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|.The problem of (n)pdf’s at small x:

2.What next?;: LHC, EIC, LHeC.

o | HC.
e EIC.

® | HeC: the accelerator, physics goals, the detector.

3. Small-x studies with the LHeC:

® ep inclusive pseudodata and their effect on pdf’s.
® cA inclusive pseudodata and their effect on npdf’s.

® ep, eA diffractive pseudodata.
e F in eA.

4. Summary.

See the talks by P. Quiroga, D. d’Enterria and all others.

Small x physics at the LHeC.



Coherence: small x

® The mean life of a fluctuation with
scale Q is:

Y

2’77 nucleon¥

A) x— | (W—=mnN?): incoherent scattering, Oo=AC".
B) x—=0 (W —=): coherent scattering, Oa<AC".

A) B)

e Small x is defined by T>>R;, = x<<0.|A"'3: coherent scattering.
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Findings at HERA:

HERA F2 . . .
e zsmoacon ® Most available information,

x=0.000632 —— H1 PDF 2000 fit

0000652 above all at small x, comes from

e H194-00

x=0.0013
4 H1T (prel.) 99/00 H E RA:

x=0.0021 = ZEUS 96/97

& BCDMS
x=0.0032

x=0005 r~1r~v-;'<?» A) F2 o X-O3 at Sma” X, ﬁxed Qz.

o B) Ouif/ Otor~ 15 %.

x=0.013

x=0.021

when the hadron
remains intact

rapidity gap
An =1In(1/zp)
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Findings at HERA:

: HERA F, . : .
SN TG ® Most available information,

x=0.0004
x=0.0005
x=0.000632 —— H1 PDF 2000 fit

300053 above all at small x, comes from

e H194-00

x=0.0013 A
4 H1 (prel) 99/00 H E R :

x=0.0021 = ZEUS 96/97

& BCDMS

/"'j:':ﬁ A) F2 o« x93 at small x, fixed Q2.

 Hland ZEUS Combined POF Rit__ B) T/ Oeor~ 15 %

Q*=10 GeV? K

—— HERAPDFO.1 (prel.)

[ exp. uncert.
D model uncert.

when the hadron
remains intact

rapidity gap
A’I? = |n ( 1/.CUIP>)

HERA Structure Functions Working Group
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DIS on nuclei:
> F3'(x, 0%)
RE,(x, Q°) = Aanﬁcleon(x’ o) ® R=|:absence of nuclear

O'x & effects.
2ne?[1+ (1 - y?] dxdQ?

T, =

not known

. . .
- e 0 - g sl R#| discovered in the

: ﬁ , early 70’s.
W =y /[1+ 1 =y)] y= Q% sx

_ Ff(z,Q?)
- AF}(x,Q?)

shadowing | %[ -

.l‘)...
IR
7 ——t

Fermi motion

O NMCO95rc

antishadowing [ o NMcss
035

% - a1 EMC effect
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Practice: factorization

FPP—h _ fp(.’ltl,Qz)@fp(-’l?zaQ )®0 T, L9, ()

pT'I'm ot

$12N

® The usual tool to compute particle productlon is collinear
factorization (for Q~Ecm>>AqcD).

e fh, DGLAP-evolved, poorly known out of the

measured region.
Small x physics at the LHeC: I. Introduction.




’
pdf’s:

® Inclusive HERA data are well described by usual DGLAP analysis:

CTEQ, MSTW,Alekhin, HI/ZEUS, NNPDF. Other proposals include:

|) Resummed L(1/x) schemes.

2) Saturation ideas: unitarity; CGC, Regge models, etc.

Uncertanty of gluon from Heszian method

lllllll Ll Ll lllllll Ll Ll lllllll Ll Ll ll!llll
F
i
H
J

Ratio of xp(x Q Vxzx.Q° MRST2001C) 2t Q=5 GeV*

Non-singlet
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’
pdf’s:

® Inclusive HERA data are well described by usual DGLAP analysis:

CTEQ, MSTW,Alekhin, HI/ZEUS, NNPDF. Other proposals include:

|) Resummed L(1/x) schemes.
2) Saturation ideas: unitarity; CGC, Regge models, etc.

Uncertanty of gluon from Heszian method

B LY | LR | ! ""[""

Ratio of xp(x. Q" Vap(x Q° MRST2001C) at Q°=5 GeV*

H1 preliminary data

CH1 ;K‘relimihary data —%—
NNPDF1.0 - NLO ——
NNPDF1.0 - NLO resummed

-2 -1
10 2 10
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9
npdf’s:
e Data in EPS09 (Q?%, M2>1.69 GeV?; pr>1.7 GeV): 92 from DY

(E-772 and 886), 20 from 11° (PHENIX), rest up to 929 from DIS
(E-135, EMC, NMC); neutrino data in CTEQ.

Valence Sea quarks Gluons

1 0% 10° 10°
I

- Constrained by DIS
- Constrained by DY = XWC & EyCDIS

= PHENIX 7 7=0.0

Constrained by Sum rules

Assumptions

- J* " BRAHMSh /=22 -
0.1 L = ® BRAHMSh 7=3.2 _
= 111 Illl I#IIIIIII 1| llIIIlI | lIIIIlll 1| IIII_

10° 10* 1070 107 100 1
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’
npdf’s:
e Data in EPS09 (Q% M2>1.69 GeVZ pr>1.7 GeV): 92 from DY
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’
npdf’s:
e Data in EPS09 (Q% M2>1.69 GeVZ pr>1.7 GeV): 92 from DY
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Theory: high-energy QCD

Y =In 1/x} | :
," ﬁ’ Saturation 3: H IStOI"y:

Regge ('50’s)
o] 1 SLAC (°65)
Gribov ('60’s,70’s)

un ’
Dilute system ! QCD (7 3)
o] Linear eqs.: DGLAR
BFKL (°77)

{

T BFKL Iar‘

Wa Non-linear eqgs.: GLR, [
@ PELAT MQ ('80%s)
| | (e L HERA (90) |
In Ageo inQ?|thd Saturation: MV, GBWY,
BK ('90’s,00’s)
Origin in the early 80’s: GLR, MQ, MV. s ((gg))
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Theory: high-energy QCD

Y =1In1/x 4

/ﬁ' Saturation

@ Dilute system

T BFKL

DGLAP
e

—

2
N Agep In Q2

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

Origin in the early 80’s: GLR, MQ, MV.

Small x physics at the LHeC: |. Introduction.

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




Theory: high-energy QCD

Y=In1/x} Non-linear | Where do the available
Saturation . .
experimental data lie?

nQ%(Y)=AY

. ® The implications of
Linear unitarity in a QFT.

Dilute system

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

_|® The initial conditions for
nAZ__ ina?|the creation of a dense
medium in heavy-ion

Origin in the early 80’s: GLR, MQ, MV.  collisions: nuclear VWF +
initial stage.
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Saturation ideas: CGC

Hadron wave function

fixed Q3

E

parton d;sity\

39

~
-~

time
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Saturation ideas: CGC

Hadron wave function

~

fixed Q3

Source (frozen)

09999 ©%)

saturated

parton defisity
%x)ﬂ)

dilute,
Q. (x)<Q

\%

>

Classical,

AHoc | /X

+~<*

time
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Nuclei: they offer the
possibility of testing
these ideas (density
effect) and enhance the
saturation effects for a

fixed x (energy).

Small x physics at the LHeC: I. Introduction.



® Phenomenology based on saturation (rcBK) is successful for
inclusive and diffractive DIS for small and moderate Q2.

® Deviations from NLO DGLAP have been claimed recently
(Caola Forte, Ro]o '09), mcompatlble with NNLO.

0.6
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04
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08— S solld: GBW Inltlal conditions

- dotted: MV Inltlal conditions
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Status:

® DGLAP evolution (fixed order PT) is extremely successful in
inclusive DIS. Diffractive DIS can be understood too, but diffractive
factorization breaks when going to pp(bar).

® Resummation schemes (L(1/x): BFKL = CCFM, T,ABF, CCSS):
look nearly ready to become competitive.

® CGC realization (no longer models!) is also successful.

¢ Differences lie at moderate Q?(>/A?qcp) and small x.

e Unitarity (non-linear effects) must be out there (maybe even
already in here), the question is where ‘there’ is =

e Theory: refine the tools and predict.
e Experiment: measure new kinematical regions: LHC, EIC,

LHeC.
Small x physics at the LHeC: 2.What next?
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ALICE expected reach in 1 yr. pA(Ap) collisions

1063* T IIHHW T YYHHW T IIHHW T IIHHW T Y‘YHH}E

® pp at N=0 should be quite well constrained — ==

1 Photons

by HERA data (+ DGLAP evolution). " %EZ"LZ’EQ’:‘.’IZM.<-2.

=1 D’s l<0.9

® pp at N>0 will offer constrains on pdf’s

® pPb, not coming during first pp runs, would |
give valuable information about npdf’s. : = / oz

data

T T
L 5
. LHC Experiments:

10° 1

£ [ Atlas and CMs f
" [1 atlas and CMs rapidity plateau g Sal ado
I s I 2 i CMS expected reach in 1 yr. pA(Ap) collisions
£ TEVATRON Experiments: ’ y 108 T T T T T T T
- [EZ1 DO Central+Fwd. Jets Yo E
= [Z2 CDF/DO Central Jets et £ Jets ni<5
- HERA Experiments: Ly erores:
- 7] H1 and ZEUS 1994-2000 A ] 5 Photons Ijl<3

Fixed Target Experiments: o = 10°¢ = Hadrons Iyl<2.5

NMC o ! L =

BCDMS
E665 P e \
SLAC ) RS ST St 10°E

10%E

10

Present

DIS+DY
data
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EIC:

® Project at JLAB, uses CEBAF, need of building a proton/nucleus
accelerator: larger cost and luminosity. Polarized protons?

® Project at BNL, uses RHIC (polarized protons), need of building
an electron accelerator: lower cost and luminosity. Stage
approach in coordination with RHIC-II.

- < Higl gy set Low energy set
— . Plot, table from 2008!!! e

P
e-ion detector -
Energy, GeV 250 10 5 3

I _— A Y Number of bunches
/‘4—— Possible locations — i

for additional e-1on | Bunch spacing, ns

detectors Bunch intensity, 101!

Beam current, mA

Normalized 95% emittance, x mm.mrad

eRHIC

Rms emittance, nm

PHENIX

p*, x/y,cm

Beam-beam parameters, X/y

Main ERL Rms bunch length, cm
Beam (1.9 GeV) STAR Polarization, %
dump w Peak Luminosity, 1.e33 cms!

| 2 k Aver.Luminosity, 1.e33 cms’!
Low energy Four recirculation -

: . Luminosity integral /week, pb-!
recirculation pass ectron passes

source
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LHeC: www.lhec.cern.ch
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The Large Hadron Electron Collider Project

1990: LEP*LHC (Aachen Workshop)
2001: THERA (TESLA TDR)

2005: LHeC: * DIS, Madison

2006: 1033cm2s1: 2005 ansT 1 10001
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L HeC: the accelerator

® |nteraction points: ALICE, LHCb.
® RR, LR options explored in the CDR.
® Luminosities in ePb comparable with those in ep!

Ring-Ring ep/eA

Arc Radius =120 m
Q_—Q«:l IP

Length =15+ 412+ 0.3 (IR?) = 2.3 km

Arc Radius =700 m

N
e \
« 30 or 70 GeV »
Bypass

\ N y/

P

>

Length =39+ 0.3+ 0.3(IR?)=4.5km

E.=10..70GeV. L,~¥**cm?s™ (100 times HERA)

Small x physics at the LHeC: 2.What next?



L HeC: the accelerator

® |nteraction points: ALICE, LHCb.
® RR, LR options explored in the CDR.
® Luminosities in ePb comparable with those in ep!

config. [E(e) EN) N JL(e) |/L(e) [Pol] L/10** P/MW years type
fbt!

20 | 10 1 SPL
50 : : | 25 30 2 RRhiQ*

50 | . 30 1 RRlox

40 2 LR \\b

or 70 GeV
Bypass

/

LR

eD

E.=10..70G

Small x physics at the LHeC: 2.What next?




LHeC: physics goals

Vs=1-2 TeV: U

LHeC Experiment:

. : New physics on
. . - HERA Experiments: scales ~10-9m

® High scale frontier (Mg, s £ i and z8US b

Qz) ' ? Fixed Target Experiments:
) i NMC

: BCDMS LTSS

E Cees s2e2e2s2e e Mbnhadinds

: - | High precision |

® EW and nggS, 3| SLAC /| partons in LHC [ <
= SO, plateau

® Q< lever-arm at MNuclear

M Structure
moderate and high x — | Tl alows B
) - 4 <1 Parton
(n)pdf S. i Density |-

| Matter |- Dynamics foo

o A AL

® Low x and small to
moderate Q? — high-
energy QCD dynamics.

Small x physics at the LHeC: 2.What next?



LHeC: physics goals

Vs=1-2 TeV:

e High scale frontier (Mg,

Q?).

uncertainty on g(x)

® EW and Higgs.

e Q?Zlever-arm at

moderate and high x —
(n)pdf’s.

® Low x and small to
moderate Q?* — high-
energy QCD dynamics.

Small x physics at the LHeC: 2.What next?



LHeC: the detector

Muon chambers LHeC Detector version for low x and eA

(fwd,bwd,central)

Coil (r=3m |=11.8m, 3.5T)
[Return Fe not drawn,
2 coils w/o return Fe studied]

Central Detector

Pixels
Elliptic beam pipe (~3cm - or smaller)

(fwd/bwd )
[Strip or/and Gas on Slimmed Si Pixels]
[0.6m radius for 0.03% * ptin 3.5T field]

El.magn. Calo (Pb,Scint. 9-12Xo)

Fwd Detectors

(down to 1°)

Silicon Tracker
[Pix/Strip/Strixel/Pad Silicon or/and Gas on Slimmed Si Pixels]

Calice (W/Si); dual ReadOut - EIm Calo
FwdHadrcCalo:
Cu/Brass-Scintillator

Bwd Detectors
(down to 179°)

Silicon Tracker
[Pix/Strip/Strixel/Pad Silicon or/and Gas on Slimmed Si Pixels]
Cu/Brass-Scintillator,

Pb-Scintillator (SpacCal - hadr, elm)
Extensions in fwd direction (tag p,n,d) and backwards (e,y) under study.

Small x physics at the LHeC: 2.What next?



LHeC: the detector

Muon chambers LHeC Detector version for low x and eA

(fwd,bwd, central)

HaGC-Barrel
Modules

ICon orj/a
Cu/Brass-Scintillator,

Pb-Scintillator (SpacCal - hadr, elm)

Small x physics at the LHeC: 2.What next?

Extensions in fwd direction (tag p,n,d) and backwards (e,y) under study.




LHeC: the detector

250 250 250

HaC-Barrel
Modules

Icon orj/a on sl I S
Cu/Brass-Scintillator,

Pb-Scintillator (SpaCal - hadr, elm)
Extensions in fwd direction (tag p,n,d) and backwards (e,y) under study.

Small x physics at the LHeC: 2.What next?
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Small x physics at the LHeC.



L HeC scenarios:

config. E(e) E(N) N _fL(e+) ,fL(e') |Pol| L/10** P/MW years type

1 10 1 SPL
25 30 2 RRhiQ’
1 30 1 RRIlox
25 40 2 LR
1.8 40 2 LR
D 05 30 1 eD
Pb 10* 10 . 103 30 1 ePb

p - 1 25 30 1 lowEp

m 50 35 Ca 5104 ) 5.10% 7 ? eCa

—
e For F: 10,25,50 + 2750 (7000); Q?*<sx.
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ep inclusive pseudodata (l):
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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]
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[Forshaw, Klein, PN, Soyez]

ep inclusive pseudodata (ll):

® [ension between F; and

-
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FL in DGLAP fits as a sign
of physics beyond standard

DGLAP (GBW and CGC
models).
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F, atthe LHaC - Simulated data from FS04 saturation model
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eA inclusive pseudodata (l):

® Good precision can be obtained for F; and Fat small x
(Glauberized GBW model, NA '02).

Q’=2,5, 10, 30, 80, 200 GeV?

Q=

2,5,10, 20, 50, 100, 200, 500 G

eV’
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eA inclusive pseudodata (ll):

® [, data substantially reduce the uncertainties in DGLAP analysis.
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eA inclusive pseudodata (ll):

® [, data substantially reduce the uncertainties in DGLAP analysis.
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ep diffractive pseudodata (l):

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

[RAPGAP simulation]
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ep diffractive pseudodata (II)
e Elastic ' "y,

vector

meson

most. | 5 B ‘

Pr0m|S|ng. ; . 1=-175 GV~
Yyp—>Jdly+p '

3 1 200 L L E. = 50 GeV, 1° acceptance, L=2 fb!
c e H1I | | '
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eA diffractive pseudodata:

® Problem: diffraction maybe coherent (e+tA—e+X+A),
incoherent (etA—e+X+Zp+(A-Z)n) and inelastic (etA—e+X

+X’) = challenging experimental problem to disentangle them.
Q? =5 GeVZ, zp = 0.001

Kowalski, Lappi,

coherent Venusopa

coherenzt

Q2 = 80 GeV°

do/dt (YA — J/w X) / nb GeV™

NA, Kaidalov, Salgado, Tywoniuk,
preliminary
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FLin eA (I):
® [ is very badly constrained in nuclei at small x. It traces the
nuclear effects on the gluon:
| 2 Ne ‘ ‘ ;
[, (% 2 €2 (1 — %) y Ry(y.Q%)g(y, Q%) + 5Rr,(y.Q*) Fa(y, QQ))

. 2 N ‘ . ‘ ..
L (2) (e (1-2) yoly. @) + 3R, Q%))

Rp, =

. =

NA, Kaidaloyv, Salgado, Tyw
preliminary

Q2 =35 GeV2 Q2 = 200 GeV2

— — — gluon
Schwimmer model _ FL

Eikonal model
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FLin eA (Il):

® [ enters the extraction of F2: usually FL/F; is taken as A-
independent i.e. the same measured in ep.

d20¢"P  2ra? ) > , | |
dxd()? - x4 Y Fy(2, Q%) =y Fi(z, Q)] Y =14 (1—1

® What if not? Plot (F,<TEQOM_F,CTEQEM+EPS09) /F, CTEQEM

eRHIC 100 GeV + 20 GeV LHeC 2750 GeV + 50 GeV

NA, Paukkunen, Salgado, Tywoniuk,
preliminary
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Summary

® Many issues remain open about small x physics: behavior of the
hadron wave function at small x.

e Current ep experiments provide information for pp@LHC at
mid-rapidity; in eA, not even dAu@RHIC is covered at mid-rapidity.

® An electron-nucleon/ion collider offers huge possibilities; | have

only shown some of them (e.g. == | D.dEnterria -

Proposed facilibes:

no FSI). - | e

Fixed-target data:
SERR D K] 7
P
i 30

® The challenge, both theoretically | LI e /m»

70 GeV -25 TeV)

(heavy flavors, role of radiative
corrections,...) and experimentally
(forward detection,...), is immense
= much to learn, stay tuned!

YEnterria arXiv0707.4182
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