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Voica Radescu ! 6!

Impact of LHeC on PDFs: zoom on low x!
* Experimental uncertainties are shown at the starting scale Q2=1.9 GeV2 !

LHeC Workshop 2012!

When we compare

with the convolutional approach (nDS)

nDS.
DSSZ

different

strange sea GRV98 vs. MSTW

Wednesday, June 13, 2012

Quark and Gluon imaging

Thanks to Franck Sabatié

Parton imaging with an EIC 

Preliminary work done in collaboration with : 
 

E. C. Aschenauer, M. Diehl, S. Fazio, D. Müller and K. Kumerički 
 

in preparation for the EIC White Paper 

for this dream to become textbook for students in the 2030’s

one needs accurate measurement down to small values of ξ

→ High energy, high luminosity electron nucleon colliders essential

B.Pire, CPhT, Polytechnique LHeC-2012 08/27

QCD factorization in Exclusive processes

DVCS Meson Production
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! Factorisation between a hard part (perturbatively calculable) and a soft

part (non-perturbative) Generalized Parton Distribution demonstrated for

Q2, W2 →∞, xB =
Q2

Q2+W2
fixed and |t|� Q2

fixed

D. Mueller et al., X. Ji, A. Radyushkin, J. Collins et al. , ’94, ’96,’98

B.Pire, CPhT, Polytechnique LHeC-2012 03/27
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Selection of H→bb

!! NC rejection 

!! Exclude electron-tagged events 

!! ET,miss > 20GeV 

!! Njet (pT > 20GeV) ≧ 3 

!! ET,total > 100GeV 

!! yJB < 0.9, Q2
JB > 400GeV 

!! b-tag requirement 

!! Nb-jet (pT > 20GeV) ≧ 2 

!! Higgs invariant mass 

!! 90 < MH < 120GeV 

!! Single top rejection 

!! Mjjj,top > 250GeV 

!! Mjj,W > 130GeV 

!! Forward jet tagging 

!! ηjet > 2 (lowest η excluding b-tagged jets)

H→bb 

CC BG 

NC BG

Higgs invariant mass after all selection

15

Z→bb background

QUARK COUPLINGS
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A more general approach

for extensions of the

Standard Model:

Quark coupling constants

as free parameters

LHeC: vq , aq

From fits to NC and CC

great improvement

on measurements

of quark vector and

axial-vector couplings

LHeC-CDR

H1prelim-10-042

ZEUS-prel-06-003
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Physics Session

• Update on PDFs Radescu

• Strong coupling 
Radescu,Blumlein

• Nuclear PDFs Zurita

• Deutrons Accardi

• Heavy flavors Behnke,Pascaud

• Electroweak Spiesberger

• Real photon-proton 
scattering Sultansoy

• DIS with positrons Klein

• Generalized Parton 
Distributions Pire

• eA/pA/AA Salgado

• Diffractive dijets Zlebcik

• Monte Carlo for ep Plaetzer

• Factorization Forte

• Higgs Ishitsuka, Mellado

• BSM d’Onofrio, Azuelos 
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Impact of LHeC on PDFs: zoom on high x!
* Experimental uncertainties are shown at the starting scale Q2=1.9 GeV2 !

LHeC Workshop 2012!
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* Experimental uncertainties are shown at the starting scale Q2=1.9 GeV2 !
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Impact on d/u ratios!
!  Constrained  decomposition:!

!  Unconstrained sea decomposition:!

LHeC Workshop 2012!

Voica Radescu

Voica Radescu ! 7!

Unconstrained setting at low x!

!  Usual assumptions for light quark decomposition at low x may not necessary hold.!
!  Relaxing the assumption at low x that u=d , we observe that uncertainties escalate:!
"
!

!
o  One can see that for HERA data, if we relax the low x constraint on u and d,!
   the errors are increased tremendously!!
o  However, when adding the LHeC simulated data, we observe that uncertainties !

   are visibly improved even without this assumption. !

LHeC Workshop 2012!
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Expected precision on alphas(Mz) from DIS!

!  A dedicated study to determine the accuracy of alphas from the  LHeC was 
performed using for the central values the SM prediction smeared within its 
uncertainties assuming Gauss distribution and taking into account correlations.!

Voica Radescu ! 13!LHeC workshop 2012 !

Voica Radescu



Introduction The Current Data αs (M
2
Z ) Future Challenges Conclusions

αs(M2
Z ): Global DIS Comparison

Data Set ABM11 BBG NN21 MSTW

BCDMS 0.1048± 0.0013 0.1126± 0.0007 0.1158± 0.0015 0.1101± 0.0094
NMC 0.1152± 0.0007 0.1153± 0.0039 0.1150± 0.0020 0.1216± 0.0074

SLAC 0.1128± 0.0003 0.1158± 0.0034 > 0.124

�
0.1140 ± 0.0060 ep

0.1220 ± 0.0060 ed

HERA 0.1126± 0.0002

�
0.1199 ± 0.0019
0.1231 ± 0.0030

0.1208± 0.0058

DY 0.101 ± 0.025 − − 0.1136± 0.0100
0.1134± 0.0011 0.1134± 0.0020 0.1173± 0.0007 0.1171± 0.0014

Table 9: Comparison of the pulls in αs(MZ) per data set between the ABM11, BBG, NN21, MSTW

analyses at NNLO.

Use: W 2 > 12.5 GeV
2
, Q2 > 2.5 GeV

2
and no HT: αs(M2

Z ) = 0.1191± 0.0016
Use: W 2 > 12.5 GeV

2
, Q2 > 10 GeV

2
and no HT: αs(M2

Z ) = 0.1134± 0.0008
MSTW08 and NNPDF: no HT corrections.

Taking into account error correlations is of importance.

Johannes Blumlein

Importance of higher twists for determination of the strong coupling



Introduction The Current Data αs (M
2
Z ) Future Challenges Conclusions

Future Challenges

Precise high Q2
data from LHeC both for protons and deuterons with well

controlled systematics are highly desireable.

Try to perform non-singlet analyses, including charged current data.

LHeC will have a rich host of heavy flavor data for dedicated QCD

analyses.

Higher Twist will be less important.

Interesting other samples with more uniform systematics: ep → jets.

Constrain the Gluon from as many as possible precision measurements.

Precision data from new facilities may finally evaluate whether the current

high-precision data deliver a correct value of αs(M2
Z ).

Johannes Blumlein
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Max Klein

Positrons 
at LHeC



Hubert Spiesberger Impact of LHeC on Electroweak Physics
STANDARD MODEL RELATION: HIGGS BOSON MASS VERSUS sin2 θW (µ)

Combination of precision measurements
at the Z -pole
➜ MHiggs - sin2 θ̂W (µ) relation
(red-blue band)

Precision measurement of sin2 θ̂W (µ)
provides indirect evidence for
the allowed range of MHiggs

Combination of measurements provide
strong tests of the SM,
. . . and maybe evidence for new physics

Notice conflicting measurements from
LEP/SLD

H. Spiesberger (Mainz) LHeC, 14. 6. 2012 8 / 16

SCALE DEPENDENCE OF sin
2 θ̂W : PRESENT AND FUTURE
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Existing and projected measurements

• Atomic parity violation (Cs)

• Neutrino scattering

• LEP and SLC (Z -pole)

• Tevatron

• Moller (expect 0.1 % after 2020)

• Q-weak (started running, 0.3 %?)

• LHC

• Mainz MESA, at µ = 0.05 GeV:

∆ sin
2 θ̂W = ±0.00037 (i.e. 0.15 %)

H. Spiesberger (Mainz) LHeC, 14. 6. 2012 10 / 16

SCALE DEPENDENCE OF sin
2 θ̂W : LHEC

Existing measurements and

• LeHC

• LR asymmetries

• Maybe CC/NC ratio (PDFs?)

• Energy range 10 – 400 GeV

• Scale dependence from

one experiment

➜ but additional theory uncertainties

(mtop, MHiggs)

H. Spiesberger (Mainz) LHeC, 14. 6. 2012 11 / 16



CROSS SECTIONS: NC

Neutral current at tree level, polarized e± scattering

d2σNC

dxdQ2 =
2πα2

Q4x

“
Y+F2 + Y−xF3 − y2

FL

”

with
F2 = Fγ

2 + κZ (−ve ∓ Pae)FγZ
2 + κ2

Z (v2
e + a2

e ± 2Pveae)FZ
2

xF3 = +κZ (±ae + Pve)xFγZ
3 + κ2

Z (∓2veae − P(v2
e + a2

e))xFZ
3

κZ (Q2) =
Q2

Q2 + m2
Z

1
4 sin2 θw cos2 θw

(Fγ
2 , FγZ

2 , FZ
2 ) = x

X
(Q2

q , 2Qqvq , v2
q + a2

q)(q + q̄)

x(FγZ
3 , FZ

3 ) = 2x
X

(Qqaq , vqaq)(q − q̄)

vf = I(3)
f − 2Qf sin2 θw , af = I(3)

f (f = e, u, d , . . .)

Paramters: α, mZ , sin2 θw ; maybe ve, ae; vq , aq
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CROSS SECTIONS: CC

Charged current at tree level

d2σCC

dxdQ2 =
1± P

2
2πα2

Q4x
κ2

W

“
Y+W2 ± Y−xW3 − y2

WL

”

with

κW (Q2) =
Q2

Q2 + m2
w

1
4 sin2 θw

Paramters: α, mW , sin2 θw

H. Spiesberger (Mainz) LHeC, 14. 6. 2012 4 / 16

Hubert Spiesberger



QUARK COUPLINGS
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A more general approach

for extensions of the

Standard Model:

Quark coupling constants

as free parameters

LHeC: vq , aq

From fits to NC and CC

great improvement

on measurements

of quark vector and

axial-vector couplings

LHeC-CDR

H1prelim-10-042

ZEUS-prel-06-003
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Alberto Accardi DIS on deutrons
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Test shadowing in more controlled environment. Saturation. Relation with diffraction.



What about LHeC?
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Kinematical reach in nuclear collisions
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eA/pA/AA complementarity
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Why proton-nucleus?

The proton structure is constrained by DIS + other data

 HERA data of utmost importance

Need pA to study the high-energy nuclear structure

 DIS data is old (90’s) short number and with limited range

 pA@LHC is the only experimental condition available before an 

eventual lepton-A collider (LHeC, eRHIC?)

 Needed as benchmark for the AA program

 High-density effects (saturation) enhanced in nuclei

[To study the structure of a large object make collisions 
with smaller objects (Rutherford experiment...)]

Carlos Salgado



Stefano Forte Factorization

(COLLINEAR) FACTORIZATION IN QCD: THE STATEMENT

LEPTON-HADRON HADRON-HADRON

DIMENSIONLESS CROSS SECTIONS FACTORIZE:

LEPTOPRODUCTION ;

HADROPRODUCTION ;

PARTON LUMINOSITY: FROM PDFS

IN MELLIN SPACE CONVOLUTIONS ORDINARY PRODUCTS

;

PDF INDEP.

THE ROAD AHEAD

SOLID CONTROL OF FACTORIZATION IS A NECESSARY INGREDIENT FOR

PRECISION DISCOVERY PHYSICS

FACTORIZATION, BEYOND THE SIMPLEST CASES, IS ESTABILSHED BY AN

INTERPLAY OF THEORY AND PHENOMENOLOGY

THE CAPABILITY OF TESTING FACTORIZATION IN ELECTROPRODUCTION

ALLOWS FOR DETAILED QCD STUDIES AND ENABLES NEW DISCOVERY

CHANNELS AT THE LHC

Note: eA necessary for clean and 
precise extraction of nuclear 

PDFs. pA cannot substitute eA in 
that aspect (much less clean, 

factorization not shown in pA)
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SUMMARY

COLLINEAR FACTORIZATION

THE BASICS: EW FINAL STATES

JETS: THE EVIDENCE

THE USES OF EXTENDED FACTORIZATION

CLASSIC EXTENSIONS OF FACTORIZATION

SOFT GLUONS

HIGH ENERGY

BEYOND THE CLASSIC EXTENSIONS

UNINTEGRATED AND TMD PDFS

DIFFRACTION & FRACTURE FUNCTIONS

OUTLOOK

SUMMARY

COLLINEAR FACTORIZATION

THE BASICS: EW FINAL STATES

JETS: THE EVIDENCE

THE USES OF EXTENDED FACTORIZATION

CLASSIC EXTENSIONS OF FACTORIZATION

SOFT GLUONS

HIGH ENERGY

BEYOND THE CLASSIC EXTENSIONS

UNINTEGRATED AND TMD PDFS

DIFFRACTION & FRACTURE FUNCTIONS

OUTLOOK



UNINTEGRATED AND TMD PDFS
FORWARD JETS:

-FACT VS COLLINEAR

10 3

10 4

10 5

10 6

10 7

10 8

10 9

0 50 100 150 200

LHC sqrt(s)=7000
jet  ET>10 GeV
central jets

 ET (GeV)

 d
!

/d
E T (

nb
/G

eV
)

CASCADE
PYTHIA-Perugia-hard
PYTHIA-noMPI

: -FACT VS
COLLINEAR

INTERPRET HIGH-ENERGY FACTORIZATION

AS A FACTORIZATION

& ASSUME IT TO BE MORE GENERALLY VALID

PDFS BECOME DEPENDENT (TMD)

-DEP PDF CAN BE USED FOR PARTON SHOWER-
ING (COLLINS, HAUTMANN, 2000)

IMPLEMENTED IN MONTE CARLO GENERATORS

SIGNIFICANT IMPLICATIONS FOR LHC OBSERVABLES

& SEARCHES

TMD FACTORIZATION BROKEN FOR HIGH JETS

FACTORIZATION MUST BE ESTABLISHED BY COM-
PARING ELECTRO- AND HADROPRODUCTION

Stefano Forte
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QCD factorization in Exclusive processes

DVCS Meson Production

γ!

x x�

γ
Q2

hadron hadron

Pert.

t

Non-pert. object

x != x�

GPDGPD

W 2

γ!

x x�

Q2

hadron hadron
t

Non-pert. object

x != x�

GPD

W 2

ρ,π, . . .

Pert.

! Factorisation between a hard part (perturbatively calculable) and a soft

part (non-perturbative) Generalized Parton Distribution demonstrated for

Q2, W2 →∞, xB =
Q2

Q2+W2
fixed and |t|� Q2

fixed

D. Mueller et al., X. Ji, A. Radyushkin, J. Collins et al. , ’94, ’96,’98

B.Pire, CPhT, Polytechnique LHeC-2012 03/27

Generalized Parton Distributions

nucleon or 
nucleus



Impact picture Representation

M. Burkhardt, JP Ralston and BP, M. Diehl

t dependence of GPDs maps transverse position bT of quarks.

Fourier transform GPD at zero skewness
q(x, bT ) = (2π)

−2
�

d
2∆Te

i∆T .bT H(x, ξ = 0, t) probability

Generalize at ξ �= 0→ Quantum femtophotography.

The t−dependence of dVCS localizes transversally in the proton
the q and g (DGLAP) or the q̄q and gg pairs of size 1

Q
(ERBL)

DGLAP region (x > ξ) ERBL region (x < ξ)

(a)

x
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!"!

!
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!"!
!"!

"!x+!

b
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b
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!
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x

x

Femtophotography of quark Femtophotography of quark-antiquark

in the proton pair in the proton

B.Pire, CPhT, Polytechnique LHeC-2012 07/27

Quark and Gluon imaging

Thanks to Franck Sabatié

Parton imaging with an EIC 

Preliminary work done in collaboration with : 
 

E. C. Aschenauer, M. Diehl, S. Fazio, D. Müller and K. Kumerički 
 

in preparation for the EIC White Paper 

for this dream to become textbook for students in the 2030’s

one needs accurate measurement down to small values of ξ

→ High energy, high luminosity electron nucleon colliders essential
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This is the reason I consider GPDs as a

major breakthrough in QCD physics

! Beautiful progress in forward exclusive photon (DVCS) and meson

(DVMP) experiments and analysis

! Need to test universality of GPDs : TCS vs DVCS extractions

! Need to better understand NLO and twist 3 contributions ( → ρT )

! Need to resum soft gluon contributions (Altinoluk et al 2012)

! Need to go to higher energies, smaller skewness (EIC ; LHeC)

B.Pire, CPhT, Polytechnique LHeC-2012 09/27

Bernard Pire

Gluon imaging through DVCS

from T Horn, EIC study

Gluon imaging: gluon vs. singlet quark size

Tanja Horn, Imaging in Exclusive Processes, INT10-3, Seattle

     Detailed differential image of 
nucleon’s partonic structure

• EIC: gluon size from J/!, singlet quark size from 
DVCS

– x-dependence: quark vs. gluon diffusion in wave 
function

– Detailed analysis: LO     NLO [Mueller et al.]!

• Do singlet quarks and gluons have the same 
transverse distribution?

– Hints from HERA: 

– Dynamical models predict difference: pion cloud, 
constituent quark picture            [Strikman, Weiss 09]

– No difference assumed in present pp MC 
generators for LHC!

Area "q#$q % & Area " g %

12

talk by T. Horn
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Simon Plaetzer

Improving parton showers

Two established directions:

– NLO matching

– LO multijet merging

Simon Plätzer (DESY Theory Group) Monte Carlos for ep 7 / 20

Improving parton showers

Two established directions:

– NLO matching

– LO multijet merging

Simon Plätzer (DESY Theory Group) Monte Carlos for ep 7 / 20

Status for ep

DIS LO multijet merging in Sherpa

[Carli, Gehrmann, Höche – arXiv:0912.3715]

Simon Plätzer (DESY Theory Group) Monte Carlos for ep 11 / 20

Conclusions, next steps and a wishlist

LHC age multipurpose Monte Carlos have not forgotten about ep.

Still many things to be addressed before claiming LHeC readiness.

But we’re on the way. A personpower problem, as always.

Most important will be higher order matrix elements and multiple jets.

The infrastructure available is very generic.

We’ll have to test:

– showers and improvements,

– hadronization,

– multiple interactions.

Against HERA data, of course.

Simon Plätzer (DESY Theory Group) Monte Carlos for ep 18 / 20

Conclusions, next steps and a wishlist

For validation and further developments, would really appreciate HERA

analyses implementations in Rivet.

For ongoing analyses and future LHeC data, please provide

– particle level observables,

– in the fiducial volume,

– without any further corrections,

– based on operational definitions.

Will only be of limited use otherwise ...

Simon Plätzer (DESY Theory Group) Monte Carlos for ep 19 / 20

Monte Carlo status for ep



Masaki Ishitsuka
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!! LHC has discovery potential to the mass range with 2012 data 

Higgs at LHeC

!! Constraint to SM Higgs within 117.5 – 127.5 GeV 

!! ATLAS and CMS with ~5 fb-1 data at !s = 7TeV 

3

!! Following discovery, LHeC aims to measure Hbb coupling 

!! Branching ratio to bb pair: 52 – 67% at 117.5 – 127.5 GeV 

!! H→bb is still challenging channel with large QCD background 

!! Measurement of Higgs to fermion coupling is essential to confirm Higgs field 
is accounting for fermion mass via Yukawa couplings 
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!! It is important to show that it is a SM 
Higgs (see CP study talk) 

!! H→bb may be observed in exclusive 
production mode in clean environment 
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Higgs at LHeC

Electron 

beam energy

50 
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cross-section 

(fb)

81 165 239

CC Higgs production cross-section  

(MH = 120 GeV)

Signal

CC: H → bb (BR ~ 0.7 at MH=120GeV)  

σ~ 0.16 pb 

at !s=2.05TeV 

4

Higgs production cross-section 

at !s = 1.98TeV (Ee=140GeV,  Ep=7TeV)

as a function of mH

scattering angle  

of final states 

mH=120GeV
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Masaki Ishitsuka

+
Selection of H→bb

!! NC rejection 

!! Exclude electron-tagged events 

!! ET,miss > 20GeV 

!! Njet (pT > 20GeV) ≧ 3 

!! ET,total > 100GeV 

!! yJB < 0.9, Q2
JB > 400GeV 

!! b-tag requirement 

!! Nb-jet (pT > 20GeV) ≧ 2 

!! Higgs invariant mass 

!! 90 < MH < 120GeV 

!! Single top rejection 

!! Mjjj,top > 250GeV 

!! Mjj,W > 130GeV 

!! Forward jet tagging 

!! ηjet > 2 (lowest η excluding b-tagged jets)

H→bb 

CC BG 

NC BG

Higgs invariant mass after all selection

15

Z→bb background



+
Results

!! Beam energy: 
!! Electron beam  150 GeV 

!! Proton beam  7 TeV 

!! SM Higgs mass  120 GeV 

!! Luminosity   10 fb-1

H→bb CC DIS NC bbj S/N S/!N

NC rejection 816 123000 4630 6.38!10-3 2.28

+ b-tag requirement 

+ Higgs invariant mass 

178 1620 179 9.92!10-2 4.21

All cuts 84.6 29.1 18.3 1.79 12.3

16

Signal and background cut flow
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Masaki Ishitsuka

+
Comparison with 60GeV option

!! Beam energy: 
!! Electron beam  150 GeV ⇒ 60 GeV 

!! Proton beam  7 TeV 

!! SM Higgs mass  120 GeV 

!! Luminosity   10 fb-1 ⇒ 100 fb-1 

Ee = 150 GeV 

(10 fb-1)

Ee = 60 GeV 

(100 fb-1)

H → bb signal 84.6 248

S/N 1.79 1.05

S/!N 12.3 16.1
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+
Summary

!! Once the discovery of SM Higgs is made by LHC, next goal is to 

establish Higgs field as origin of fermion mass 

⇒ Measurement of Hbb coupling is essential 

!! Sensitivity to H → bb was estimated by simulation study of LHeC 

!! LHeC has potential to measure H → bb 

!! 150 GeV electron beam with 10 fb-1 

!! 85 signal events expected with S/N ~ 1.8, S/!N ~ 12.3 

!! 60 GeV electron beam with 100 fb-1 

!! 248 signal events expected with S/N ~ 1.1, S/!N ~ 16.1 

!! We can explore other channels 

!! NC Higgs production in ZZ fusion 

!! Other light Higgs decay channels 
 

18



Bruce Mellado

11 

8 

S. Biswal, R. Godbole,  B.M. and a S. Raychaudhuri 
arXiv:1203.6285 

CP properties 
of Higgs



Outlook and Conclusions 

! The Higgs can be discovered at the LHC. However, 
the measurement of the Hbb coupling is challenging 

! We believe that forward jet tagging secures the 
feasibility of the Higgs search in CC and NC 
! Forward jet tagging is now well established at the LHC 

! With the isolation of the H!bb signal at the LHeC a 
window of opportunity opens for the exploration of 
the CP properties of the HVV vertex 

! The LHeC offers a number of advantages 
! Separation of HWW and HZZ couplings 

! Excellent signal to background ratio 

! Identificaiton of backward forward directions 

18 
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Precise determination of the PDFs at higher scales absolutely 
necessary for searches of New Physics.
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