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ep colliders: HERA

QCD-precision machine using DIS processes
Halle OST {HERMES) \ & Ep p— 0092 Tev

e E. = 27.5 GeV
s e . v/s = 0.318 TeV
W 0 <Q2<10° GeV?

proton (P)

Halle SUD (ZEUS)
Hall SOUTH (ZELS)

Half sud (zsu

© data taking: 1992-2007
proton structure and PDFs
o g, tests of QCD and EW sector
new particles/interactions
jet production
photon structure
heavy flavours
diffraction ...
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Still many issues unresolved ...
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ep colliders: HERA — LHeC

QCD-precision machine using DIS processes

Tialle NORD {H1)
Hall NORTH (H1)
Hall nord (H1)
// HERA
Halle DET (HERMES) 4 Wi Ep S O ° 9 2 I ev

Hal est (HERIMES) Ee — 27.5 Gev
A iy v/s = 0.318 TeV
Wi 0 <Q*<10° GeV?

I proton (P)
o
LHeC
Ee. =50 — 150 GeV RING-RING
VvVs=1—2TeV _
0<Q?%<107 GeVv? ._ T

baseline choice
“An option for a future project at CERN” (SPC, July 2010)
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LHeC: physics program

The Fermi Scale [1985-2011] The TeV Scale [2010-2035..]
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pp (p )9 e_, ep / i\fgzgic;g
complementarity

b quark
top quark
M, Higgs?

New Particles??
New Symmetries?

Tevatron LHC

~ 5
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»2 |n|t|al hadronsf\ o /:,\2 initial hadrons/<_

efe-
The Standard M, , sin?® New Physics

‘./I g|uon \ \ I“" . o \‘ ;"’ “
i, &ttona \ Model Triumph g — ; ;lg:gremilo:nqt(tb ‘"‘. ‘: y t , :I
distributi h.o. el.weak (t,H? | 151 UEMXLY Iviatier I — iggs?? :

c,b distributions ‘ ( ) | ; cubstructure?? .’ ‘~, Niewpect asssuyiit ’

\ high parton densities | \ LEP/SLC / . eg-Spectroscopy?? Le/eLc

JREER o initial hadrop” i no inital hadron”
Mnitial hadror” S~ e - initial hadron' or heavy nucleus -

e Why an ep/A experiment at TeV energies now ? Epr0|t complementarity fuIIy for ..
— resolving the quark structure of the proton
— mapping the gluon density
— testing further perturbative QCD
— searching and understanding new physics
— Investigating the physics of parton saturation
— providing data which could be of use for future experiments .
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LHeC: physics program

The Fermi Scale [1985-2011] The TeV Scale [2010-2035..]
T T ey P ey
S pp \ ;’/-"' PP \
s v pp(p), eTe ,ep b
o uark ew Particles??
J complementarity | | e
! Tevatron LY LHC
,»2 |n|t|al hadronsf A2 initial hadrons”\
ete-
. gluon \ H:ds;a:r?j::ph r _,I,V' rf,_,::rr:;?s {  mhrredeongep % hewPhysles t
.0. stron, 0 : ' \ | H i
( lc,b distributﬁ)rlui . h.o. elweak {t,H?) J ngszt?sipsgtvul:z;;ter New SpHiffs:copy?? :
\ high parton densities | \ LEP/SLC / eg-Spectroscopy?? Le/eLc
. HERA / no initial hadrqn--”" Y LHeC “.no initial hadron”~
MNnijtial hadror” b * i I-initial hadronor heavy nucleus
e Very rich precision physics program within the SM and beyond
QCD: Electroweak sector: Physics beyond SM:
— proton structure/PDFs — top — leptoquarks
— photon structure — Higgs — quark substructure
— heavy flavours — HW W coupling — contact interactions
— low x — weak couplings — extra dimensions
— Qg — mixing angles ... — excited leptons ...
— high Pp jets ... Physics with heavy ions...
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LHeC: physics program

The Fermi Scale [1985-2011] The TeV Scale [2010-2035..]
I P ey
pp \ PP S
s v pp(p), eTe ,ep b
o uark ew Particles??
J complementarity | | e
! Tevatron LY LHC
,»2 |n|t|al hadronsf A2 initial hadrons”\
e*e-
. gluon \ H:ds;a:r?j::ph r _,I,V' rf,_,::rr:;?s {  mhrredeongep % hewPhysles t
.0. stron, 0 : ' \ | H i
( lc,b distributﬁ)rlui . h.o. elweak (t,H?) | ngszt?sipsgtvul:z;;ter New SpHiffs:copy?? ":
\ high parton densities / \ \ - /f, eq-Spectroscopy?? - | ;
_ HERA I \qo initial hadrop” o el “-.no initial hadrop””
MNnijtial hadror” b * i I-initial hadronor heavy nucleus
e Very rich precision physics program within the SM and beyond
QCD:
— proton structure/PDFs Other LHeC talks:
— photon structure topics covered — Accelerator: Max Klein
— heavy flavours In this talk — Detector: Alessandro Polini
— low x — Higgs physics: Uta Klein
— Qg — Heavy ions: Paul Newman

— high Pp jets ...
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LHeC physics: proton structure

e Q? vs z kinematic plane for LHeC with E,=7TeV and E=60 GeV compared
to HERA coverage for structure-function/cross section mea surements from DIS:

LHeC - Low x Kinematics LHeC - High Q? Kinematics

E,=7000 GeV
g © E,=7000 GeV

E‘=SO GeV IOW w . . h ig h Qz

E,=60 GeV

Hl HERA

E;=300CeV. ./

— much wider coverage available than at , with a large region of overlap:

— from Q2. =~ to 1 TeV? and from x,;, ~ to 2109
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LHeC physics: proton structure

e The double-differential cross section for inclusive ep scattering is given in
terms of the structure functions  F}; in NC DIS by

==
d?2c€ P 27 o2

dw dQ2 ~ wqr @ Q%) F Y_xF3(x, Q%) — y*Fr(z, Q%)) (1 + 6 (x, Q%)) =

d2
— GBom(l + &p(x, Q2)) where Y= 1+ (1 — y)?

2
dx dQ 0, is the EW radiative correction

e F5: contains contributions from  ~ and Z exchange and interference terms;
contribution from  Z exchange significant only at high — Q?;
Fy < (g + q)
e x F3: parity-violating term arising from Z exchange; sizeable only for Q% > M%
e F'r: the longitudinal SFis 0 at LO QCD;
at higher orders, F is significant only for large vy

e The reduced cross section is defined as
_ $Q4 dZUBorn
- 2ma?Y) dx dQ?

Or

and o, oc F for Q% < M3

Claudia Glasman (Universidad Aut 6noma de Madrid) ICHEP2012 (Melbourne), 4-11 July 2012



Partons, QCD and Low «x Physics at the LHeC 5

LHeC physics: proton structure

e Simulation of e~ p NC inclusive reduced cross section measurement for
TeV and E. =60 GeV with £=10 fb—!:

— cross sections will be measured with unprecedented precisi on and range:
—s predicted uncertainty < 1% at low x; at high x/Q?, statistics dominates
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LHeC physics: proton structure

e For longitudinally unpolarised beams,
FQCC(e+p) = x[d 4+ s + u + ]
FQCC(e_p) = x[u+c—+d+ 5]

= measurements of FCC(eTp) give
access to flavour content of proton

reduced ce cross section

e Simulation of ej:p CC inclusive reduced
cross section measurement for E,=7
TeV and E,=60 GeV with £=1fb~1:

— cross sections will be measured with unprecedented precisi on and range:
— a precise determination of the w/d ratio up to large « appears to be
feasible at very high Q?
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LHeC physics: proton structure

e The interference term in  F5 Is given by
Z _
F)” =z} 2equq(q + )
and gives a different quark information than ~ F}'(ox 6(21)

o F;Z can be measured via NC DIS cross-section asymmetries using p olarised
beams

e Simulation of F;Z measurement for
Ep=T7TeVand E,=60/140 GeV for
£ =10 fb—1 with different polarisations
at Q% = 6.5 - 10 GeV?;

65000 GeV’

10 10°
0.01 0.1 0.01 0.1

60 x 7000 P=0.4 140 x 7000 P=0.8

— F;Z will be measured with high precision in a wide x range

Claudia Glasman (Universidad Aut 6noma de Madrid) ICHEP2012 (Melbourne), 4-11 July 2012



Partons, QCD and Low «x Physics at the LHeC 8

LHeC physics: proton structure

e The parity-violating structure function is given by
a:F;Z = 3(2uy + dy + A), where A is the sea contribution

e Neglecting sea contributions, 1 Jzdr 1 1 5
0 3.Jo 3

xr
and gives direct access to the valence quark distributions

ZEF??IZ can be measured via the difference
of eip NC DIS cross sections

e Simulation of wF;Z measurement for
E,=7TeVand E.=60GeV (L=10fo 1)
at Q% = 1500 GeV? together with H1 and
ZEUS measurements:

— :cF?:’Z will be measured with high precision in a wide x range

Claudia Glasman (Universidad Aut 6noma de Madrid) ICHEP2012 (Melbourne), 4-11 July 2012
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LHeC physics: proton structure

e The structure function F'r in QCD receives contributions from quarks and gluons
— at low x, the gluon contribution is dominant
= F'r Is a direct measure of the gluon distribution in the proton

e F'; can be extracted by fits to measurements of 07{\70 at fixed Q2/w and varying
y (y=Q?/sx, s=4E.Ep)

e Simulation of Fj measurement for E,=7
TeV and E. = 10, 20, 30, 60 GeV.:

Q" = 6.5 GeV*

— the expected accuracy is typically ﬂ '\,
4 (7% at Q% = 3.5 (25) GeV?

"

= the LHeC will provide the first
precision measurement of Fr ina
region where the behaviour of the
gluon density is expected to change
significantly

-
Q' =25 GeV* Q' =100 GeV*

+¢+.++ | +¢+.++
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LHeC physics: proton PDFs

e PDFs are extracted from fits to data assuming a 0. N
functional form for « at a given anin value and then [T

evolved via DGLAP evolution equations LHeC constraint

e Current PDF status from HERA:

H1and ZEUSHERA |+11 PDF Fit B |mpaCt O.I: LHEC u Valence
Q?=2GeV? 8
M data expected to
—— HERAPDFL.5NNLO (prel.) = HEPJ:D
B o uncat be large thanks to -3 Pamea. 1VEAC (nasy
[ ] model uncert. /" \ .2

[ parametrization uncert.

— new kinematic

; range
H — huge luminosity i ..} dvalence
m — polarised beams N

— 4 — deuteron beams Y -

— high precision data

xg (%)

rel. unc.

constraints to the PDFs

e The reduction of uncertainties in nuclear PDFs are
presented in the talk on heavy ions
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LHeC physics: proton PDFs

e PDFs are extracted from fits to data assuming a : s

0.3 HERA I+BCDMS fiiinn
0+3 FHERA 1+LHC (Wasymm)

functional form for « at a given anin value and then GE E —
evolved via DGLAP evolution equations hleC constraint

e Current PDF status from HERA:

a1 (%)
<o

unec. xu,
o

I
.
o

rel.

H1and ZEUSHERA I+ PDF Fit ) ImpaCt of LHeC _ u valence
Q'=2Gev? § i e D R a6 0.1
5 data expected to Jleos nees cooo oom oo

—— HERAPDF15NNLO (prel.) R
CDMS CHFs

0.3 C (Wasymm)
5 ex::ncert.t V be Iarge than kS to HERA ”EE@”&‘LEZ(Q
model uncert. A .

[ parametrization uncert.

va1lX)

— new kinematic
range

— huge luminosity

— polarised beams

— deuteron beams " —

. | HERA I+LHC(Wasymm)
' HERA T+BCDMS L7

— high precision data |-

rel. unc. xd,

xS (% 0.05)

HERAPDF Structure Function Working Group

xg(x)

rel. unc.

=3 A precise value of «agz from DIS will also be possible
at LHeC :

Claudia Glasman (Universidad Aut 6noma de Madrid) ICHEP2012 (Melbourne), 4-11 July 2012
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LHeC physics: heavy flavours

e Measurements of heavy-flavour production at HERA provided h Igh-precision
PQCD tests and understanding of the dynamics of their produc tion
— direct sensitivity to gluon density in NC DIS via BGF process

e At LHeC, higher cms energy, larger luminosity and more advan ced detector

design will extend significantly these studies Total cross sections in ep collisions
e Predicted total cross sections and event rates | Charmop et T
— 5 “harm DIS M 9
for 10 fo~1 and E, =7 TeV vs E, together Chum DIS & 10

Events per 10 fb

with calculations for HERA: e o "
— LHeC cross sections one order of |t e

CCe+p

sW —c¢

magnitude larger than at HERA Woe

— s/ densities will be probed with  10° CC
events with charm in the final state

bW -1

ememomen LHeC
oooooO HERA 4,

50 70 100 200

E, (GeV)
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LHeC physics: heavy flavours

e Measurements of heavy-flavour production at HERA provided h Igh-precision
PQCD tests and understanding of the dynamics of their produc tion
— direct sensitivity to gluon density in NC DIS via BGF process

e At LHeC, higher cms energy, larger luminosity and more advan ced detector
design will extend significantly these studies

e Predicted total cross sections and event rates
for 10 fo~1 and E, =7 TeV vs E, together
with calculations for HERA:

— LHeC cross sections one order of
magnitude larger than at HERA

— s/ densities will be probed with  10° CC |
events with charm in the final state TL Gamoess  * ] L Gamwso

®  iop (Wh->1) 1 ®  top(Wh->1)
& |

1 hd 1
e Ll wW——-"

— top will be probed via single-top production |
in CC DIS with b in the initial state comomt | mgr conmm
— more than 10° events with ¢t in the final state and a similar number

of t are expected

=2 LHeC will give access to all quark flavours with high statisti CS

Claudia Glasman (Universidad Aut 6noma de Madrid) ICHEP2012 (Melbourne), 4-11 July 2012
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LHeC physics: heavy flavours

© FQCE and szE In NC DIS give the contribution from charm and beauty to F>

e The description of HF production in pQCD is complicated due t o the presence
of several simultaneous large scales (HF mass, Py of produced HF and Q?)

Several schemes for mass treatment available _ LHeC Fye (RAPGAP MC, 7 TeV x 100 GeV, 10 ™, ¢ =0.1)
(FENS, ZM-VENS, GM-VENS) e

QF = 1000 GeV3,i=8 "

D —a Q%= 400 Ge V2 i=7
3 2 . .
? = 200 GeVii=6
Q L ]

e LHeC data can help to shed light on the
ambiguities in this and other HF issues

e Simulation of F$€ and F2? for E, =7 TeV and
E.=100 GeV for £=10fb~! with m.=1.5 GeVjilt
and mp=4.75 GeV together with HERA data T8 i

LHeC 8, >0"
LHeC 6,>2"
LHeC 6,>10"

Claudia Glasman (Universidad Aut 6noma de Madrid) ICHEP2012 (Melbourne), 4-11 July 2012
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LHeC physics: heavy flavours

© FQCE and szE In NC DIS give the contribution from charm and beauty to F>

e The description of HF production in pQCD is complicated due t o the presence
of several simultaneous large scales (HF mass, Py of produced HF and Q?)

Several schemes for mass treatment available _ LHC % (RAPGAPMC,7 TeV x 100 GeV, 101", £,205)
(I: F N S y Z M _VI: N S, G M _VI: N S) ’ p : ‘ Ql=]“,w](?:;gﬂﬂe\",hm =1 :
7 .l 3 Qlfﬁ;nur;e\-".::?i * e

e LHeC data can help to shed light on the
ambiguities in this and other HF issues

e Simulation of F$€ and F2? for E, =7 TeV and
E.=100 GeV for £=10 fo~! with m.=1.5 GeV}ll .
and mp=4.75 GeV together with HERA data 4 A e

LHeC 8,>0"

® LHeC 8, >2'

— much wider phase space available at LHeC e e ot
extending to very low z at low Q2 and to |
higher « at high Q2

— statistical precision of LHeC data is very good due to growin g Ccross sections
driven by the rise of the gluon density at low T

Claudia Glasman (Universidad Aut 6noma de Madrid) ICHEP2012 (Melbourne), 4-11 July 2012
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LHeC physics: high Py jets

e The study of high Pp jets in DIS and photoproduction provides a testing ground
for pQCD and sensitivity to  ag and the proton/ photon PDFs
— high-precision jet cross-section measurements from HERA h ave yielded
* Sizeable constraints on the gluon density of the proton

at medium to high x
— Jet cross sections are directly sensitive to the gluon in
the proton via BGF process

e = 2
b =k >

Il without jet data
[ | with jet data

i
£
[
%)
p—
)
=
.g
> 0
E
o=
=
<
E
oD

& & ¢
- g [

* ag determinations with an accuracy of  O(3—4%)

(uncertainty mostly dominated by theory)
— g is the least known of the couplings (  Aags(WA) =0.6%)
— A has influence on GUT and translates into
uncertainty on PDFs and hadronic cross sections
— unresolved issue:  ag(DIS) < as(WA) < as(jets)
— precision data from LHeC should help understanding

* potential to constrain the photon PDFs
— photon PDFs very poorly constrained
—s crucial understanding for future  eTe ™ accelerators (ILC/CLIC) since ~~

collisions will provide a huge background for cms energies f ar above My
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LHeC physics: high Pr jets

e Predicted inclusive-jet cross sections vs E%?t for Ep, =7 TeV and various FE, for
£ =10 fb—1 together with calculations for HERA:

e A much wider kinematic
range, high luminosity
and more advanced
detector design  will
allow very high-
precision data

- — -1
E, .= 7/0.07 TeV sqrt(s)=1.4 TeV 10 fb

|

et

=
w

Inclusive Jets photoproduction
100 < Q" <500000 GeV

0.1<y<0.7
E, . >20 GeV,-2<q <3

—
=]
~

=
>

T,Breit

27.5 GeV/E =920 GeV
50 GeV/E =7 TeV

€

~4- LHeC (10/fb)
— HERA (0.5/fb)

\ (stat. error only)

100 GeV/EP =7 TeV
150 GeV/Ep =7 TeV

€

do/dE g ;. [PP/GeV
<4 > H o
SECHCHC

(3

do/dEi*(pb/GeV)

.f NLO QCD (DISENT)
+ hadronisation + Z exch.
CTEQ6.1 PD;‘s

Impact of LHeC jet
measurements on

10
Scale  total theo. error 20 40 60 80 100 120 140 160 180 200
B (GeV)

pPDFs and oy is
expected to be large

e The accuracy of ag and the constraints on the PDFs will also benefit enormously
from NNLO calculations of jet cross sections In ep
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LHeC physics: low a physics

e Up to now, QCD studies at LHeC shown within the framework of fix ed-order
perturbation theory and collinear factorisation ( DGLAP), valid for high Q2/:1:,
but CF expected to break down at low @

— in DGLAP, parton densities expected to rise at  small a (proton increasingly
packed at low x) — rise atlow x observed at HERA

e New phenomena predicted at high parton densities
— linear small- & resummation
— non-linear evolution
— parton saturation

These effects would lead to deviations from DGLAP
evolution atlow x= — ; e

) REGION

S
| BK/JIMWLK /
‘ -

s DILUTE g™\

REGION (0'3)

=i
9 |
o
o
—
=)}
=
=
=
(@) |
o
o
Ca
o
S
for}
(%]

—> The low- x region is an exciting and largely unexplored territory

iIdeal machine to study low- x regime and its non-perturbative dynamics
at sufficiently large  Q?, the transition towards a new state of dense QCD matter

and to favour/disfavour the proposed models (eg dipole mode ) which aim to
describe this kinematic region,
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LHeC physics: low x physics

e Precise LHeC dataon F», FT, Fo(x Q210 Gov?)  HosaLanpioaches 4F R (xQ%=10 Gevd) SEL i
discriminate between different st B -~ 'Smallx resummed
models and constrain the N \ = B _ Mﬁ?@"lﬁaﬁ#
dynamics at low - M8 Cac "R e
— simultaneous description S VN Peotdodate | PP

of BOTH F5, Fr crucial o
0.00001 ; . 0.00001

e Exclusive production of vector X
mesons provide complementary information to that from incl usive measurements, as they
are sensitive to the square of the gluon density
— J /) production is a potentially very clean probe of the = PEme |

gluonic structure and is particularly sensitive to unitari s (1-pome
effects |
Other important probes of low- & dynamics include m

Vertical (dotted) lines indicate values of

W, =\s =\[4E,E, at the LHeC with E_ =7 TeV.
500 1000 1500 2000 2500
W (GeV)

diffraction forward-jet

production
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e Many important aspects of the rich physics program on QCD hav e been reviewed
— proton structure and PDFs, heavy flavours, high Pr jets and low- x dynamics

* The LHeC will be able to explore a new kinematic regime at high luminosity and
provide information to
— constrain the proton parton distributions
— explore the new kinematic regime of low and moderate-to-high Q?
— test further pQCD and the electroweak sector
— search for new physics
— physics with heavy ions
— provide data to be used in future experiments

* The experimental prospects challenge theory and require a c ontinued feed-back
between experimentalists and theoreticians

e The LHeC has passed a major milestone with a refereed CDR, sup  ported and
monitored by CERN, ECFA and NUPECC, published by @ The LHeC Study Group

— JL Abelleira Fernandez et al, “A Large Hadron Electron Colli der at CERN”
CERN-OPEN-2012-015, arXiv:1206.2913, submitted to J Phys G (2012)
— Collaborations soon to be built for further design of machin e and detector
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