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HERA Legacy

H1-Prelim-14-042

H1 & ZEUS collected  0.8 fb-1 in e+ / e− modes	

√s = 0.3 TeV	

Flavour separation from NC and CC DIS	

Independent of nuclear effects	

HERAPDF2.0 uses final combined H1/ZEUS data	

Improved precision at high x (incl. gluon)	

Achieved with strong UK involvement
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Figure 30: The parton distribution functions from HERAPDF2.0(prel.) at NNLO,
xuv, xdv, xS = 2x(Ū + D̄), xg, at the scale µ2f = 10 GeV2, for the Q2min = 3.5 GeV2 fit (top)
and the Q2min = 10 GeV2 fit (bottom) The gluon and sea distributions are scaled down by a
factor 20. The experimental, model and parametrisation uncertainties are shown separately.
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H1 and ZEUS preliminary
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Figure 21: The combined HERA data for the inclusive NC e+p reduced cross section and fixed
target data compared to an NLO QCD fit with Q2min = 3.5 GeV2. The green band includes
experimental uncertainties on the fit.
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Combined H1 & ZEUS run-2 preliminary

Precision:	

  1% 	
 Q2 < 100 GeV2	

1.5% 	
Q2 < 500 GeV2	

  2% 	
 Q2 < 3000 GeV2

x ~ 10-2 is a sweet-spot	

high precision with long Q2 lever arm	

relevant for LHC Higgs production

H1-Prelim-14-042

HERA data provided detailed insight into parton dynamics	

Established NNLO pQCD	

Underpins all LHC measurements	

Precise determination of PDFs (specially gluon) 	

	
 ⇒ accurate predictions of LHC Higgs production

http://www-h1.desy.de/h1/www/publications/htmlsplit/H1prelim-14-042.long.html
http://www-h1.desy.de/h1/www/publications/htmlsplit/H1prelim-14-042.long.html
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Deep Inelastic Scattering

CERNCOURIER
V O L U M E  5 4   N U M B E R  5   J U N E  2 0 1 4

33

C E R N C our i e r      J u n e  2 0 14

Accelerators

From time to time, great experimental progress in particle physics 
VXGGHQO\�UHYHDOV�D�FULVLV�LQ�WKHRUHWLFDO�SK\VLFV��7KLV�KDSSHQHG�LQ�WKH�
HDUO\�����V�ZKHQ�D�SOHWKRUD�RI�KDGURQV�KDG�EHHQ�GLVFRYHUHG��ZKLOH�
VWURQJ�LQWHUDFWLRQ�WKHRU\�GHDOW�ZLWK�DQDO\WLFDO�SURSHUWLHV�RI�WKH�
S matrix and a number of phenomenological models. At that time, 
0XUUD\�*HOO�0DQQ��ZKR�KDG�MXVW�LQWURGXFHG�WKH�QRWLRQ�RI�TXDUNV��
VHFRQGHG�E\�*HRUJ�=ZHLJ��DUJXHG�IRU�IRFXVLQJ�RQ�́ D�KLJKHU�HQHUJ\�
DFFHOHUDWRU�VR�WKDW�ZH�FDQ�GR�PRUH�H[SHULPHQWV�RYHU�WKH�QH[W�JHQ�
HUDWLRQ�DQG�UHDOO\�OHDUQ�PRUH�DERXW�WKH�EDVLF�VWUXFWXUH�RI�PDWWHUµ�
�*HOO�0DQQ��������7KH�FXUUHQW�VLWXDWLRQ�LV�QRW�VR�GLIIHUHQW�
$W�WKH�/+&��WKH�6WDQGDUG�0RGHO�LV�EHLQJ�VXEMHFWHG�WR�D�WKRURXJK�

FRQÀ�UPDWLRQ��LQFOXGLQJ�WKH�UHPDUNDEOH�FRPSOHWLRQ�RI�LWV�SDUWLFOH�
FRQWHQWV�ZLWK�WKH�GLVFRYHU\�RI�D�+LJJV�ERVRQ��,PSRUWDQW�DV�WKHVH�
UHVXOWV�DUH��KRZHYHU��WKHUH�LV�VWLOO�QR�LQGLFDWLRQ�RI�WKH�H[LVWHQFH�RI�
WKH�ORQJ�SUHGLFWHG�VXSHUV\PPHWULF�SDUWLFOHV�RU�RI�.DOX]D².OHLQ�
UHVRQDQFHV�EHORZ�D�PDVV�VFDOH�RI�DERXW�D�WHUD�HOHFWURQ�YROW��RU�RI�
RWKHU�QHZ�SKHQRPHQD��2I�FRXUVH��WKH�KRSH�LV�WKDW�LQ�WKH�FRPLQJ�\HDUV�
WKH�/+&�ZLOO�GLVFRYHU�QHZ�SK\VLFV�LQ�H[SORULQJ�WKH�QH[W�KLJKHU�
HQHUJ\�GRPDLQ�ZLWK�LQFUHDVHG�OXPLQRVLW\��<HW��WR�GLVFRYHU�DOO�KLG�
GHQ�WUHDVXUHV�ZKHQ�HQWHULQJ�XQNQRZQ�WHUULWRU\��LW�LV�D�ZLVH�VWUDWHJ\�
WR�SUHSDUH�IRU�DOO�SRVVLELOLWLHV�DQG�QRW�WR�UHO\�RQ�D�IHZ�FKRLFHV�RQO\�
,Q� WKLV� VSLULW�� LQYHVWLJDWLRQV�RI� HOHFWURQ²SURWRQ� �HS�� DQG�

HOHFWURQ²LRQ��H$��FROOLVLRQV�DW�KLJK�HQHUJLHV�RIIHU�DQ�LPSRUWDQW�SURV�
SHFW��FRPSOHPHQWDU\�WR�SURWRQ²SURWRQ��SS��DQG�HOHFWURQ²SRVLWURQ�
�HH��FROOLVLRQV��6R�IDU��WKH�RQO\�FROOLGHU�WR�H[SORLW�WKH�HS�FRQÀ�JXUDWLRQ�
ZDV�+(5$�DW�'(6<��ZKHUH�UHVXOWV�IURP�WKH�+��DQG�=(86�H[SHUL�
ments provided much of the base of current LHC physics and also 
OHG�WR�VXUSULVLQJ�UHVXOWV��IRU�H[DPSOH�RQ�WKH�PRPHQWXP�GLVWULEX�
tions of partons inside the proton. Building on the conceptual design 
VWXG\�IRU�WKH�/DUJH�+DGURQ�(OHFWURQ�&ROOLGHU��/+H&��²�DQ�HOHFWURQ�
EHDP�XSJUDGH�WR�WKH�/+&��CERN Courier�0D\������S����²�&(51·V�
management decided recently to investigate these possibilities more 
deeply. It has established an International Advisory Committee 
�,$&��WR�UHSRUW�WR�WKH�GLUHFWRU�JHQHUDO��ZLWK�WKH�PDQGDWH�WR�SURYLGH�
´«VFLHQWLÀ�F�DQG�WHFKQLFDO�GLUHFWLRQ�IRU�WKH�SK\VLFV�SRWHQWLDO�RI�
WKH�HS�H$�FROOLGHU��ERWK�DW�WKH�/+&�DQG�)&&�>WKH�SURSRVHG�)XWXUH�

&LUFXODU�&ROOLGHU�FRPSOH[@��DV�D�IXQFWLRQ�RI�WKH�PDFKLQH�SDUDP�
HWHUV�DQG�RI�D�UHDOLVWLF�GHWHFWRU�GHVLJQ��DV�ZHOO�DV�IRU�WKH�GHVLJQ�DQG�
SRVVLEOH�DSSURYDO�RI�DQ�HQHUJ\�UHFRYHU\�OLQDF��(5/��WHVW�IDFLOLW\�DW�
&(51«µ��)XUWKHUPRUH��WKH�DGYLVRU\�FRPPLWWHH�VKRXOG�RIIHU�́ DVVLV�
WDQFH�LQ�EXLOGLQJ�WKH�LQWHUQDWLRQDO�FDVH�IRU�WKH�DFFHOHUDWRU�DQG�GHWHF�
WRU�GHYHORSPHQWV�DV�ZHOO�DV�JXLGDQFH�WR�WKH�UHVRXUFH��LQIUDVWUXFWXUH�
DQG�VFLHQFH�SROLF\�DVSHFWV«µ��&KDLUHG�E\�+HUZLJ�6FKRSSHU��WKH�,$&�
FRPSULVHV����HPLQHQW�VFLHQWLVWV�IURP�WKUHH�FRQWLQHQWV��WRJHWKHU�ZLWK�
CERN’s director for research and computing, Sergio Bertolucci, and 
WKH�GLUHFWRU�IRU�DFFHOHUDWRUV�DQG�WHFKQRORJ\��)UHGHULFN�%RUGU\��DV�

ZHOO�DV�WKH�FR�FKDLUV�RI�WKH�QHZO\�
HVWDEOLVKHG�/+H&�&R�RUGLQD�
tion Group, Oliver Brüning and 
0D[�.OHLQ�

One of the IAC’s f i rst 
PDMRU�DFWLYLWLHV�ZDV�WR�KROG�D�
ZHOO�DWWHQGHG�ZRUNVKRS� RQ�
the LHeC, its physics, and the 
DFFHOHUDWRU�DQG�GHWHFWRU�GHYHO�
RSPHQW�� DW� &KDYDQQHV�GH�
Bogis in January this year. 

Electrons at the LHC: 
a new beginning
A new committee is providing direction on the 
case for an electron–hadron collider, both at the 
LHC and at a Future Circular Collider complex.
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V

To discover all 
hidden treasures, 
it is a wise strategy 
to prepare for all 
possibilities.

3HDUVRQ�(OHFWURQLFV�GHVLJQV�DQG�PDQXIDFWXUHV�
FXVWRP�&XUUHQW�0RQLWRUV�IRU�XVH�LQ�WKH�EHDP�
WXEH��DQG�ODUJH�DSHUWXUH�FODPS�RQ�&XUUHQW�
0RQLWRUV�DSSOLHG�RXWVLGH�WKH�EHDP�WXEH�

3HDUVRQ�0RQLWRUV�PHDVXUH�VXE�PLOOLDPS�
FXUUHQWV��3XOVH�ULVH�WLPHV�DV�IDVW�DV�����
QDQRVHFRQGV�FDQ�EH�YLHZHG�DFFXUDWHO\��0DQ\�
FODPS�RQ�DQG�IL[HG�DSHUWXUH�PRGHOV�DUH�LQ�
VWRFN�DQG�DYDLODEOH�IRU�LPPHGLDWH�GHOLYHU\�
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WWW.

LHeC: 	

ep collisions with 7 TeV LHC p-beam	

synchronous running with LHC pp collisions	

… or FCC (hadron-electron machine)	

!
60 GeV electron beam ⇒ √s = 1.3 TeV	

Polarised electron beam ~ 90%	

!
FCC  50 TeV p-beam ⇒ √s = 3.5 TeV	


!
Kinematic range: 	

	
 Q2 → 106 GeV2 	

	
 10-6 < x < 1	

	
 L = 1033 − 1034 cm-2s-1  	


Factor ~1000 increase in L compared to HERA	

Factor ~20 increase in x,Q2 range	


Collect 10 − 100 fb-1 per year	

Precision ep physics with 1 ab-1 in a decade

US led electron-ion collider projects:	

	
 EIC (JLAB) / eRHIC (Brookhaven)	

heavy ion programme	

Interest from UK community
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LHeC Physics

New$dreieck$

Physics goals complementary to LHC	

Precise high x PDFs extend the LHC discovery potential	

Higgs properties accessible at LHeC

Proton structure	

 - complete flavour decomposition	

	
 u/d , s , c , b, g	

 - remove assumptions on p ↔ d symmetry	


High precision QCD & EW physics	

αS ~ 0.1% accuracy	

High density matter	

Gluon saturation	

Higgs properties	

RP violating SUSY	

Leptoquarks	

Quark sub-structure	

… ??	

!
As well as 	

e-deuteron	

heavy ion scattering	

Quark-gluon plasma	

L =1031 − 1032 for nuclei 

LHC searches: largest uncertainty from PDFs 	

ATLAS contact interactions 8 TeV 	
 arXiv:1407.2410	

ATLAS Z-prime search 8 TeV 	
 	
 arXiv:1405.4123	

ATLAS quantum gravity search 8 TeV	
 arXiv:1311.2006

http://arxiv.org/abs/1407.2410
http://arxiv.org/abs/1405.4123
http://arxiv.org/abs/1311.2006
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	  	  h#p://cern.ch/lhec LHeC Study Group

Several international workshops since 2008	

Conceptual Design Report Published mid 2012	

Will focus on new developments since then

arXiv:1206.2913	  	  	  	  	  CDR	  
arXiv:1211.5102	  	  	  LHC	  ↔	  LHeC

LHeC Study Group
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P.Allport24, V.Andreev34, R.B.Appleby14,30, E.Arikan39, N.Armesto53,a, G.Azuelos33,64, M.Bai37, D.Barber14,17,24, J.Bartels18,
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Tunnel civil engineering independent of LHC

- Christian Schwanenberger -EWK and Top Quark Physics in DIS DIS 2014

LHeC, Linac-Ring Collider 

5

p beam: 7 TeV

e± beam: 
60-140 GeV
(LHeC, FCC-HE)

Energy Recovering Linac

Lint ≤ 100 fb-1

60 GeV electron beam achieved with	

2 x 1 km recirculating energy recovery linac	

3 pass arcs with 2 x 60 cavity cryo-modules	

accelerating gradient 20 MV/m	

!
Total machine power ~ 80 MW	

	
 - cryogenics	

	
 - linac power	

	
 - synchrotron compensation	

	
 - injectors & magnets

LHeC Design

L = 1034 cm-2s-1 seems feasible compared to CDR:	

	
 - more intense electron source	

	
 - better p focussing	

	
 - smaller p & e emittance	

	
 - over-performance of existing LHC

ERL applications: 
 LHeC could 
      provide collisions 
    with HL-LHC 

 LHeC could 
    potentially  
      provide collisions 
    with FCC-hh 

 LHeC could 
      operate as injector 
    for FCC-ee 

23&April&29th,&2014& DIS&14&

LHeC in the context of  FCC 

LHeC could operate simultaneously	

 - with pp collisions in LHC	

 - with ep collisions in FCC-he	

or be injector for FCC-ee machine	


L for ILC / LHC / LHeC all on a par	

Higgs production cross section in ee ≈ ep ~ 200 fb
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Baseline&detector&design&
A.&Polini&and&P.&Kostka&

Uta'Klein,'LHeC'project' 36 

p/A e� 

Beam pipe design for 3 beams 

Central Tracker Si-
Layers 

$  High&acceptance&Silicon&Tracking&System&&&~1°&(high&tagging&
capabiliSes&e.g.&for&b:jets&up&to&η~3)&&&

$  Liquid&Argon&EM&Calorimeter&

$  Iron:ScinSllator&Hadronic&Calorimeter&

$  Forward&Backward&Calorimeters:&Si/W&&Si/Cu&

14m&x&9m&(CMS&21m&x&15m;&ATLAS&45m&x&25m)&&

7

Detector Design Requirements

•Demanding specification but	

less stringent than ATLAS/CMS	


•Forward tracking is crucial	


•Rest on existing technology 	

→ no large R&D effort  

3.5 T solenoid	

0.5 T dipole magnets inside IR to bend electron beam to collision	

	
 strong synchrotron fan → elliptical beam pipe in IR	

Calorimetry similar to ATLAS	

	
 LAr EM calo 	
 	
 	
 σ/E =   9% /√E ⊕ 0.3%	

	
 Scintillating tile HAD calo	
 σ/E = 32% /√E ⊕ 9%	

Muon system - tagging only - momentum from inner tracker	

!
FCC-he detector design similar

Need 1° acceptance 	

	
 in forward region for high x & Higgs	

	
 in backward region for low x kinematic reco	

4 Layer pixel tracker	

4 layer central Si tracker + fwd/bwd planes	

5/3 wheel forward / backward Si tracker	

!
Provides b-jet tagging to η = 3	

Transverse impact parameter resolution = 10μm
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Figure 3.17: Gluon distribution and uncertainty bands, at Q2 = 1.9GeV2, for most of the
available recent PDF determinations. Left: logarithmic x, right: linear x.
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Figure 3.18: Ratios to MSTW08 of gluon distribution and uncertainty bands, at Q2 =
1.9GeV2, for most of the available recent PDF determinations. Left: logarithmic x, right:
linear x.
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Figure 3.8: Ratios (to MSTW08) and uncertainty bands of valence quark distributions, at
Q2 = 1.9GeV2, for most of the available recent PDF determinations. Top: up valence
quark; down: down valence quark; left: logarithmic x, right: linear x.

Figure 3.9: Uncertainty of valence quark distributions, at Q2 = 1.9GeV2, as resulting from
an NLO QCD fit to HERA (I) alone (green, outer), HERA and BCDMS (crossed), HERA
and LHC (light blue, crossed) and the LHeC added (blue, dark). Top: up valence quark;
down: down valence quark; left: logarithmic x, right: linear x.

50

8

Figure 5: Calculation of gluino pair production in NLO SUSY-QCD using Prospino [16] and assuming squark
mass degeneracy and equality of squark and gluino masses for illustration. The error bands are around central
values (solid lines) and correspond to the uncertainty quotations of the various PDF groups. The red band
of uncertainty for the LHeC corresponds to the statistical and systematic errors including their correlations
as treated in the NLO QCD fit described in the CDR.

di↵er considerably, by factors, in their central predictions, which has to do with the smallness of the gluon
distribution at large Bjorken x and the uncertainty of jet physics constraints at the Tevatron and the LHC,
related to scale and calibration uncertainties and to the size of theory corrections at high mass Drell-Yan
scattering. On the other hand, predictions employing the LHeC-derived PDF fits exhibit much smaller
uncertainties, between 5% and 20% for gluino masses between 500 GeV and 5 TeV, thanks to the expected
precision LHeC measurements of the NC and CC cross sections, and the derived quark and gluon densities,
see above and [1].

Such a greatly reduced level of uncertainty is comparable to or below the experimental uncertainties
expected for squark/gluino searches at the high-luminosity LHC, e.g. through enhanced multi-jet production
rates (with or without missing transverse momentum) compared with SM predictions. It is di�cult to predict
the fate of high mass searches for SUSY. However, it is a prime goal of the GPD LHC experiments in the
HL-LHC phase to explore the phase space up to or close to the kinematic limit. Fig. 5 makes it clear that
the exploration of the region of above a few TeV gluino mass requires a much improved knowledge of PDFs,
especially for the gluon for which the LHeC is the most reliable and most precise source, as has been argued
above. Should deviations from SM predictions be observed, accurate predictions for inclusive squark and
gluino production cross sections will be crucial to understand the nature of the new physics discovered and
to determine SUSY particle masses and properties [17]. In this regard the LHeC, an ultra-precision QCD
instrument, is a necessary complement for the HL-LHC physics programme, both for high mass searches as
exemplified here and for making the LHC a precision Higgs factory as will be illustrated below.

The interest in R-parity violating SUSY translates directly into the striking potential of the LHeC to
determine the lepto-quark or lepto-gluon quantum numbers should such states be discovered at the LHC.
The ep machine has a clean s-channel single production mode, with variable input beam parameters while
the LHC produces them predominantly in pairs. This is discussed in detail in [1], along with the reach in
contact interactions, excited leptons, anomalous lepton-quark interactions and other BSM topics.
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Figure 3.8: Ratios (to MSTW08) and uncertainty bands of valence quark distributions, at
Q2 = 1.9GeV2, for most of the available recent PDF determinations. Top: up valence
quark; down: down valence quark; left: logarithmic x, right: linear x.

Figure 3.9: Uncertainty of valence quark distributions, at Q2 = 1.9GeV2, as resulting from
an NLO QCD fit to HERA (I) alone (green, outer), HERA and BCDMS (crossed), HERA
and LHC (light blue, crossed) and the LHeC added (blue, dark). Top: up valence quark;
down: down valence quark; left: logarithmic x, right: linear x.

50

High x uval , dval & gluon PDFs dramatically improved from HERA + LHeC data

uval uncertainty 2% at x=0.8 dval uncertainty 4% at x=0.8

LHeC provides single coherent	

experiment with which to 	

determine PDFs with well 	

controlled systematics

The determination of xg is predicted to be radically improved with the LHeC precision
data which extend up to lowest x near to 10�6 and large x � 0.7. The result of the QCD
fit analysis for xg as described above in Sect. 3.2.1 is shown in Fig. 3.19. One observes a
dramatic improvement at low x, as must be expected from the extension of the kinematic
range, but also at high x, as is attributed to the high x precision measurements of the NC
and CC cross sections. At x = 0.6, for example, the predicted experimental uncertainty of
xg is 5%, which is about ten times more accurate than the results of MSTW08 or of the
HERA fit indicate.

It is worth noting that the uncertainties considered here are restricted to those related
to the genuine cross section measurement errors. There are further uncertainties, as dis-
cussed e.g. in [38], related to the di�culty of parameterising the PDFs and choosing the
optimum solution in such a fit analysis. These will be also considerably reduced with the
LHeC extended data base. Moreover, this analysis is not making use of the plethora of
extra information on xg, which the LHeC will provide with FL, F

c,b
2

and jet cross section
measurements. The understanding of the gluon and its interactions is a primary task of the
LHeC and undoubtedly a new horizon in strong interaction physics will be opened.

Figure 3.19: Relative uncertainty of the gluon distribution at Q2 = 1.9GeV2, as resulting
from an NLO QCD fit to HERA (I) alone (green, outer), HERA and BCDMS (crossed),
HERA and LHC (light blue, crossed) and the LHeC added (blue, dark). Left: logarithmic
x, right: linear x.

3.4 Prospects to measure the strong coupling constant

The precise knowledge of ↵s(M2

Z) is of instrumental importance for the correct prediction of
the electroweak gauge boson production cross sections and the Higgs boson cross section at
Tevatron and the LHC [87]. Independently of such applications, the accurate determination
of the coupling constants of the known fundamental forces is of importance in the search for
their possible unification within a more fundamental theory. Among the coupling constants
of the forces in the Standard Model, the strong coupling ↵s exhibits the largest uncertainty,
which is currently of the size of ⇠ 1%. Any future improvement of this precision, along
with the consolidation of the real central value, is one of the central issues of contemporary
elementary particle physics. It demands deep experimental and theoretical e↵orts to obtain
the required precision and especially to handle all essential systematic e↵ects.

Experimentation at the LHeC will allow to measure the strong coupling constant ↵s(M2

Z)
at much higher precision than hitherto, both from the scaling violations of the deep inelastic

61

xg uncertainty	

10% at x=0.7	

⇒ M=5 TeV

LHC discovery potential limited by 	

uncertainty on high x PDFs

-  Both signal & background  
uncertainties driven by  
error on gluon density … 
Essentially unknown for 
masses much beyond 2 TeV 

-  Similar conclusions for  
other non-resonant LHC  
signals involving high x  
partons (e.g. contact  
interactions signal in  
Drell-Yan) 

- Signature is excess @ large invariant mass  
-  Expected SM background (e.g. gg  gg)  

  poorly known for s-hat > 1 TeV.  

13 

relative uncertainties on PDFs

dominant gluino	

production modeinclude high x Tevatron jets	


(except HERAPDF)

PDFs - gluon

NLO QCD fit to LHeC + HERA inclusive data incl. experimental systematic uncertainties & correlations

 Currently high x gluon unknown for x>0.3
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PDFs - heavy flavours

LHeC  F2
bb  (RAPGAP MC, 7 TeV x 100 GeV, 10 fb-1, εb=0.5)

x

F 2bb
 x

 4
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Q2 = 2 GeV2,i=1
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Q2 = 25 GeV2,i=4
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Figure 3.24: F bb
2

projections for LHeC compared to HERA data [151] from H1, shown
as a function of x for various Q2 values. The expected LHeC results obtained with the
RAPGAP MC simulation are shown as points with error bars representing the statistical
uncertainties. The dashed lines are interpolating curves between the points. For the open
points the detector acceptance is assumed to cover the whole polar angle range. For the
grey shaded and black points events are only accepted if at least one beauty quark is found
with polar angles ✓b > 20 and ✓b > 100, respectively. For further details of the LHeC
simulation see the main text. The HERA results from H1 are shown as triangles with error
bars representing their total uncertainty.

data are presented as points with error bars which (where visible) indicate the estimated
statistical uncertainties. For the open points the detector acceptance is assumed to cover
the whole polar angle range. For the grey shaded and black points events are only accepted
if at least one charm quark is found with polar angles ✓c > 20 and ✓c > 100, respectively.

75

functions F cc
2

and F bb
2

, respectively, compared to recent measurements [150] from HERA.

LHeC  F2
cc  (RAPGAP MC, 7 TeV x 100 GeV, 10 fb-1, εc=0.1)

x

F 2cc
 x

 4
i

Q2 = 2 GeV2,i=1

Q2 = 4 GeV2,i=2

Q2 = 12 GeV2,i=3

Q2 = 20 GeV2,i=4

Q2 = 60 GeV2,i=5

Q2 = 200 GeV2,i=6

Q2 = 400 GeV2,i=7

Q2 = 1000 GeV2,i=8

Q2 = 10000 GeV2,i=9

Q2 = 50000 GeV2,i=10

HERA  combined data
LHeC   θc > 00

LHeC   θc > 20

LHeC   θc > 100

Q2 = 100000 GeV2,i=11
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Figure 3.23: F cc
2

projections for LHeC compared to HERA data [150], shown as a function
of x for various Q2 values. The expected LHeC results obtained with the RAPGAP MC
simulation are shown as points with error bars representing the statistical uncertainties. The
dashed lines are interpolating curves between the points. For the open points the detector
acceptance is assumed to cover the whole polar angle range. For the grey shaded and black
points events are only accepted if at least one charm quark is found with polar angles ✓c > 20

and ✓c > 100, respectively. For further details of the LHeC simulation see the main text.
The combined HERA results from H1 and ZEUS are shown as triangles with error bars
representing their total uncertainty.

The data are shown as a function of x for various Q2 values. The Q2 values were chosen such
that they cover a large fraction of the specific values for which HERA results are available.
Some further values demonstrate the phase space extensions at LHeC. The projected LHeC

74

LHeC will provide direct access to charm and beauty PDFs	

Simulations here assume Ee = 100 GeV for 10 fb-1 data 	

Tagging efficiency ~10% for charm and 50% for beauty

Simple parton level study with statistical uncertainties only (<1%)	

Guided by experience from HERA & LHC tagging performance

Very large phase space opened up	

Region of x>0.1 becomes accessible at highest Q2	


Forward low angle tagging to ~1° essential for high x
Important for testing heavy flavour theory

Charm Structure Function                     Beauty Structure Function                     

In addition charged current  W+s → c	

process allows direct measurement of strange

Ee =100 GeV Ee =100 GeV
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Figure 4: Left: Running of the strong coupling constant up to high scales
p

Q2 = µ in the absence (SM) and
presence of n extra dimensions [12]; Right: Extrapolation of the coupling constants (1/↵) within the MSSM
(for the parameter point CMSSM40.2.5 [13]) to the Grand Unified scale as predicted by SOFTSUSY [14]. The
width of the red line is the uncertainty of the world average of ↵

s

, which is dominated by the lattice QCD
calculation chosen for the PDG average. The black band is the LHeC projected experimental uncertainty [1].

the high precision of the data, new and decisive tests will also become available for answering the question
of whether the strong coupling determined with jets and in inclusive DIS are the same. If confirmed, as is
demonstrated in Table 3 with the HERA data, a joint inclusive and jet analysis has the potential to even
further reduce the uncertainty of ↵

s

as simulated here.

Numerous tests of the running of ↵
s

have been performed. At even higher scales, the law which governs
this behaviour would be a↵ected, possible strongly as is illustrated in Figure 4 (left), if extra dimensions
showed up in the kinematic range accessible to the LHeC. Besides e↵ects on ↵

s

one would expect to see
changes of the NC cross section, as in contact interaction patterns, for which the LHeC provides a range up
to about 50TeV, which is discussed in the CDR.

It is well known that grand unified theories (GUTs), having only a single gauge group, thus possess a single
gauge coupling of that group. The Standard Model (SM) gauge couplings are derived, after spontaneous
breaking of the GUT, from the renormalisation group evolution of the gauge couplings, from the Grand
Unified scale to the weak scale where they are measured. Thus there is a testable GUT prediction: the
couplings, which are measured at about the weak scale, should all unify to a common value at a single,
very high energy scale. Assuming the SM as the relevant e↵ective field theory, they do not unify. However,
assuming a supersymmetric desert above the weak scale and using the minimal supersymmetric standard
model (MSSM), the strong and electroweak couplings do approximately unify at a common scale of M

GUT

⇡
2 · 1016 GeV. In the specific calculation used here, the couplings do not quite match, see Figure 4 (right). In
realistic GUTs such deviations may occur and are caused by threshold e↵ects, for example by the prediction
of heavy GUT relic particles that lie just below M

GUT

. An accurate inference of this deviation therefore
gives important clues into the structure of such heavy states and therefore, ultimately, the GUT itself. It
is visible that the present level of uncertainty of the strong coupling is much larger than that of the weak
coupling and the fine structure constant, while with the LHeC a huge improvement is expected.

11

Strong coupling is a fundamental parameter of SM	

Current experimental precision ~ 1%  (mostly tau & DIS )	

	
 analyses performed at NNLO and N3LO	

!
LHeC data on inclusive structure functions could reach αS ±0.2%	

Includes projected experimental uncertainties (incl. correlations)	

Accuracy is obtained from	

	
 large kinematic range in Q2 constrains xg via scaling violations	

	
 large range in x: 10-6 < x < 0.8	

	
 accurate low x data constrain high x by momentum sum rule	

	
 accurate high x data reduce αS / xg correlation	

	
 range further extended using HERA data 	

!
DIS jet data could bring further improvement if theory is controlled	

!
Theoretical treatment of heavy quarks will be important

Strong Coupling αS

current αS uncertainty	

projected αS uncertainty from LHeC + HERA inclusive DIS
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Projected Higgs production uncertainty with 300 fb-1 and 3000 fb-1	

Solid bands: 	
 projected experimental uncertainties	

Shaded bands: 	
 include theoretical uncertainties (PDF ⊕ αS ⊕ scale)	


!
Theory error dominates in several channels	

!
LHeC data will bring large improvements in PDF and αS precision	

N3LO theory essential to reduce scale uncertainties… in progress now… 

Projected LHC Higgs Sensitivity

µ/µ∆
0 0.2 0.4

(comb.)

(incl.)

(comb.)

(comb.)

(VBF-like)

(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

µµ→H

ττ→H

 ZZ→H

 WW→H

γ Z→H

γγ→H

µµ→H

ττ→H

 ZZ→H

 WW→H

γ Z→H

γγ→H

1.5→

µ/µ∆
0 0.2 0.4

(+0j)
(+1j)

(VBF-like)
(ttH-like)
(VH-like)
(comb.)

(incl.)
(+0j)
(+1j)

(VBF-like)
(comb.)

(ggF-like)
(VBF-like)

(ttH-like)
(VH-like)
(comb.)

(VBF-like)
(ttH-like)

(incl.)
(comb.)

ATLAS Simulation Preliminary
 = 14 TeV:s -1Ldt=300 fb∫ ; -1Ldt=3000 fb∫

µµ→H

ττ→H
ZZ→H

WW→H

γZ→H
γγ→H

µµ→H

ττ→H
ZZ→H

WW→H

γZ→H
γγ→H

0.7→

1.5→

0.8→

Figure 21: Relative uncertainty on the total signal strength µ for all Higgs final states in the di↵erent
experimental categories used in the combination, assuming a SM Higgs Boson with a mass of 125 GeV
and LHC at 14 TeV, 300 fb�1 and 3000 fb�1. The hashed areas indicate the increase of the estimated error
due to current theory systematic uncertainties. The abbreviation “(comb.)” indicates that the precision on
µ is obtained from the combination of the measurements from the di↵erent experimental sub-categories
for the same final state, while “(incl.)” indicates that the measurement from the inclusive analysis was
used. The left side shows only the combined signal strength in the considered final states, while the right
side also shows the signal strength in the main experimental sub-categories within each final state.

• The signals observed in the di↵erent search channels originate from a single resonance. A mass of
125 GeV is assumed here.

• The width of the Higgs boson is narrow, justifying the use of the zero-width approximation (this
can be verified using a measurement as discussed in Section 5). Hence the predicted rate for a
given channel can be decomposed in the following way:

� · B (i! H ! f ) =
�i · � f

�H
(1)

where �i is the production cross section through the initial state i, B and � f are the branching ratio
and partial decay width into the final state f , respectively, and �H the total width of the Higgs

31

ATL-PHYS-PUB-2013-014 accuracy on σ⋅Br

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-014/
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further decay modes such as into fermions H ! ⌧⌧, cc, both challenging at the LHC, c involving a
second generation coupling, and also the H decay into bosons, WW, ZZ, ��, from a clean WW
initial state, the former delivering a potentially clean measurement of the H to WW coupling; iii)
with the specific ep configuration unique measurements of the CP properties are in reach with access
to CP odd admixtures and/or precision measurements of the CP even (SM) eigenvalues [18].

44

46

48

50

52

54

56

58

60

Figure 3: NNLO calculation of the Higgs production cross section in pp scattering at the design LHC energy using
the iHixs program. The cross section is calculated at a scale of MH/2. The bands on the left side represent the
uncertainties of the various PDF sets available to NNLO as marked. The PDF4LHC convention excludes ABM11,
JR09VF, HERA and extreme values of ↵s arriving in this calculation to roughly 5% uncertainty from PDF variations
to which one would add an about 10% from scale uncertainty, as this picture looks di↵erent when MH is used, see
text, and about 5% due to ↵s. The full experimental uncertainty estimated with the LHeC PDFs, as detailed in the
CDR and plotted at the right column, is about 0.3%, with a similar uncertainty to be added from ↵s discussed above.
From these two sources therefore, the LHeC would provide the means to derive Higgs mass values from LHC cross
section measurements.

At the LHeC one probes new physics at the cleanly separated WWH and ZZH vertices with
a simpler final state, no pile-up and knowing the directions of the struck quark. Measurements of
couplings have to be precise as, for example, the H to WW and ZZ couplings, when measured with
better than 8% accuracy, could allow accessing a composite Higgs structure [19]. The prospects for
Higgs physics with the LHeC are remarkable and deserve to be studied deeper.

A salient further aspect of ep assisting to make the LHC a precision Higgs physics facility is the
superb measurement of the PDFs and ↵s in ep with the LHeC. The dominant production mode for
the Higgs in pp is gg fusion and therefore the cross section is proportional to the product of ↵s and
xg squared. The LHeC leads to a much improved determination of the gluon density over 5 orders of
magnitude in Bjorken x, extending to large x as is illustrated in Fig. 2. This is at the origin of a huge
improvement of the knowledge, based on pseudo LHeC data, of the Higgs production cross section
at the LHC, shown in Fig. 3 and calculated with iHixs [20], in comparison with the available NNLO

7

MSTW2008	

HERAPDF1.5CT10

NNPDF2.1 (αS = 0.119)

NNPDF2.1 (αS = 0.121)

ABM11

ABM11

iHixs 1.3	

MH = 125 GeV

PDFs from LHeC

MH = 	

124 GeV	

125 GeV

NNLO Higgs production cross sections in pp √s= 14 TeV

cr
os

s 
se

ct
io

n 
[p

b] Bands show the PDF eigenvector uncertainty ~2-4%	

Additional scale and αS uncertainty not shown 	

	
 ~10% & ~5% resp.

LHeC could attain precise PDFs with ~0.3% exp. error for σHiggs	


Theoretical uncertainties from αS and scale variations	


Large Q2 lever arm could yield precision αS ~ 0.2% uncertainty	


N3LO required to reduce scale uncertainty

arXiv:1305.2090

Higgs Production in pp

Together these could provide sensitivity to MHiggs 	

through cross-section dependence

Great potential to enhance LHC Higgs programme including sensitivity to exotic Higgs scenarios

http://arxiv.org/abs/1305.2090
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Higgs Production in ep

ep → H

FCC-he may provide access to HHH vertex	

Fiducial σHHH ≈ 0.2 fb → similar to ILC	

Further study needed 

Rates$of$Higgs$ProducLon$in$edp$

High$rates$for$bb$but$also$WW,gg,ττ,cc$!$desire$for$maximum$luminosity$O(1034)$cmd2sd1$
Note$that$1033$is$100$Lmes$HERA$(I)$and$a$huge$step$more$than$adequate$for$DIS$
Each$of$the$channels$requires$dedicated$simulaLon$study,$as$has$been$done$for$bb$
Ahead$is$use$of$ep$detector$and$its$design$opLmisaLon$for$H$and$general$fwd$physics.$
For$the$detector$design$–$see$poster$‘A$New$Detector$for$ep$ScaQering’$–$this$conference$

Clean$VV$producLon$and$
high$S/B$in$reconstrucLon$
are$base$for$unique$
further$program$as$on$CP$
Biswal$et$al,$PRL109(12)261801$

+differenLal$measurements$$
$
There%is%a%huge%potenLal%
for%Higgs%physics%in%ep.%
$$

√s = 1.3 TeV √s = 3.5 TeV

!

!

!

!

!
!
!
!
!
!
!
!
!
!
!
!
!

Prospects for Higgs physics in 
high-energy ep scattering 

Uta$Klein$for$the$LHeC$Study$Group$

!

!LHeC!CDR!:!“A$Large$Hadron$Electron$Collider$at$CERN:$Report$on$the$Physics$and$Design$Concepts$for$Machine$and$Detector”,"The!LHeC!study!group,!arXiv:1206.2913v2![physics.acc@ph]!
$

! LHeC!and!FCC+he,!in!ep(A)!collisions!synchronous!with!pp!(AA)!running,!could!deliver!fundamentally!new!insights!on!the!structure!of!the!proton!(and!nucleus)!!and!the!strong!coupling!αS!with!high!precision!!!thus!strengthen!enormously!the!HL/HE@LHC!
physics!case!for!searches![e.g.!“On!the!RelaQon!of!the!LHeC!and!the!LHC”,!arXiv:1211.5102]!

! LHeC!sensiQvity!to!H→bb!is!esQmated!by!an!iniQal!simulaQon!study!:!!LHeC!has!the!potenQal!to!measure!H!→!bb!coupling!with!an!S/N!>~1!!and!to!1%!accuracy!with!60!GeV!electron!beam!based!on!a!luminosity!of!1034!cm@2!s@1.!!
!   At!LHeC,!various!Higgs!boson!decays!and!Higgs!CP!eigenstates!could!be!accessed!via!WW!and!ZZ!fusion!at!c.m.s.!energies!of!1.3!TeV!and!with!1000!!;+1!@!complementary!to!LHC!experiments.!!
!   There!are!exiQng!prospects!to!measure!double!Higgs!boson!producQon!at!FCC+he!!that!deserve!further!detailed!studies.!
!   New!high!luminosity!and!high!energy!!prospects!in!ep!have!just!started!to!be!explored!and!open!exciIng!new!potenIal!for!complementary,!precision!Higgs!physics!at!the!LHC!and!FCC!faciliIes.!!

GeneraIon!of!

!Events!

MadGraph5!

FragmentaIon!&!

HadronisaIon!

PYTHIA!!
(modified!for!ep)!

‘Detector’!

SimulaIon!

PGS!

Signal!SelecIon!

*)!“Civil!Engineering!Feasibility!Studies!for!Future!Ring!Colliders!at!CERN”,!Contributed!by!O.Brüning,!
M.Klein,!S.Myers,!J.Osborne,!L.Rossi,!C.Waaijer,!F.Zimmerman!to!IPAC13!Shanghai!

SM!Higgs!producIon!in!ep!An!Accelerator!Complex!

The!SimulaIon!Framework!

Total!SM!Higgs!Cross!SecIons!!

Higgs!Signal!vs!Backgrounds!!

Precision!Partons!for!LHC!and!FCC+hh!!

Weak!Mixing!Angle!Measurements!at!LHeC!and!FCC+he!!

Expected!Event!Rates!

Higgs!Signal!and!Backgrounds!!

Plot!is!based!on!an!

integrated!luminosity!

of!100!;+1!and!P=+0.8!

Top!related!Backgrounds!!

Large Higgs production cross section at LHeC similar to ILC	

Enhancement through polarised e− CC channel	

Sizeable rates for WW and ZZ  and ττ and cc	

H→bb studied in CDR	

	
 high signal / background ~ 1-2	
 [LHC: ~0.01]	

	
 low pile-up ~ 0.1 	
 	
 	
 [LHC: 150 @ 1034]	

	
 ~1% coupling precision with 1 ab-1  

!
  √s = 1.3 TeV	

1 year of LHeC WW → H → bb 	


100 fb-1 & P= −0.8	

Factor 10 larger at FCC

Very clean signal with simple cuts	

!
Prospects look very interesting	

Implications for exotic higgs searches	

More detailed studies needed…	

!
H → charm / tau decays now under investigation

ee → H

σHiggs in polarised ee = 250−300 fb at √s = 250−500 GeV 

Z

Z
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!
Herwig Schopper (CERN) – Chair	

Guido Altarelli (Rome)  
Sergio Bertolucci (CERN)	

Frederick Bordry (CERN)  
Stan Brodsky (SLAC)	

Oliver Brüning (CERN)  
Hesheng Chen (IHEP Beijing) 	

Andrew Hutton (Jefferson Lab) 	

Young-Kee Kim (Chicago)	

Max Klein (Liverpool) 	

Victor A Matveev (JINR Dubna) 	

Shin-Ichi Kurokawa (Tsukuba) 	

Leandro Nisati (Rome)	

Leonid Rivkin (Lausanne) 	

Jurgen Schukraft (CERN)  
Achille Stocchi (LAL Orsay) 	

John Womersley (STFC)	


DG invited International Advisory Committee be formed:	

Representation from major international labs,  experiments & theory community	

!
Mandate 2014-2017:	

•Advise LHeC Coordination group / CERN directorate on ep / eA developments	

•Develop CDR for ERL test facility at CERN	

•Assist building international case for ep detector / accelerator development

CERN to help in development towards ep machine using LHC / FCC protons & ions	

CERN mid-term plan will fund 2 s/c RF cryo modules 802 MHz (LHeC/FCC/MESA)	

ERL test facility proposal being developed in conjunction with JLAB / Mainz / BNL / IHEP & …	

 - build experience of ERLs at CERN

Next steps:	

near-term - update LHeC physics prospects with more detailed studies	

mid-term - performance of an optimised and fully simulated detector

LHeC / FCC-he project puts ep physics at the energy / intensity frontier	

Exploits the investment in hadron beams already made	

Allows a complete exploration of the TeV scale with pp & ee	

Bold project demands further study / consideration & has UK leadership

Next Steps

CERNCOURIER
V O L U M E  5 4   N U M B E R  5   J U N E  2 0 1 4
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Accelerators

WKH�GHVLJQ�RI�WKH�LQWHUDFWLRQ�UHJLRQ�DQG�RQ�WKH�VLPXOWDQHRXV�RSHUD�
tion of the LHC envisaged. 

A deeper study of the possibility for an ep and eA collider at 
&(51�VKRZV�WKDW�GHYHORSPHQW�RI�WKH�WHFKQLTXH�RI�HQHUJ\�UHFRYHU\�
LV�QHFHVVDU\��7KLV�LV�SRVVLEOH�ZKHQ�WKH�PD[LPXP�HQHUJ\�EHDP�LV�
GHFHOHUDWHG�ZLWK�D�SKDVH�VKLIW�LQ�WKH�VDPH�VXSHUFRQGXFWLQJ�5)�
FDYLW\�VWUXFWXUH�XVHG�IRU�DFFHOHUDWLRQ��$Q�HQHUJ\�UHFRYHU\�OLQDF�
provides a unique opportunity to achieve high energy and high 
OXPLQRVLW\�E\�HIÀ�FLHQW�XVH�RI�WKH�DYDLODEOH�SRZHU��,Q�WKH�FDVH�RI�WKH�
/+H&�GHVLJQ��D�EHDP�SRZHU�RI�DERXW����0:�LV�XVHG��7KLV�ZRXOG�
FRUUHVSRQG�WR�D�SRZHU�RI�DOPRVW���*:�LI�WKHUH�ZHUH�QR�HQHUJ\�
UHFRYHU\��,Q�FRQMXQFWLRQ�ZLWK�WKH�UHQHZHG�VWXG\�RI�HS�DW�&(51��WKH�
GHFLVLRQ�KDV�EHHQ�PDGH�WR�GHVLJQ�DQG�EXLOG�D�VHW�RI�WZR�FU\RJHQLF�
VXSHUFRQGXFWLQJ�5)�FDYLW\�PRGXOHV�LQ�FROODERUDWLRQ�ZLWK�H[SHUWV�
DW�-HIIHUVRQ�/DE�LQ�WKH�86�DQG�DW�0DLQ]�8QLYHUVLW\��À�JXUH�����$ERXW�
��P�ORQJ��RQH�PRGXOH�FRPSULVHV�IRXU�FDYLWLHV�RI�D�À�YH�FHOO�ORZ�
ORVV�VKDSH�ZLWK�D�KLJKHU�RUGHU�PRGH�FRXSOHU�DQG�VXSSO\�HQG�FDQ��
7KH�GHVLJQ�LV�IRU�D�IUHTXHQF\�RI�����0+]��ZLWK�D�IHZ�PRGXOHV�WR�
be built for test purposes at CERN and Jefferson Lab and for the 
0(6$�SURMHFW�DW�0DLQ]��,Q�D�ZRUNVKRS�ODVW�\HDU������0+]�ZDV�
FKRVHQ�DV�D�PRUH�RU�OHVV�RSWLPXP�YDOXH�IRU�EHDP�VWDELOLW\��FDYLW\�
GLPHQVLRQV��5)�SRZHU��G\QDPLF�ORVVHV��HWF��DQG�LQ�YLHZ�RI�WKH�/+&�
and choices for the FCC developments also. 
7KH�WZR�FU\R�FDYLW\�PRGXOHV�FRXOG�VHUYH�DV�WKH�LQLWLDO�EXLOGLQJ�

EORFNV�IRU�DQ�(5/�WHVW�IDFLOLW\�DW�&(51�²�WKH�/7)&��À�JXUH�����,WV�
GHVLJQ��VFKHGXOHG�IRU�������LV�EHLQJ�XQGHUWDNHQ�LQ�LQWHUQDWLRQDO�
FROODERUDWLRQ��7KLV�WHVW�IDFLOLW\�ZRXOG�KDYH�D�YDULHW\�RI�LPSRUWDQW�
JRDOV��WKH�GHYHORSPHQW�RI�VXSHUFRQGXFWLQJ�5)�DW�&(51�XQGHU�UHDO�
LVWLF�RSHUDWLRQDO�EHDP�FRQGLWLRQV��ZLWK�KLJK�JUDGLHQWV�IRU�FRQWLQ�
XRXV�ZDYH�RSHUDWLRQ�������09�P��DQG�RI�KLJK�TXDOLW\��40 > 1010���
WKH�GHYHORSPHQW�RI�KLJK�FXUUHQW�HOHFWURQ�VRXUFHV��ZKLFK�DUH�DOVR�
UHTXLUHG�IRU�WKH�)&&�HH��DQG�IXUWKHU�DSSOLFDWLRQV��VXFK�DV�PDJQHW�
TXHQFK�WHVWV�LQ�D�ORZ�UDGLDWLRQ�HQYLURQPHQW�DQG�GHWHFWRU�WHVWV�ZLWK�
DQ�HOHFWURQ�EHDP�RQ�VLWH�RI�XS�WR���*H9�HQHUJ\��
,Q�DGGLWLRQ�WR�WKH�PDQ\�WRSLFV�LQ�GHHS�LQHODVWLF�VFDWWHULQJ�WKDW�

FDQ�EH�VWXGLHG�ZLWK�WKH�/+H&�DQG�WKH�KDGURQ²HOHFWURQ�)&&��)&&�
KH���WKHUH�LV�DOVR�DQ�LQWLPDWH�UHODWLRQVKLS�EHWZHHQ�HS�SK\VLFV�DQG�
SK\VLFV�DW�SS�DQG�HH�FROOLGHUV��7KLV�ZDV�DOUHDG\�HYLGHQW�ZKHQ�
+(5$��WKH�7HYDWURQ��WKH�/DUJH�(OHFWURQ²3RVLWURQ�&ROOLGHU�DQG�WKH�
SLAC Linear Collider explored the Fermi scale. It is clear, not only 
IURP�WKH�H[DPSOH�RI�+LJJV�VWXGLHV��WKDW�WKLV�ZLOO�DOVR�EH�WKH�FDVH�DW�
WKH�HQHUJ\�VFDOHV�RI�WKH�/+&�DQG�WKH�SURSRVHG�)&&�KK�HH�KH�FRP�
SOH[��CERN Courier�$SULO������S�����$�QHZ�HQHUJ\�IURQWLHU�HS�DQG�
H$�SURMHFW�ZRXOG�QDWXUDOO\�H[SORLW�WKH�PDMRU�LQYHVWPHQWV�LQ�KDGURQ�
EHDPV�DW�&(51��,W�ZRXOG�QRW�EHFRPH�D�Á�DJVKLS�DFWLYLW\�IRU�&(51��
VLQFH�LW�ZRXOG�UHVLGH�HVVHQWLDOO\�DW�RQH�H[SHULPHQWDO�ORFDWLRQ��
ZKLFK�FRXOG�QRW�VDWLVI\�WKH�PDMRULW\�RI�WKH�SDUWLFOH�SK\VLFV�FRP�
PXQLW\��+RZHYHU��VXFK�D�SURMHFW�ZRXOG�SURYLGH�D�FRPSOHPHQWDU\�

ZLQGRZ�IRU�WKH�PDLQ�XSJUDGH�SURJUDPPHV�DQG�ZRXOG�SRWHQWLDOO\�
lead into the distant future. 
,W�KDV�DOZD\V�EHHQ�WKH�WUDGLWLRQ�DW�&(51�WR�SODQ�D�ORQJ�WLPH�DKHDG�

FDUHIXOO\��ZLWK�WKH�UHVXOW�WKDW�DOO�ELJ�SURMHFWV�ZHUH�DFKLHYHG�RQ�WLPH�
DQG�WR�EXGJHW��DQG�ZHUH�DOVR�VFLHQWLÀ�FDOO\�DQG�WHFKQLFDOO\�VXFFHVV�
IXO��7KLV�LV�RQH�RI�WKH�VHFUHWV�RI�&(51·V�VXFFHVV��&ORVH�FR�RSHUDWLRQ�
EHWZHHQ�WKHRU\��H[SHULPHQWV�DQG�WHFKQRORJ\�ZDV�DOZD\V�HVVHQWLDO�
IRU�WKLV�WR�ZRUN��2QH�DLP�RI�WKLV�DUWLFOH�LV�WR�HQFRXUDJH�FROODERUDWLRQ�
on the test facility, on the accelerator, on the ep/eA detector being 
designed, and on the understanding and evaluation of an electron–
SURWRQ�DQG�HOHFWURQ²LRQ�SK\VLFV�SURJUDPPH�DW�WKH�HQHUJ\�DQG�LQWHQ�
VLW\�IURQWLHU�DW�&(51�WKDW�ZRXOG�EH�ZRUWK�SXUVXLQJ�

 O Further reading
)RU�PRUH�DERXW�WKH�SURMHFW��YLVLW�KWWSV���OKHF�ZHE�FHUQ�FK.
LHeC Study Group 2012 J.Phys.G 39 075001.
M Gell Mann 1967 Proc. XIII Int. Conf. on High-Energy Physics, Berkeley, 1966 
University of California Press 3.

Résumé
Des électrons au LHC : un nouveau départ

Le seul collisionneur de particules qui ait, jusqu’ici, exploité les 
collisions électron-proton à des énergies élevées était HERA, à DESY, 
où les expériences H1 et ZEUS avaient fourni une grande partie 
des fondements pour la physique au LHC et obtenu des résultats 
surprenants. Sur la base de l’étude de conception théorique pour le 
Grand collisionneur hadron-électron (LHeC) – une amélioration 
du LHC faisant intervenir un faisceau d’électrons – la Direction a 
décidé récemment de poursuivre l’étude de ces possibilités et a créé 
un Comité consultatif international. L’une des premières grandes 
activités de ce comité a été l’organisation d’un atelier sur le LHeC, sa 
physique et le développement des accélérateurs et détecteurs.

Max Klein, University of Liverpool, and Herwig Schopper, University of 
Hamburg and CERN.

LINAC 1
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900 MeV
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ARC 6 ARC 2ARC 4 ARC 1 ARC 5ARC 3

)LJ�����7KH�À�QDO�VWDJH�RI�WKH�(5/�WHVW�IDFLOLW\�EHLQJ�GHVLJQHG�DW�
CERN. (Image credit: Alessandra Valloni/CERN.)
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$W�WKH�PHHWLQJ��6WHIDQR�)RUWH�FODVVLÀ�HG�GHHS�LQHODVWLF�VFDWWHULQJ�
�',6��SK\VLFV�DW�WKH�HQHUJ\�IURQWLHU�²�ZKLFK�EHFRPHV�DFFHVVLEOH�
ZLWK�HS�FROOLVLRQV�XVLQJ�WKH�/+&·V�SURWRQ�EHDP��À�JXUH����S����
²�LQWR�WKUHH�PDMRU�DUHDV��2QH�DUHD�FRQVLVWV�RI�KLJK�SUHFLVLRQ�
PHDVXUHPHQWV�RI�WKH�6WDQGDUG�0RGHO��ZLWK�WKH�H[SHULPHQWDO�DQG�
theoretical programme aiming for a per mille determination of 
the strong coupling constant, _s��DQG�WKH�UHGXFWLRQ�RI�XQFHUWDLQ�
WLHV�LQ�VHDUFKHV�DW�WKH�+LJK�/XPLQRVLW\�/+&��+/�/+&��DW�KLJK�
PDVV�VFDOHV�DV�SULPH�H[DPSOHV��$�VHFRQG�DUHD�FRQFHUQV�H[SORUD�
WLRQ�RI�WKH�SDUDPHWHU�VSDFH��ZLWK�+LJJV�SK\VLFV�²�LQFOXGLQJ�WKH�
FKDOOHQJLQJ�GHFD\V�LQWR�E�DQG�F�TXDUNV��À�JXUH����²�DV�WKH�REYLRXV�
DQG�PRVW�LPSRUWDQW�HOHPHQW��7KH�FURVV�VHFWLRQ�IRU�VXFK�SURFHVVHV�
DW�WKH�/+H&�ZRXOG�EH�DERXW�����IE��HQDEOLQJ�XQLTXH�PHDVXUHPHQWV�
of the Higgs properties from WW–H and ZZ–H production in ep 
scattering. With its unprecedented precision in determination 
of the parton distributions and of the strong coupling, the LHeC 
FRXOG�DVVLVW�LQ�WUDQVIRUPLQJ�WKH�/+&�LQWR�D�SUHFLVLRQ�+LJJV�IDF�
WRU\��/DVWO\��WKHUH�LV�ZKDW�)RUWH�FDOOHG�́ VHUHQGLSLW\µ��PHDQLQJ�URRP�
IRU�́ NQRZQ�RU�XQNQRZQµ�GLVFRYHULHV��,QGHHG��D�ELJ�VWHS�WR�KLJKHU�
HQHUJ\�ZLWK�SHUKDSV������WLPHV�WKH�OXPLQRVLW\�RI�+(5$�FRXOG�
OHDG�QRW�RQO\�WR�QHZ�LQVLJKWV�EXW�WR�EUHDNWKURXJKV��HVSHFLDOO\�LQ�
WKH�XQGHUVWDQGLQJ�RI�4&'�
*LYHQ�WKH�H[SORUDWLRQ�RI�QRYHO�4&'�SKHQRPHQD�VXFK�DV�TXDUN²

JOXRQ�SODVPD�LQ�KHDY\�LRQ�FROOLVLRQV�DW�WKH�/+&�²�DQG�DOVR�EHFDXVH�
HERA never scattered electrons off deuterons or heavier ions – a 
SURJUDPPH�RI�HOHFWURQ²LRQ�SK\VLFV�DW�WKH�/+H&�FROOLGHU�ZRXOG�EH�
RI�JUHDW�LQWHUHVW��,W�ZRXOG�H[WHQG�WKH�NLQHPDWLF�UDQJH�LQ�WHUPV�RI�
IRXU�PRPHQWXP�WUDQVIHU�VTXDUHG��42��DQG�WKH�LQYHUVH�RI�%MRUNHQ�[��
E\�QHDUO\�IRXU�RUGHUV�RI�PDJQLWXGH��7KLV�FRXOG�UHYHDO�XQH[SHFWHG�
SKHQRPHQD�DQG�ZRXOG�SXW�WKH�XQGHUVWDQGLQJ�RI�WKH�SDUWRQLF�VWUXF�
WXUH�RI�WKH�QHXWURQ�DQG�QXFOHL��DQG�WKH�H[SORUDWLRQ�RI�KLJK�GHQVLW\�
PDWWHU��RQ�À�UPHU�WKHRUHWLFDO�JURXQG��
7KH�YLVLRQ�RI�D����7H9�SURWRQ��DQG�DERXW����7H9�OHDG�LRQ��EHDP�

IURP�WKH�)&&�RSHQV�D�IXUWKHU�KRUL]RQ�WR�IXWXUH�',6�PHDVXUHPHQWV��
ZKLFK��IRU�H[DPSOH��ZRXOG�DFFHVV�FRQWDFW�LQWHUDFWLRQ�VFDOHV�RI�D�
IHZ�KXQGUHGV�RI�WHUD�HOHFWURQ�YROWV��FRXOG�VWXG\�OHSWRQ²TXDUN�
UHVRQDQFHV�VKRXOG�WKHVH�H[LVW��DQG�GHWHUPLQH�WKH�+LJJV�VHOI�
FRXSOLQJ�EDVHG�RQ�DQ�LQFOXVLYH�+LJJV�SURGXFWLRQ�FURVV�VHFWLRQ�RI�
�SE��ZKLFK�LV�PXFK�ODUJHU�WKDQ�WKH�́ +LJJV�VWUDKOXQJµ�FURVV�VHFWLRQ�
at the International Linear Collider or the electron–positron FCC 
�)&&�HH��
$�XQLTXH�VWUHQJWK�RI�WKH�/+H&�UHVWV�RQ�WKH�SURVSHFW�RI�PHDVXU�

ing parton distributions much more accurately than previously and 
RI�XQIROGLQJ�WKHP�ZLWKRXW�V\PPHWU\�DVVXPSWLRQV�IRU�WKH�À�UVW�WLPH��
7KLV�ZRXOG�UHPRYH�D�VXEVWDQWLDO�SDUW�RI�WKH�XQFHUWDLQW\�RI�+LJJV�
SURGXFWLRQ�LQ�SS�FROOLVLRQV��ZKLFK�GRPLQDQWO\�RFFXUV�SURSRUWLRQDO�
WR�WKH�VTXDUH�RI�WKH�JOXRQ�GLVWULEXWLRQ��[J��WLPHV�WKH�VWURQJ�FRX�
SOLQJ�FRQVWDQW��7KH�PHDVXUHPHQW�RI�+LJJV�SURGXFWLRQ�DFURVV�D�
ODUJHU�UDSLGLW\�UDQJH�LQ�SS�VFDWWHULQJ�DW�WKH�)&&�H[WHQGV�GRZQ�WR�
H[WUHPHO\�VPDOO�YDOXHV�RI�%MRUNHQ�[��,Q�WKLV�UDQJH��ZKLFK�LV�DOVR�RI�
LQWHUHVW�IRU�XOWUD�KLJK�HQHUJ\�QHXWULQR�VFDWWHULQJ��WKH�H[WUDSROD�
WLRQV�RI�WKH�FXUUHQW�[J�SDUDPHWHUL]DWLRQV�QR�ORQJHU�KDYH�DQ\�EDVLV��
and they differ hugely. Moreover, it is expected that nonlinear 
gluon–gluon effects set in, possibly leading to a saturation of 
JOXRQ�GRPLQDWHG�LQWHUDFWLRQ�FURVV�VHFWLRQV��7KH�FODULÀ�FDWLRQ�RI�
WKH�ODZV�RI�SDUWRQ�HYROXWLRQ�DW�%MRUNHQ�[�����–4��PRVW�OLNHO\�OHDGLQJ�

WR�WKH�HQG�RI�YDOLGLW\�RI�WKH�OLQHDU�VR�FDOOHG�'*/$3�HYROXWLRQ�
HTXDWLRQV��LV�LPSRVVLEOH�ZLWKRXW�D�',6�SURJUDPPH�RI�WKH�NLQG�FRQ�
sidered here, and is essential for the pursuit of a sound programme 
in pp physics at the energy frontier at CERN. 
7KH�+LJJV�GLVFRYHU\�KDV�OHG�WR�D�UHFRQVLGHUDWLRQ�RI�WKH�OXPLQRV�

LW\�QHHGV�DW�WKH�/+H&�²�D�IXUWKHU�IRFXV�RI�WKH�&KDYDQQHV�ZRUNVKRS��
7KH�FRQFHSWXDO�GHVLJQ�UHSRUW��&'5��ZDV�GLUHFWHG�DW�DFKLHYLQJ�DQ�
instantaneous luminosity of about 1033 cm–2 s–1 in synchronous ep 
DQG�SS�RSHUDWLRQV�DW�WKH�/+&��/+H&�6WXG\�*URXS��������$�VXE�
VWDQWLDO�LQFUHDVH�RI�WKLV�YDOXH�LV�GHVLUDEOH��ZLWK�WKH�JRDO�RI�SURGXF�
ing 105�+LJJV�ERVRQV�DFURVV�D����\HDU�SHULRG�RI�RSHUDWLRQ��7KLV�
ZRXOG�RSHQ�WKH�URXWH�WR�D����SUHFLVLRQ�PHDVXUHPHQW�RI�WKH�GHFD\�
H A bb–��WKDQNV�WR�WKH�FOHDQ�À�QDO�VWDWH�VLJQDWXUH�DQG�WKH�DEVHQFH�
RI�SLOH�XS��6XFK�DQ�LQFUHDVH�RI�OXPLQRVLW\�PLJKW�EH�SRVVLEOH�RZLQJ�
WR�WKH�EHDP�EULJKWQHVV�RI�WKH�+/�/+&��ZKLFK�LV�H[SHFWHG�WR�EH�

2–3 times higher than assumed 
LQ�WKH�&'5��WKURXJK�GRXEOLQJ�
WKH�HOHFWURQ�EHDP�FXUUHQW�WR�
10–20 mA and also by reducing 
the focusing of the proton beam 
in the ep interaction region. It 
LV�RQH�RI�WKH�JRDOV�RI�WKH�QHZ�
ep study initiated by CERN to 
understand the implications of 
KLJK�LQWHQVLW\�HS�RSHUDWLRQ�RQ�

b, c, τ+...

b, c, τ–...

W, Z

W, Z

ν, e
e

H

p

H

H

Fig. 2. Leading-order diagram for the production and decay of 
the Higgs boson in charged-current (W exchange) and 
neutral-current (Z exchange) deep-inelastic electron–proton 
scattering. The LHeC would allow precision measurements of 
the H–bb coupling in WW–H production. The FCC hadron–
electron option would extend the reach further and give access 
to the Higgs self-coupling H–HH.

Fig. 3. The cryo-cavity module being designed by the 
CERN-Jlab-Mainz collaboration. (Image credit: SRF Institute, 
Jefferson Lab.)

It has always been 
the tradition at CERN 
to plan a long time 
ahead carefully.

WWW.
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WKH�GHVLJQ�RI�WKH�LQWHUDFWLRQ�UHJLRQ�DQG�RQ�WKH�VLPXOWDQHRXV�RSHUD�
tion of the LHC envisaged. 

A deeper study of the possibility for an ep and eA collider at 
&(51�VKRZV�WKDW�GHYHORSPHQW�RI�WKH�WHFKQLTXH�RI�HQHUJ\�UHFRYHU\�
LV�QHFHVVDU\��7KLV�LV�SRVVLEOH�ZKHQ�WKH�PD[LPXP�HQHUJ\�EHDP�LV�
GHFHOHUDWHG�ZLWK�D�SKDVH�VKLIW�LQ�WKH�VDPH�VXSHUFRQGXFWLQJ�5)�
FDYLW\�VWUXFWXUH�XVHG�IRU�DFFHOHUDWLRQ��$Q�HQHUJ\�UHFRYHU\�OLQDF�
provides a unique opportunity to achieve high energy and high 
OXPLQRVLW\�E\�HIÀ�FLHQW�XVH�RI�WKH�DYDLODEOH�SRZHU��,Q�WKH�FDVH�RI�WKH�
/+H&�GHVLJQ��D�EHDP�SRZHU�RI�DERXW����0:�LV�XVHG��7KLV�ZRXOG�
FRUUHVSRQG�WR�D�SRZHU�RI�DOPRVW���*:�LI�WKHUH�ZHUH�QR�HQHUJ\�
UHFRYHU\��,Q�FRQMXQFWLRQ�ZLWK�WKH�UHQHZHG�VWXG\�RI�HS�DW�&(51��WKH�
GHFLVLRQ�KDV�EHHQ�PDGH�WR�GHVLJQ�DQG�EXLOG�D�VHW�RI�WZR�FU\RJHQLF�
VXSHUFRQGXFWLQJ�5)�FDYLW\�PRGXOHV�LQ�FROODERUDWLRQ�ZLWK�H[SHUWV�
DW�-HIIHUVRQ�/DE�LQ�WKH�86�DQG�DW�0DLQ]�8QLYHUVLW\��À�JXUH�����$ERXW�
��P�ORQJ��RQH�PRGXOH�FRPSULVHV�IRXU�FDYLWLHV�RI�D�À�YH�FHOO�ORZ�
ORVV�VKDSH�ZLWK�D�KLJKHU�RUGHU�PRGH�FRXSOHU�DQG�VXSSO\�HQG�FDQ��
7KH�GHVLJQ�LV�IRU�D�IUHTXHQF\�RI�����0+]��ZLWK�D�IHZ�PRGXOHV�WR�
be built for test purposes at CERN and Jefferson Lab and for the 
0(6$�SURMHFW�DW�0DLQ]��,Q�D�ZRUNVKRS�ODVW�\HDU������0+]�ZDV�
FKRVHQ�DV�D�PRUH�RU�OHVV�RSWLPXP�YDOXH�IRU�EHDP�VWDELOLW\��FDYLW\�
GLPHQVLRQV��5)�SRZHU��G\QDPLF�ORVVHV��HWF��DQG�LQ�YLHZ�RI�WKH�/+&�
and choices for the FCC developments also. 
7KH�WZR�FU\R�FDYLW\�PRGXOHV�FRXOG�VHUYH�DV�WKH�LQLWLDO�EXLOGLQJ�

EORFNV�IRU�DQ�(5/�WHVW�IDFLOLW\�DW�&(51�²�WKH�/7)&��À�JXUH�����,WV�
GHVLJQ��VFKHGXOHG�IRU�������LV�EHLQJ�XQGHUWDNHQ�LQ�LQWHUQDWLRQDO�
FROODERUDWLRQ��7KLV�WHVW�IDFLOLW\�ZRXOG�KDYH�D�YDULHW\�RI�LPSRUWDQW�
JRDOV��WKH�GHYHORSPHQW�RI�VXSHUFRQGXFWLQJ�5)�DW�&(51�XQGHU�UHDO�
LVWLF�RSHUDWLRQDO�EHDP�FRQGLWLRQV��ZLWK�KLJK�JUDGLHQWV�IRU�FRQWLQ�
XRXV�ZDYH�RSHUDWLRQ�������09�P��DQG�RI�KLJK�TXDOLW\��40 > 1010���
WKH�GHYHORSPHQW�RI�KLJK�FXUUHQW�HOHFWURQ�VRXUFHV��ZKLFK�DUH�DOVR�
UHTXLUHG�IRU�WKH�)&&�HH��DQG�IXUWKHU�DSSOLFDWLRQV��VXFK�DV�PDJQHW�
TXHQFK�WHVWV�LQ�D�ORZ�UDGLDWLRQ�HQYLURQPHQW�DQG�GHWHFWRU�WHVWV�ZLWK�
DQ�HOHFWURQ�EHDP�RQ�VLWH�RI�XS�WR���*H9�HQHUJ\��
,Q�DGGLWLRQ�WR�WKH�PDQ\�WRSLFV�LQ�GHHS�LQHODVWLF�VFDWWHULQJ�WKDW�

FDQ�EH�VWXGLHG�ZLWK�WKH�/+H&�DQG�WKH�KDGURQ²HOHFWURQ�)&&��)&&�
KH���WKHUH�LV�DOVR�DQ�LQWLPDWH�UHODWLRQVKLS�EHWZHHQ�HS�SK\VLFV�DQG�
SK\VLFV�DW�SS�DQG�HH�FROOLGHUV��7KLV�ZDV�DOUHDG\�HYLGHQW�ZKHQ�
+(5$��WKH�7HYDWURQ��WKH�/DUJH�(OHFWURQ²3RVLWURQ�&ROOLGHU�DQG�WKH�
SLAC Linear Collider explored the Fermi scale. It is clear, not only 
IURP�WKH�H[DPSOH�RI�+LJJV�VWXGLHV��WKDW�WKLV�ZLOO�DOVR�EH�WKH�FDVH�DW�
WKH�HQHUJ\�VFDOHV�RI�WKH�/+&�DQG�WKH�SURSRVHG�)&&�KK�HH�KH�FRP�
SOH[��CERN Courier�$SULO������S�����$�QHZ�HQHUJ\�IURQWLHU�HS�DQG�
H$�SURMHFW�ZRXOG�QDWXUDOO\�H[SORLW�WKH�PDMRU�LQYHVWPHQWV�LQ�KDGURQ�
EHDPV�DW�&(51��,W�ZRXOG�QRW�EHFRPH�D�Á�DJVKLS�DFWLYLW\�IRU�&(51��
VLQFH�LW�ZRXOG�UHVLGH�HVVHQWLDOO\�DW�RQH�H[SHULPHQWDO�ORFDWLRQ��
ZKLFK�FRXOG�QRW�VDWLVI\�WKH�PDMRULW\�RI�WKH�SDUWLFOH�SK\VLFV�FRP�
PXQLW\��+RZHYHU��VXFK�D�SURMHFW�ZRXOG�SURYLGH�D�FRPSOHPHQWDU\�

ZLQGRZ�IRU�WKH�PDLQ�XSJUDGH�SURJUDPPHV�DQG�ZRXOG�SRWHQWLDOO\�
lead into the distant future. 
,W�KDV�DOZD\V�EHHQ�WKH�WUDGLWLRQ�DW�&(51�WR�SODQ�D�ORQJ�WLPH�DKHDG�

FDUHIXOO\��ZLWK�WKH�UHVXOW�WKDW�DOO�ELJ�SURMHFWV�ZHUH�DFKLHYHG�RQ�WLPH�
DQG�WR�EXGJHW��DQG�ZHUH�DOVR�VFLHQWLÀ�FDOO\�DQG�WHFKQLFDOO\�VXFFHVV�
IXO��7KLV�LV�RQH�RI�WKH�VHFUHWV�RI�&(51·V�VXFFHVV��&ORVH�FR�RSHUDWLRQ�
EHWZHHQ�WKHRU\��H[SHULPHQWV�DQG�WHFKQRORJ\�ZDV�DOZD\V�HVVHQWLDO�
IRU�WKLV�WR�ZRUN��2QH�DLP�RI�WKLV�DUWLFOH�LV�WR�HQFRXUDJH�FROODERUDWLRQ�
on the test facility, on the accelerator, on the ep/eA detector being 
designed, and on the understanding and evaluation of an electron–
SURWRQ�DQG�HOHFWURQ²LRQ�SK\VLFV�SURJUDPPH�DW�WKH�HQHUJ\�DQG�LQWHQ�
VLW\�IURQWLHU�DW�&(51�WKDW�ZRXOG�EH�ZRUWK�SXUVXLQJ�

 O Further reading
)RU�PRUH�DERXW�WKH�SURMHFW��YLVLW�KWWSV���OKHF�ZHE�FHUQ�FK.
LHeC Study Group 2012 J.Phys.G 39 075001.
M Gell Mann 1967 Proc. XIII Int. Conf. on High-Energy Physics, Berkeley, 1966 
University of California Press 3.

Résumé
Des électrons au LHC : un nouveau départ

Le seul collisionneur de particules qui ait, jusqu’ici, exploité les 
collisions électron-proton à des énergies élevées était HERA, à DESY, 
où les expériences H1 et ZEUS avaient fourni une grande partie 
des fondements pour la physique au LHC et obtenu des résultats 
surprenants. Sur la base de l’étude de conception théorique pour le 
Grand collisionneur hadron-électron (LHeC) – une amélioration 
du LHC faisant intervenir un faisceau d’électrons – la Direction a 
décidé récemment de poursuivre l’étude de ces possibilités et a créé 
un Comité consultatif international. L’une des premières grandes 
activités de ce comité a été l’organisation d’un atelier sur le LHeC, sa 
physique et le développement des accélérateurs et détecteurs.

Max Klein, University of Liverpool, and Herwig Schopper, University of 
Hamburg and CERN.
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)LJ�����7KH�À�QDO�VWDJH�RI�WKH�(5/�WHVW�IDFLOLW\�EHLQJ�GHVLJQHG�DW�
CERN. (Image credit: Alessandra Valloni/CERN.)
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$W�WKH�PHHWLQJ��6WHIDQR�)RUWH�FODVVLÀ�HG�GHHS�LQHODVWLF�VFDWWHULQJ�
�',6��SK\VLFV�DW�WKH�HQHUJ\�IURQWLHU�²�ZKLFK�EHFRPHV�DFFHVVLEOH�
ZLWK�HS�FROOLVLRQV�XVLQJ�WKH�/+&·V�SURWRQ�EHDP��À�JXUH����S����
²�LQWR�WKUHH�PDMRU�DUHDV��2QH�DUHD�FRQVLVWV�RI�KLJK�SUHFLVLRQ�
PHDVXUHPHQWV�RI�WKH�6WDQGDUG�0RGHO��ZLWK�WKH�H[SHULPHQWDO�DQG�
theoretical programme aiming for a per mille determination of 
the strong coupling constant, _s��DQG�WKH�UHGXFWLRQ�RI�XQFHUWDLQ�
WLHV�LQ�VHDUFKHV�DW�WKH�+LJK�/XPLQRVLW\�/+&��+/�/+&��DW�KLJK�
PDVV�VFDOHV�DV�SULPH�H[DPSOHV��$�VHFRQG�DUHD�FRQFHUQV�H[SORUD�
WLRQ�RI�WKH�SDUDPHWHU�VSDFH��ZLWK�+LJJV�SK\VLFV�²�LQFOXGLQJ�WKH�
FKDOOHQJLQJ�GHFD\V�LQWR�E�DQG�F�TXDUNV��À�JXUH����²�DV�WKH�REYLRXV�
DQG�PRVW�LPSRUWDQW�HOHPHQW��7KH�FURVV�VHFWLRQ�IRU�VXFK�SURFHVVHV�
DW�WKH�/+H&�ZRXOG�EH�DERXW�����IE��HQDEOLQJ�XQLTXH�PHDVXUHPHQWV�
of the Higgs properties from WW–H and ZZ–H production in ep 
scattering. With its unprecedented precision in determination 
of the parton distributions and of the strong coupling, the LHeC 
FRXOG�DVVLVW�LQ�WUDQVIRUPLQJ�WKH�/+&�LQWR�D�SUHFLVLRQ�+LJJV�IDF�
WRU\��/DVWO\��WKHUH�LV�ZKDW�)RUWH�FDOOHG�́ VHUHQGLSLW\µ��PHDQLQJ�URRP�
IRU�́ NQRZQ�RU�XQNQRZQµ�GLVFRYHULHV��,QGHHG��D�ELJ�VWHS�WR�KLJKHU�
HQHUJ\�ZLWK�SHUKDSV������WLPHV�WKH�OXPLQRVLW\�RI�+(5$�FRXOG�
OHDG�QRW�RQO\�WR�QHZ�LQVLJKWV�EXW�WR�EUHDNWKURXJKV��HVSHFLDOO\�LQ�
WKH�XQGHUVWDQGLQJ�RI�4&'�
*LYHQ�WKH�H[SORUDWLRQ�RI�QRYHO�4&'�SKHQRPHQD�VXFK�DV�TXDUN²

JOXRQ�SODVPD�LQ�KHDY\�LRQ�FROOLVLRQV�DW�WKH�/+&�²�DQG�DOVR�EHFDXVH�
HERA never scattered electrons off deuterons or heavier ions – a 
SURJUDPPH�RI�HOHFWURQ²LRQ�SK\VLFV�DW�WKH�/+H&�FROOLGHU�ZRXOG�EH�
RI�JUHDW�LQWHUHVW��,W�ZRXOG�H[WHQG�WKH�NLQHPDWLF�UDQJH�LQ�WHUPV�RI�
IRXU�PRPHQWXP�WUDQVIHU�VTXDUHG��42��DQG�WKH�LQYHUVH�RI�%MRUNHQ�[��
E\�QHDUO\�IRXU�RUGHUV�RI�PDJQLWXGH��7KLV�FRXOG�UHYHDO�XQH[SHFWHG�
SKHQRPHQD�DQG�ZRXOG�SXW�WKH�XQGHUVWDQGLQJ�RI�WKH�SDUWRQLF�VWUXF�
WXUH�RI�WKH�QHXWURQ�DQG�QXFOHL��DQG�WKH�H[SORUDWLRQ�RI�KLJK�GHQVLW\�
PDWWHU��RQ�À�UPHU�WKHRUHWLFDO�JURXQG��
7KH�YLVLRQ�RI�D����7H9�SURWRQ��DQG�DERXW����7H9�OHDG�LRQ��EHDP�

IURP�WKH�)&&�RSHQV�D�IXUWKHU�KRUL]RQ�WR�IXWXUH�',6�PHDVXUHPHQWV��
ZKLFK��IRU�H[DPSOH��ZRXOG�DFFHVV�FRQWDFW�LQWHUDFWLRQ�VFDOHV�RI�D�
IHZ�KXQGUHGV�RI�WHUD�HOHFWURQ�YROWV��FRXOG�VWXG\�OHSWRQ²TXDUN�
UHVRQDQFHV�VKRXOG�WKHVH�H[LVW��DQG�GHWHUPLQH�WKH�+LJJV�VHOI�
FRXSOLQJ�EDVHG�RQ�DQ�LQFOXVLYH�+LJJV�SURGXFWLRQ�FURVV�VHFWLRQ�RI�
�SE��ZKLFK�LV�PXFK�ODUJHU�WKDQ�WKH�́ +LJJV�VWUDKOXQJµ�FURVV�VHFWLRQ�
at the International Linear Collider or the electron–positron FCC 
�)&&�HH��
$�XQLTXH�VWUHQJWK�RI�WKH�/+H&�UHVWV�RQ�WKH�SURVSHFW�RI�PHDVXU�

ing parton distributions much more accurately than previously and 
RI�XQIROGLQJ�WKHP�ZLWKRXW�V\PPHWU\�DVVXPSWLRQV�IRU�WKH�À�UVW�WLPH��
7KLV�ZRXOG�UHPRYH�D�VXEVWDQWLDO�SDUW�RI�WKH�XQFHUWDLQW\�RI�+LJJV�
SURGXFWLRQ�LQ�SS�FROOLVLRQV��ZKLFK�GRPLQDQWO\�RFFXUV�SURSRUWLRQDO�
WR�WKH�VTXDUH�RI�WKH�JOXRQ�GLVWULEXWLRQ��[J��WLPHV�WKH�VWURQJ�FRX�
SOLQJ�FRQVWDQW��7KH�PHDVXUHPHQW�RI�+LJJV�SURGXFWLRQ�DFURVV�D�
ODUJHU�UDSLGLW\�UDQJH�LQ�SS�VFDWWHULQJ�DW�WKH�)&&�H[WHQGV�GRZQ�WR�
H[WUHPHO\�VPDOO�YDOXHV�RI�%MRUNHQ�[��,Q�WKLV�UDQJH��ZKLFK�LV�DOVR�RI�
LQWHUHVW�IRU�XOWUD�KLJK�HQHUJ\�QHXWULQR�VFDWWHULQJ��WKH�H[WUDSROD�
WLRQV�RI�WKH�FXUUHQW�[J�SDUDPHWHUL]DWLRQV�QR�ORQJHU�KDYH�DQ\�EDVLV��
and they differ hugely. Moreover, it is expected that nonlinear 
gluon–gluon effects set in, possibly leading to a saturation of 
JOXRQ�GRPLQDWHG�LQWHUDFWLRQ�FURVV�VHFWLRQV��7KH�FODULÀ�FDWLRQ�RI�
WKH�ODZV�RI�SDUWRQ�HYROXWLRQ�DW�%MRUNHQ�[�����–4��PRVW�OLNHO\�OHDGLQJ�

WR�WKH�HQG�RI�YDOLGLW\�RI�WKH�OLQHDU�VR�FDOOHG�'*/$3�HYROXWLRQ�
HTXDWLRQV��LV�LPSRVVLEOH�ZLWKRXW�D�',6�SURJUDPPH�RI�WKH�NLQG�FRQ�
sidered here, and is essential for the pursuit of a sound programme 
in pp physics at the energy frontier at CERN. 
7KH�+LJJV�GLVFRYHU\�KDV�OHG�WR�D�UHFRQVLGHUDWLRQ�RI�WKH�OXPLQRV�

LW\�QHHGV�DW�WKH�/+H&�²�D�IXUWKHU�IRFXV�RI�WKH�&KDYDQQHV�ZRUNVKRS��
7KH�FRQFHSWXDO�GHVLJQ�UHSRUW��&'5��ZDV�GLUHFWHG�DW�DFKLHYLQJ�DQ�
instantaneous luminosity of about 1033 cm–2 s–1 in synchronous ep 
DQG�SS�RSHUDWLRQV�DW�WKH�/+&��/+H&�6WXG\�*URXS��������$�VXE�
VWDQWLDO�LQFUHDVH�RI�WKLV�YDOXH�LV�GHVLUDEOH��ZLWK�WKH�JRDO�RI�SURGXF�
ing 105�+LJJV�ERVRQV�DFURVV�D����\HDU�SHULRG�RI�RSHUDWLRQ��7KLV�
ZRXOG�RSHQ�WKH�URXWH�WR�D����SUHFLVLRQ�PHDVXUHPHQW�RI�WKH�GHFD\�
H A bb–��WKDQNV�WR�WKH�FOHDQ�À�QDO�VWDWH�VLJQDWXUH�DQG�WKH�DEVHQFH�
RI�SLOH�XS��6XFK�DQ�LQFUHDVH�RI�OXPLQRVLW\�PLJKW�EH�SRVVLEOH�RZLQJ�
WR�WKH�EHDP�EULJKWQHVV�RI�WKH�+/�/+&��ZKLFK�LV�H[SHFWHG�WR�EH�

2–3 times higher than assumed 
LQ�WKH�&'5��WKURXJK�GRXEOLQJ�
WKH�HOHFWURQ�EHDP�FXUUHQW�WR�
10–20 mA and also by reducing 
the focusing of the proton beam 
in the ep interaction region. It 
LV�RQH�RI�WKH�JRDOV�RI�WKH�QHZ�
ep study initiated by CERN to 
understand the implications of 
KLJK�LQWHQVLW\�HS�RSHUDWLRQ�RQ�

b, c, τ+...

b, c, τ–...

W, Z

W, Z

ν, e
e

H

p

H

H

Fig. 2. Leading-order diagram for the production and decay of 
the Higgs boson in charged-current (W exchange) and 
neutral-current (Z exchange) deep-inelastic electron–proton 
scattering. The LHeC would allow precision measurements of 
the H–bb coupling in WW–H production. The FCC hadron–
electron option would extend the reach further and give access 
to the Higgs self-coupling H–HH.

Fig. 3. The cryo-cavity module being designed by the 
CERN-Jlab-Mainz collaboration. (Image credit: SRF Institute, 
Jefferson Lab.)

It has always been 
the tradition at CERN 
to plan a long time 
ahead carefully.

WWW.

proposed ERL test facility superconducting RF cavity module

CERN-LHeC-Note-2012-006 ACC
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EIC2014 Workshop, 17th – 21st March 2014, JLab USA Oliver Brüning, CERN 36

Two 1 km long SC
linacs in CW operation 
(Q > 1010)

Î requires Cryogenic
system comparable 
to LHC system!

LHeC: Baseline Linac-Ring Option
Super Conducting Linac with Energy Recovery 

& high current (> 6mA)

Relatively large return arcs
Î ca. 9 km underground tunnel installation
Î total of 19 km bending arcs 
Î same magnet design as for RR option: > 4500 magnets

1033 cm-2 s-1 Luminosity reach PROTONS ELECTRONS

Beam Energy [GeV] 7000 60

Luminosity [1033cm-2s-1] 1 1

Normalized emittance JHx,y [Pm] 3.75 50

Beta Funtion Ex,y [m] 0.1 0.12

rms Beam size V
x,y [Pm] 7 7

rms Beam divergence V�
x,y [Prad] 70 58

Beam Current [mA] 430 (860) 6.6

Bunch Spacing [ns] 25 (50) 25 (50)

Bunch Population 1.7*1011 (1*109) 2*109

Bunch charge [nC] 27 (0.16) 0.32

1034 cm-2 s-1 Luminosity reach PROTONS ELECTRONS

Beam Energy [GeV] 7000 60

Luminosity [1033cm-2s-1] 16 16

Normalized emittance JHx,y [Pm] 2.5 20

Beta Funtion Ex,y [m] 0.05 0.10

rms Beam size V
x,y [Pm] 4 4

rms Beam divergence V�
x,y [Prad] 80 40

Beam Current [mA] 1112 25

Bunch Spacing [ns] 25 25

Bunch Population 2.2*1011 4*109

Bunch charge [nC] 35 0.64

1034 1033

LHeC Machine Parameters
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Figure 31: The parton distribution functions from HERAPDF2.0(prel.) at NNLO,
xuv, xdv, xS = 2x(Ū + D̄), xg, at the scale µ2f = 10 GeV2, for the Q2min = 3.5 GeV2 fit com-
pared to HERAPDF1.5 NNLO on log (top) and linear (bottom) scales. The bands represent the
total uncertainties.
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Figure 28: The parton distribution functions from HERAPDF2.0(prel.) at NLO, xuv, xdv, xS =
2x(Ū + D̄), xg, at the scale µ2f = 10 GeV2, for the Q2min = 3.5 GeV2 fit compared to HERA-
PDF1.0 on log (top) and linear (bottom) scales. The bands represent the total uncertainties.
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NNLO	

HERAPDF1.5 vs 2.0

NLO	

HERAPDF1.5 vs 2.0

Comparison of HERAPDF 1.5 & 2.0
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LHeC)ep)kinema=cs))
  DIS)is)best)tool)to)probe)structure)of)the)proton:)

o  Processes:) ) ) ) ) ))

o  Kinema=c)variables:)

)
o  Double)Differen=al)cross)sec=ons:)

)

)

Virtuality of the exchanged boson!

Bjorken scaling parameter!

Inelasticity parameter!

Invariant c.o.m.!

At LHeC in an extended range and precision:!
"  F2 dominates!
"  sensitive to all quarks!
"  xF3 !
"  sensitive to valence quarks!
"  FL !
"  sensitive to gluons!

"      also we have F2yZ, sCC+, sCC-!

Voica Radescu| DESY         |DIS – Warsaw |  LHeC   6 

Kinematic Range
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Figure 1: The gluon distribution determined using deep inelastic scattering data only (blue) or also including
jet data (red), plotted on a logarithmic (left) and linear (right) scale vs x at Q2 = 2 GeV2 (from [10]).

provide input for hadron collider processes. In fact, because factorisation is most reliably established in
deep inelastic scattering, it is the availability of precise parton distributions from lepton-hadron scattering
which may allow detailed tests of the validity of factorisation for processes for which it is less well estab-
lished. On the other hand, because lepton-hadron data are generally subject to smaller power-suppressed
corrections, perturbatively more stable, easier to compute than most hadronic processes so results to the
highest perturbative orders are available, and finally free of many complications which arise when dealing
with hadronic initial and final states (such as jet definitions, or underlying event), lepton-proton data always
provide a comparatively more competitive and theoretically reliable determination of parton distributions
than hadron-hadron data. The natural scenario is one in which lepton-proton data are used to determine
parton distributions, and the latter are then used for hadron collider processes, and there are strong reasons
of principle why this is the case.

3.2 NC and CC Cross Section Measurements

The determinations of parton distributions at the LHeC are of unique range and quality because of a number
of salient features which characterise this experiment, especially with respect to HERA: i) The LHeC greatly
extends the kinematic range compared to HERA. The increase in negative momentum transfer squared Q2

is from a maximum of about 0.03 at HERA to 1TeV2 at the LHeC, and in x, e.g. for Q2 = 3GeV2, from
about 4 · 10�5 to 2 · 10�6. ii) The projected increase of integrated luminosity by a factor of 100 allows to
also extend the kinematic range at large x, from practically about 0.4 to 0.8 in charged currents (CC). This
enables a precision mapping of the high x region, corresponding to large masses, of a few TeV, in Drell-Yan
scattering at the LHC. iii) The increase in Q2 implies that all parts of the neutral current cross section, due
to pure photon and pure Z exchange, and their interference become of equal strength. This, combined with
high precision and CC data in a large kinematic range, enables a complete separation of sea and valence
quarks. It is crucial to understand that such a basis of PDF determinations will render all previous PDF
determinations of inferior importance and practically reduce any parameterisation uncertainty in QCD PDF
fits to a negligible level of importance.

The superior nature of the DIS process for testing partons, with respect to Drell-Yan scattering, the
higher precision in ep wrt pp and the availability of an enormous range in Q2 for fixing parton evolution, as
opposed to the Q2 ' M2

W,Z

scale of the most accurate DY process at the LHC, these and further features
make the LHeC the appropriate machine for transforming the LHC into a precision QCD, search and Higgs
factory in the twenties.

The analysis of PDF measurements of the LHeC has been based on a full simulation of the NC and CC

6

gluon at Q2 = 2 GeV2	


!
Tevatron jets consistent with DIS	

Test of factorisation:	

	
 - compare ep with pp	

	
 - gluon contributes at LO but in DIS only in NLO	

	
 - pp jets probe higher scales & require pQCD evolution via RGE  	

Moderate uncertainty reduction from TeVatron jets	

Jet data help constrain αS
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Figure 1: The gluon distribution determined using deep inelastic scattering data only (blue) or also including
jet data (red), plotted on a logarithmic (left) and linear (right) scale vs x at Q2 = 2 GeV2 (from [10]).

provide input for hadron collider processes. In fact, because factorisation is most reliably established in
deep inelastic scattering, it is the availability of precise parton distributions from lepton-hadron scattering
which may allow detailed tests of the validity of factorisation for processes for which it is less well estab-
lished. On the other hand, because lepton-hadron data are generally subject to smaller power-suppressed
corrections, perturbatively more stable, easier to compute than most hadronic processes so results to the
highest perturbative orders are available, and finally free of many complications which arise when dealing
with hadronic initial and final states (such as jet definitions, or underlying event), lepton-proton data always
provide a comparatively more competitive and theoretically reliable determination of parton distributions
than hadron-hadron data. The natural scenario is one in which lepton-proton data are used to determine
parton distributions, and the latter are then used for hadron collider processes, and there are strong reasons
of principle why this is the case.

3.2 NC and CC Cross Section Measurements

The determinations of parton distributions at the LHeC are of unique range and quality because of a number
of salient features which characterise this experiment, especially with respect to HERA: i) The LHeC greatly
extends the kinematic range compared to HERA. The increase in negative momentum transfer squared Q2

is from a maximum of about 0.03 at HERA to 1TeV2 at the LHeC, and in x, e.g. for Q2 = 3GeV2, from
about 4 · 10�5 to 2 · 10�6. ii) The projected increase of integrated luminosity by a factor of 100 allows to
also extend the kinematic range at large x, from practically about 0.4 to 0.8 in charged currents (CC). This
enables a precision mapping of the high x region, corresponding to large masses, of a few TeV, in Drell-Yan
scattering at the LHC. iii) The increase in Q2 implies that all parts of the neutral current cross section, due
to pure photon and pure Z exchange, and their interference become of equal strength. This, combined with
high precision and CC data in a large kinematic range, enables a complete separation of sea and valence
quarks. It is crucial to understand that such a basis of PDF determinations will render all previous PDF
determinations of inferior importance and practically reduce any parameterisation uncertainty in QCD PDF
fits to a negligible level of importance.

The superior nature of the DIS process for testing partons, with respect to Drell-Yan scattering, the
higher precision in ep wrt pp and the availability of an enormous range in Q2 for fixing parton evolution, as
opposed to the Q2 ' M2

W,Z

scale of the most accurate DY process at the LHC, these and further features
make the LHeC the appropriate machine for transforming the LHC into a precision QCD, search and Higgs
factory in the twenties.

The analysis of PDF measurements of the LHeC has been based on a full simulation of the NC and CC
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Jet Data Constraints
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CDR&:&SelecSon&of&H→bb&
#  NC'DIS'rejeccon'

#  Exclude'electron_tagged'events'
#  ET,miss'>'20'GeV'
#  Njet'(pT'>'20'GeV)'�'3'
#  ET,total'>'100'GeV'
#  yJB'<'0.9,'Q2

JB'>'400'GeV2'

#  b_tag'requirement'
#  Nb_jet'(pT'>'20'GeV)'�'2'

#  Higgs'invariant'mass'
#  90'<'MH'<'120'GeV'

#  Single'top'rejeccon'
#  Mjjj,top'>'250'GeV'
#  Mjj,W'>'130'GeV'

ET
miss cut 

b-tag requirement 
Flat'efficiency'for'|η|'<'3'
of 60% (c:10%, lq,g:1%) 

H→bb'
CC'BG'
NC'BG�

�'44%'of'remaining'BG'is'single_top…�

�10%'mis_ID�

Uta'Klein,'LHeC'project' 30 

[ before Higgs discovery MH=120 GeV,  Ep=7 TeV]  

CDR:&A&Large&Hadron&
Electron&Collider&at&CERN&&
J.'Phys.'G:'Nucl.'Part.'Phys.'
39'(2012)'075001''

CDR&:&H→bb&results&&&&&&&&&
Forward jet η tag H'→'bb'signal�#  Forward'jet'tagging'

#  ηjet'>'2'(lowest'η'jet''
excluding'b_tagged'jets)'

'

'

#  Higgs'invariant'mass'aCer'all'seleccon'

 

 

�

H→bb'
CC'BG'
NC'BG�

Coordinate: 

Fwd: +z-axis along proton beam�

Z�bb�
10 fb-1 

Clear'signal'
obtained'with'
just'cut'based''
analysis'already!'

Uta'Klein,'LHeC'project' 31 

[ before Higgs discovery MH=120 GeV,  Ep=7 TeV]  

Ee&=&150&GeV&
(10&g:1,&P=0)�

H&→&bb&
signal�

84.6�

S/N& 1.79'(4.7*)'�

S/√N� 12.3�

*parton-level study. 

LHeC:  H →bb
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ee → H

σHiggs in ee ~300 fb

Z

Z

Approximate yields from polarised ee machine at L = 1034 and √s = 250 GeV 

Rates$of$Higgs$ProducLon$in$edp$

High$rates$for$bb$but$also$WW,gg,ττ,cc$!$desire$for$maximum$luminosity$O(1034)$cmd2sd1$
Note$that$1033$is$100$Lmes$HERA$(I)$and$a$huge$step$more$than$adequate$for$DIS$
Each$of$the$channels$requires$dedicated$simulaLon$study,$as$has$been$done$for$bb$
Ahead$is$use$of$ep$detector$and$its$design$opLmisaLon$for$H$and$general$fwd$physics.$
For$the$detector$design$–$see$poster$‘A$New$Detector$for$ep$ScaQering’$–$this$conference$

Clean$VV$producLon$and$
high$S/B$in$reconstrucLon$
are$base$for$unique$
further$program$as$on$CP$
Biswal$et$al,$PRL109(12)261801$

+differenLal$measurements$$
$
There%is%a%huge%potenLal%
for%Higgs%physics%in%ep.%
$$

√s = 1.3 TeV √s = 3.5 TeV

ee
-0.8 / +0.3

1
300

231,000
12,750
14,000

53,100
3,000

√s = 250 GeV
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