Small-x physics at the Large
Hadron electron Collider
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LHeC physics program

* Proton structure
toafew 1020 m;
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=access a hovel regime
of matter predicted by
QCD.

* Precision studies of
partons in nuclei

= A+A initial state




LH:C LHeC Physics Program

* Precision standard model measurements

— Precision «s, effective couplings, flavor dependence
— Precision Higgs measurements

e Beyond SM physics

— Lepto-quarks, contact interactions, excited fermions
— R-parity violating SUSY

* Precision measurements of proton structure

— HERA++ (esp. charged current measurements)

— Neutron PDFs via deuteron w/ forward proton tagging

* High Parton Density

— Evolution @ low x, non-linear evolution (saturation)

 Nuclear PDFs and SIDIS
— Improved PDFs, g#(x, Q?) via FL and F2°
— Evolution & fragmentation of quark in nucleus



Nuclear Physics Program

parton saturation in

@Saturanonm neny QCD @ high pal"ton
’ density (unitarity limit),
@ nucleons and nuclei

T BFKL

.' :
<= B
r"
¥

&

-

Antishadowing Measure the initial state leading to
' Ny ' (strong coupled) quark gluon plasma

Study evolution of struck quark in
nucleus over large range of v, Q2

Shadowing T

Precision nuclear and \»'

neutron parton distributions / -W' %
(especially gluons)

over wide kinematic range




Making the target blacker

e 2-pronged approach: [fixed Q]
— Probing lower x at fixed Q2 in e+p DENSE
=evolution of a single source e
— Increasing target density in e+A

=overlapping many sources at
. . . . DILUTE
fixed kinematics ... density REGION @

= worth factor of 100 in x
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IR Option 1 degree 10 degree

Beams Electrons Protons Electrons  Protons
Energy 60 GeV 7 TeV 60 GeV 7 TeV
roni3s | Intensity 2 - 1010 1.7 . 1011 2 .10 17 . 10! [EE
' 0.4 m 405m  0.18m 1.8 m

0.2 m 0.97 m 0.1 m 0.5 m

D nm
2.5 nm

45pum

QQ,U,ITI J. S_ LH[LZ

Cross angle 1 mrad

Ebb.x 0.086 0.0008 0.085 0.0008
Ebb,y 0.088 0.0004 0.090 0.0004
Luminosity @ 1032 em—2s 1.34 - 10%3 em 257!

lUl—

np folNe(ANpy, | m~2s~! (Nominal Pb)

A, [ BteEar/Biey B 172571 (Ultimate Pb)

_|eD: LeN_ALeA>~IO3| cm2s!.

4 ILC RF-units, 1.28 HGz, 156 m, providing 3.13 GV e

Preliminary; LHeC Design Study Report, CERN 2012




Baseline:
Energy Recovery Linac
60 GeV, Power 100MW

<++ 10-GeVlinac
0.03 km

7.9 km

26 km
7 e- final focus

140-GeV linac

injector

Polarized source

0.4 km

final focus

Dump

N x 10 GeV section decelerator /‘
e ——

N x 10 GeV section accelerator
— >

= 4

= m

+
b - .

Dump Source

G

) Source >

flux is carried out by 10 GeV beams



m Linac-ring options

electron beam

e- enerqgy atIP[GeV] 6
luminosity [10%2 cm2s'] | C 10
polarization [%] 90
bunch population [10°] 2.0
e- bunch length [mm] 0.3

bunch interval [ns] 50
transv. emit. ye, , [mm] 0.05
rms IP beam size o, , [um] 7 ce ™~ 8.9 km
e- IP beta funct. g*, , [m] 0.12
full crossing angle [mrad] 0
geometric reduction H, 0.91

repetition rate [Hz] N/A

beam pulse length [ms] N/A
ER efficiency 94%
average current [mA] 6.6 54
tot. wall plug power[MW] 100 100
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Design Study Report, CERN 2012

-1 (Nominal Pb)
172571 (Ultimate Pb) Durmp

N x 10 GeV section decelerator /‘
eD: LeN—ALeA> 3103 em2s!, rR ————— =

Large L for e* challenging.

led out by 10 GeV beams




ALICE expected reach in 1 yr. pA(Ap) collisions CMS expected reach in 1 yr. pA(Ap) collisions
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low X in nuclei
Preliminary; LHeC Design Study Report, CERN 2012

— 6
10°F nuclear DIS - F, , (x,Q%)

Proposed facilibes:
| | LHeC
[ 1 eRHIC
Fixed-target data:
NMC e
E772 yd
E= 139
E665 " e-Pb (LHeC)
| EMC " (710GeV - 25 TeV)
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e LHeC will probe > 10 smaller x than p-A @ LHC
* More important: test factorization with e/p-A




R T T T T T T T[T
NG '
AN

88 \
OGRS

RN
X QOO

X

T T TTTTT]]

[N

IC

5
AVAY; ‘
OOBORIIIS
AT
R
R
XN

"
N0

5 ,
’ X
Ky

&xsza&gz

ion
t

t

T \IIHIIl
Ll

irec
inema

T IIIHHl
Ll

ts

Y% W, { ‘
‘ 000099,
G

T IIHIH‘
|

ton d

to contain hadrons at high x

periments:

ing pro

ial for good k

reconstruction)

T T I\Hlll
get Ex

L1
ERA Experiments:
arg
tgo

[] H1 and ZEUS
ixed T

LHeC Experiment:

H

T I\!Il\w

5

11 _:___,_ 1 T___,,_ | 7___:_, 1 _,:_,,_ 1 T__:_k Il W 7___:_
O v, N o (o]
e} o] e} ] —
— - — —

AD /.0

F

—
|

Q
(@)
-
(4]
e
o
()
(@)
(@)
n (4]
Q L
=l H ©
Dl § )
[ W -
— =
= <
K
£
(dp)

in ou
(essent

[e]
—

y—

ttered
=70G

Ee

7 TeV,

Ires sca

, Ep

Low x detector re

LHeC

(I B | 1 Livir g 1 1 Liviv g 1 1 Livia s 1 1

Ll A0
o -
- =

Access to Q?2=1 GeV? @

low x requ

D/,




m e+A kinematics

n 2) e+Pb @ 50 GeV + 2.75 TeV
T R AL L L L
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* LHeC will be able to access x-Q? values deep
into the saturation regime.




LHeC - Detector, low-Q2 setup

dip0|eS forward tracker solenoid central tracker dip0|eS
) AN 1 Vi "

||| a8

B — ]
T

i L 4
calorimeter ‘ calorimeter

inserts : ] inserts
‘I M tracker
calorimeter
\

muon detector electromagnetic calorimeter

* Plus luminosity detector, electron tagging,
polarimeter, ZDC and leading proton detector.
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LH.C Jetecto

Transverse momentum All in 3.5T
Ap,/p% > 6x104 GeV'

solenoid
Central Pixel Tracker
transverse lmpact ] CST - AR 3.5cm each
4 layer CPT: . -
parameter% 10 HM min-innerR = 3.1 cm I-layer:ipner R=21.2 an Central Forward/Backward Tracker
. _ 2.layer: =25.6cm
max-inner-R = 10.9 cm 3. laver- =312
" Iaye'j 367 cm 4 CFT/CBT
AR =15.cm 5' |:§::: _ 42'7 2: min-inner-R = 3.1 em, max-inner-R=10.9 ¢

Forward Si Tracker

Backward Si Tracker

FST - AZ=8.cm

min-inner-R = 3.1 em; max-inner-R= 10.9 cm
outer R = 46.2 cm

Planes |-5:

zs.1 = 370./330./265./190./ 130.cm

BST - AZ=8.cm

min-inner-R = 3.] em; max-inner-R= 10.9 em
outer R =46.2 cm

Planes |-3:

z13 = -130./-170./ -200.cm




Dipoles Hadronic Calorimeter
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Electromagnetic Calorimeter

Solenoid

Liquid Argon EM Calorimeter [accordion geometry, inside coil]
Barrel: Pb, 20 X, , 11m3 FEC: Si -W, 30 X, BEC: Si -Pb, 25 X
Hadronic Tile Calorimeter [modular, outside coil: flux return]
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LH-C Proton DIS @ LHeC

e Extensive studies of

discriminating power
of LHeC DIS data

=Measurements capable
of discriminating
between different
descriptions of F2, FL

Fo(x,Q%=10 GeV?)

0.00001

— Caveat: effects of
radiative corrections TR FLkQ=10GeVd)
still being evaluated r

Preliminary; LHeC Design

Study Report, CERN 2012

0.00001

Linear approaches

NLO DGLAP
NNPDF 1.0
meemne Small-x resummed

I'™™i Eikonal Multiple

-l scatterings
mEsn

Linear approaches
NLO DGLAP
NNPDF 1.0

—=--= Small-x resummed

Non-Linear approaches

1"~ "1 Eikonal multiple
:;:;'l scatterings
I CGC

O Pseudodata




m LHeC: proton F2 and FL impact

NHNPDF1.2

* Using measured F2
and F. in e-p can
significantly improve
knowledge of gluon
distribution

NNPDF1.2 + LHeC small-x F2p

{I/‘Illlf]1lll

Preliminary; LHeC Design
Study Report, CERN 2012
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LHeC: nuclear DIS impact

Preliminary; LHeC Design
Study Report, CERN 2012

— FGS10
Data: LHeC - Data: LHeC

 LHeC measurements will provide precise F2
measurements @low x
=dramatically reduce nuclear PDF uncertainties (next)
— And new measurements of F, F2°, F2P

— And charged-current events (flavor decomposition)
22



m LHeC nuclear DIS impact

NLO Fit
EPSO09NLO
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 LHeC measurements will dramatically reduce
uncertainties on nuclear PDFs




Diffractive DIS on nuclear targets

e Challenging
experimental problem

— Requires Monte Carlo
simulation with detailed
understanding of the
nuclear break-up.

— For the coherent case,
predictions available.

Preliminary; LHeC Design
Study Report, CERN 2012

F x,=0.00001 ef
1 F Q%=3 GeV?

or

X,,=0.0001
L Q=3 GeV?

- %=0.0001
FQ

=30 GeV? ©

-2
10

=0.001
=300 GeV?

=0.01

- e 2
E Q°=300 GeV

© e H1ifitB
£ o ipsat
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é X,p=0.01
F Q°=3000 GeV?




LH.O A+A initial conditions

Gluon
emission
from Quark .
(saturaltgd?) (Glasma?) gluon  “re-confinement”  Detection
nuclei :

plasma

The physics 7 .I\ |

here Influences Determines And influences
the physics  the conditions how we interpret
here here

data from here

LHeC will probe the physics of the
“initial state” of heavy ion collisions

down to x < 106 with Q2> ~ 1 GeV? o



m LHeC timeline (2)

time line of CERN HEP projects

2000 2010 2020 2030

g 4 N

HL-LHC

runs in parallel to HL-
LHC; tight R&D LHeC
schedule

follows HL-LHC; R&D & HE-LHC
protot. time < for LHC

*From 2012 Chamonix LHC Performance
workshop summary (Rossi)

— See also NuPeCC long range plan




LHeC timeline

Year 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

=-=

Magnet pre-
series

Legal
preparation

Civil engineering
Infrastruc.

Installation
Co

e Goal: start operation by 2023 [LHC high lumi]

=The major accelerator and detector technologies exist

= Cost is modest in major HEP project terms
e Steps:

— Conceptual Design Report, 2012

— Evaluation within CERN / European PP/NP strategy

— If positive, move towards a TDR 2013/14 27




LH-C Summary

e Many issues remain open about precision
perturbative QCD in nuclei and at smali-x.

=Lack of understanding limits our physics program

e e+p/A collider offers huge possibilities for QCD:
=Improved proton and nucleus PDFs
=Hadron/nuclear structure.
=Factorization checks.
=New (non-linear) regime at high energy/small x.
=Questions we don’t yet know (how) to ask

e e+A: amplifier of density effects,

— implications for A+A initial state & evolution to sQGP
— complementary to p+A@LHC.

e LHeC@CERN:

=new facility for e+p/e+A at Ecm-~1-2 TeV under design.
28



dipoles forward tracker solenoid central tracker di{poles

= Pmm 3.2

Point 2

calorimeter
inserts

backward
tracker

Point 1
hadronic
calorimeter |

muon detector electromagnetic calorimeter

nuclear DIS - F, , (x,0%)
Proposed facilibes:
[ tHeG
[ eRHIC
Fixed-target data:
NMC
Sl E772
i E139
E665 e-Pb (LHeC)
| EMC yd (70 GeV -25 TeV)

"
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Preliminary; LHeC Design
Study Report, CERN 2012
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nteS-C Data and PDFs, non-linearities?

J. Rojo, from CERN HPD workshop

F, atthe LHeC - Simulated data from FS04 saturation model F, at the LHeC - Simulated data from FS04 saturation mode

LHeC simulated data =t 41 LHeC simulated data =il
NNPDF1.0 + LHeC data NNPDF1.0 + LHeC

e Can we see failure of linear evolution (including
low-x resummation) with e-p data from LHeC?
— NNPDF fits to pseudo-data w/ saturation (here FS04)

— Compare extracted PDFs, deviations indicate failure of
linear evolution

=Need F_ to see significant
30



C Data and PDFs, non-linearities?
J. Rojo, from CERN HPD workshop

Pseudo-data from AAMS02 (BK + running coupling) Pseudo-data from AAMS09 (BX + running coupling)
" LHeC AAMS09 —+— T LHeC AAMS09 —— |
NNPDF fit NNPDF fit

0°=20 Ga\V*

0.0001

Pseude-data from AAMS09 (BK « running coupling) Psaudo-data frem AAMS09 (BK + running coupling)

" LHeC AAMS09 —+— | DT T % LHeC AAMS09 —
NNPDF fit , NNPDF fit

—

e Similar conclusions w/ more modern saturation




m Nuclear PDF, LHeC

N. Armesto, CERN HPD workshop

solid: minimum bias; dashed: b<1 fm [X/d’bT,(b)] Q*=2 5. 14. 30. J0. 208. 658 GeV?
400 ’ , ’ ’ ’ ’
; . ‘ :

2,5, 10, 20, 50, 100, 200, 500 GeV?

-4 10>

Q*=

|

* Nuclear pseudo-data for a given set of
assumptions re: nuclear running

— Excellent statistics for F2, not so good for F.
=But, sensitive to assumptions re: nuclear operation

— Fv. still as necessary with nuclei?




Diffraction at LHeC: new possibilities

Diffractive Kinematics at x,,=0.003

|LHeC

HERA

0° 10° 0’ :
B
* Studies with | degree acceptance,

* Diffractive-PDFs
* Factorization in much bigger range

e Diffractive masses /v ~ 100GeV
with 2 = 0.01 Forshaw, Marquet, Newman

e X can include W,Z,b
Simulated diffractive data available

* From talk by P. Newman Divonne 2008



