X

Small-x physics at the LHeC: 3. Inclusive observables.



ep inclusive pseudodata (lll):

® Charm and beauty, to be included in the fits (HERApdf;
systematics half than at HI).

LHeC

107 T \\\\\\I T T \\\\\\I
o ] i © x=0.00003
100 x=0.000007 3 - o x=0.00007
x=0.00003 : :
10°

1 i ® x=0.0003
x=0.00007 = -
E g x=0.0007

10°

./"M/H x=0.0007 . g

: : x=0.003

_/M x=0.003 f ’ _/'/‘/.XH x=0.007
x=0.007 :

W o —% = x=0.03

e 900

o—e—9o—9o 9o 9o o @ TXZO-l _E
?—T—i—L—l_._._.xo.B
10 ——

6 | Ll | Lol L N L] 6 [, Lo |
10° 10 10 10° 10* 10 10
£.=0.1, bgd =0.01 g,=0.5, bgd =0.1
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ep inclusive pseudodata (lll):

® Charm and beauty, to be included in the fits (HERApdf;
systematics half than at HI).

LHeC - Measurement of 'F,°(x,Q°)’

10’ LHeC 1.3 T T T T T T T T
Wl NNPDF2.0 ——
: 19 Total Experimental Error ———

10°
10°
10° -
10°
10'F
10
10" -
107 £
10° £

1.1

:

0.9

Relative Uncertainty

0.8
107¢ 10 degree Scenario

T 0 5 10 15 20 25 30 35 40 45
Data Point ( starting rom small-x and Q? )
Rojo@DISI0
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eA inclusive pseudodata (l):

® Good precision can be obtained for F and FLat small x
(Glauberized 3-5 flavor GBWV model, NA ’02).

Re (x,5 GeV?)

R,'::’(X,S GeV?)

— FGS10 . af : — FGS10

Data: LHeC - 2f Data: LHeC
‘ ‘ s

©
©

©
©

Fa(%,Q%) /(208 F,°(x,Q%))
@)
5 ,
(@)}

0.8
- Q°=2,4,7,9,12,20,35,60,120,200,400 GeV*

0’75 — ! \\\\\H_ ! \\\\\H‘_
10 °° 10"
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eA inclusive pseudodata (ll):

® [, data substantially reduce the uncertainties in DGLAP analysis;
inclusion of charm, beauty and F_ in progress.
R
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Note: FL in eA

1. 2 _NC 2
e  Qw dfo™Y ‘ _y_& . 5
G 2ralY, dedQ? & [l Y, FJ ’ Yp=14+0-y)
® [ traces the nuclear effects on the glue (Cazarotto et al ’08).
® Uncertainties in the extraction of F2 due to the unknown nuclear

effects on FL of order 5 % (larger than expected stat.+syst.) =

measure F_ or use the reduced cross section (but then ratios at two

energies...).
NA, Paukkunen, Salgado, Tywoniuk, 10

r o RFL nDS o HFL HKNO7 { " p—

“| H- R EPSO09 /| R Fas1o

Q’=4 GeV? T QF Q’= 4 GeV? r Q%= 4 GeV?

L it + — R HKNO7
| RFL EPSOQ 1|8 - T RG HKN07

“ [+ Rrs EPS09

/
/|l == Re FGS10
/| R Fasto

_ 0?=2,5,10,20,50,100,200,500 GeV? HILL

T

Q%= 100 GeV? T Q%= 100 GeV? T Q%= 100 GeV? T Q%= 100 GeV?

0-2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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ep diffractive pseudodata:

Small-x physics at the LHeC: 4. Diffractive observables.

® Large increase in the
M2, xp=(M2-t+Q?)/(W?
+Q?), B=x/xp region
studied.

Diffractive event yield (x;p < 0.05, Q° > 1 GeV?)

® LHeC (E =50 GeV,2fb")
e HERA (500 pb™)

t

150 200 250

M, / GeV




ep diffractive pseudodata:

Note: diffraction in ep is linked to shadowing in eA (Gribov):
FGS, Capella-Kaidalov et al....

NA, Kaidaloy, Salgado, Tywoniuk, 10

1.2

Glauber-Gribov CFSK

Small-x physics at the LHeC: 4. Diffractive observables.



Elastic vector meson productlon
v+,

3
lO 3
C 1=-0.35 GeV’
1=-049 GeV’

1=-0.73 GeV>

® Most
promising!!!

{=-103 GV’

do/dt (yp — Ty p) / nb Ge V™

t=-135 GeV’

1=-1.75 GeV>

o¢¢¢¢”’¢*¢¢’*
a®

APy P

1 AN R E,. = 50 GeV, 1° acceptance, L=2 fb-!
i i LHeC cenllal vales llom I
H1 extmolallng HERA data
Q ZEUS G‘('}’p) - (2.:96 anW:’GfeV)TZf‘--"
*  LHeC Simulation : faw?
—— b-Sat (eikonalised)

--- b=Sat (1l-Pometon).

11 III[lllIIIIIIIIIIIIIlIIIII
200 400 600 800 1000 1200 1400

W/ GeV

llllllll.'Jll

YpP2Yp

c(ypp—=>Yp)/nb

® LHeC Simulation

E.= 150 GeV & ZEUS (final data)

. E.= 100 GeV
E. = 50 GeV :

: Venml(ddﬂed) lines mdi:aie vall&d of
,,,,, -~J§ _\[45 E al tne LHeC wilh E = 7 TeV

| 1 l L

500 1000 1500 2000 2500
W' (GeV)
N
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Nuclear diffraction:

® Problem: diffraction maybe | NA, Kaidalov, Salgado, Tywoniuk, ‘10
coherent (etA—e+X+A), :
incoherent (etA—e+X+/Zp+
(A-Z)n) and inelastic (e

+A—e+X+X’) = challenging

experimental problem.

coherent *

Q2 =5 GeV?, zp = 0.001

do/dt (YA — J/w X))/ nb GeV™

Kowalski et al ‘08

-
11 | L 11 ‘ L1 I | I | L1 I L 11 I L1 1 [ | I - I L i1 I Ll
100 200 300 400 500 600 700 800 900

W/ GeV
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In-medium hadronization:

® The LHeC (Vmax~10° GeV) would allow to study the dynamics

of hadronization, testing the parton/hadron eloss mechanism by
introducing a length of colored material which would modify its

pattern (length/nuclear size, chemical composition).

® Low energy: need of

hadronization inside —
formation time, (pre-)
hadronic absorption,...

® High energy:
partonic evolution
altered in the nuclear
medium, partonic
energy loss.

Small-x physics at the LHeC: 5. Final states.
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Small-x physics at the LHeC: 5. Final states.

Forward jets:

® Studying forward jets
(pT~Q) would allow to

understand the
mechanism of radiation:

— kt-ordered: DGLAP

— kt-disordered: BFKL.
— Saturation!

® Further imposing a
rapidity gap (diffractive
jets) would be most
interesting: perturbatively
controllable observable.




Hadronic final states:

o U n d e r' Stu dy: M O nte | final particle distribution dhdetaei | energy distribution
F

Carlo samples with k ol —| ]
DPMJET llI+FLUKA _ T ol

red: inclusive ]

for HFS’ inCIUding _ black: singlediﬂé 10%

nuclear evaporation in : _Xe<001

eA — particle/energy ., E]"‘A

10

fluxes. : TR F R R S N A (0 R

T]Iab

® Preliminary reSUItS dndetani| | neutral energy distribution dedetani
for LHeC indicate: :

— ~ 2 <jnteractions>

in ePb: reduced
rapidity gap survival.
— ~ | % of events

with Pb left intact. WA,
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Hadronic final states:

| energy distribution

| final particle distribution dndetaei

® Under study: Monte

Carlo samples with

DPMJET llI+FLUKA
for HFS, including
nuclear evaporation in

eA — particle/energy }lﬂ iy

e'(50)+Pb(2750) _|
red: inclusive |
black: single diff
green: coh. diff.

so/da: w/wo e |

%

ﬂuxes. O [ RS T |

5

1006 |
10°E

1035

10°H
105

1k

dedetaei
ntries  6.020729e+07

. Prelimina’ry reSUItS | neutral distribution I dndetani

dedetani
tries  1.702591e+07

for LHeC indicate:
— ~ 2 <interactions>

in ePb: reduced
rapidity gap survival.
— ~ | % of events

with Pb left intact.
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Summary:

® Many issues remain open about small-x physics (behavior of the
hadron wave function at small x): describable by pQCD?, need of
resummation/onset of unitarity in the accessible kinematical regions?

e Current ep experiments cover pp@LHC at y=0;in eA, not even
dAu@RHIC is really constrained.

® An electron-nucleon/ion collider offers huge possibilities to test
our ideas about high-energy QCD. eA: ampllf‘er of denS|ty effects;

implications on UrHIC complementary o

Proposed facllltles:

to pA@LHC e e d’Enterria

Fixed-target data:

~ NMC

o | HeC@CERN: new facility for ep/eA _
at Ecm~1-2 TeV under design.

® | HeC could be built in 10 years,
depending on LHC schedules and on us. |
CDR in progress. il il el il il

10° 10° 10* 10°® 102 10"
Small-x physics at the LHeC.
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Theory: high-energy QCD

Y =1In1/x 4

Non-linear |
Saturation

3 2
INQ.(Y)=AY
oL ¥

Linear

Dilute system

I BFKL

2
In /\OCD

Our aims:
understanding

® The implications of
unitarity in a QFT.

® The behavior of QCD at
large energies / hadron
wave function at small x.

® The initial conditions for
the creation of a dense

Where do the available
experimental data lie?

Small-x physics at the LHeC: |. Introduction.

medium in heavy-ion
collisions: nuclear WF +
initial stage.




DGLAP analysis of npdf’s:

e Data sets: ~100 DY, ~20 from 11°, rest up to ~900 from NC DIS;

neutrino data under discussion (see CTEQ ’09, Paukkunen-Salgado ‘10).

Valence Sea quarks Gluons

13 F
12 |
ufF
10 |

09 i
08 -

07 |-
06 = A=208 Qf _ 10 A=208 Qf=2
05 L1 1l L1 ol 11 L1 aaanl L1 anl
10 10° 10* 10" 1 0* 10° 10* ! 10° 10°
I I I

- COﬂStl‘ained b)’ DIS MRBLLRLLL IR LLLL I LLLLLL IR | L

. Drell-Yan
m SLACDIS

- Constrained by DY = NMC & EMC DIS

= PHENIX 7 7=0.0

Constrained by Sum rules

Assumptions

Salgado R
.' " BRAHMSh =22

® BRAHMSh 7=3.2 _]

11 Illl I#IIIIIII 1 | llllIlI 1 lIlIIIIl 1 | lIIl:

10° 10* 1070 107 100 1

Small-x physics at the LHeC: |. Introduction. g




Kinematics:

2

Top to botiom: =25, Red: 2750450
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Red: 7000450

5

o, im

-
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Rlack: §20+30 X Creen 100420

ALICE expected reach in 1 yr. pA(Ap) collisions CMS expected reach in 1 yr. pA(Ap) collisions

® cp:access to the perturbative .. T e

L 1 Photons F [ Jets Inl<5

| 1 Photons I#l<3

region below x ~ a few 105 :,zd;::;';‘.’im o

" [ D’s i<0.9

® cA: new realm.
® No small-x physics without ~

Present | I Present |
DIS+DY |3 E / DIS+DY |3

| degree acceptance. “ AW il

1

10°

Small-x physics at the LHeC: 2.The Large Hadron-electron Collider. Salgado




L HeC scenarios:

config. E(e) EN) N [L(") [L(e) |[Pol] L/10% P/MW years type

20 1 10 1 SPL

50 5 : . 25 30 2 RRhiQ’

50 . 1 30 1 RRIox
25 40 2 LR
1.8 40 2 LR

05 30 1 eD

50 1 p - 1 25 30 1 lowEp
50 35 Ca  5-10* 7 5-103 2 ? eCa

A
B
©
E n .
F s S
@ 50 . Pb 104 |04 . 103 30 1 ePb
H
0
N

® For F: 10,25, 50 + 2750 (7000); Q2<sx; Lumi=5,10,100 pb"'
respectively; charm and beauty: same efficiencies in ep and eA.
Small-x physics at the LHeC: 2.The Large Hadron-electron Collider.




scenarios:

®
2
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Top to bottom: Q*=sx, _
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llllll 1 LA

op to bottom: Q"=gx,
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; l‘h

..ned: 7000450
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Black: 920+30

1 | X
Small-x physics at the LHeC: 2.The Large Hadron-electron Collider.
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eA inclusive pseudodata (ll):

® [, data substantially reduce the uncertainties in DGLAP analysis;
inclusion of charm, beauty and F_ in progress.

1.0

0 Pseudodata il m EPSO9NLO
0.9 by N. Armesto
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Small-x physics at the LHeC: 3. Inclusive observables.



DVCS:

® [arge kinematical extent
compared to HERA.

Favart and Machado, Q? = 30 GeV?
- W = 200 GeV (x1)

Q? = 30 GeV?

- LHeC sim (FS04sat, 1 fb™)
- LHeC sim (FS-CGC, 1 fb™)
LHeC sim (Favart, Machado, 1 fb™)

-
o

W = 400 GeV (x2)

* W =650 GeV (x4)

—t

dogycs/dt  /nb GeV?

700 800

W/ GeV

Small-x physics at the LHeC: 4. Diffractive observables.



