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HERA Legacy 1ﬂ

HERA data provided detailed insight into
Established NNLO pQCD
Underpins all LHC measurements

parton dynamics

Precise determination of PDFs (speci I—r gluon)

= accurate predictions of LHC

ggs production

HI & ZEUS collected 0.8 fb-! in e* / €™ modes
Vs =03TeV

Flavour separation from NC and CC DIS
Independent of nuclear effects

HERAPDF2.0 uses final combined HI/ZEUS data
Improved precision at high x (incl. gluon)

N L | - . . .
N HI-Prelim-14-042 e HERA NC e'p (prel.) 0.5 fb Achieved with strong UK involvement
— Vs = 318 GeV
g 106 e X 00008, i=20 - Fixed Target H1 and ZEUS prellmlnary
\6 0 ? o ® :—..‘.‘ x = 0.00013, i=1? I HERAPDFZ.O (prel.) i 1 T T T Y T T T T T T
Z o Seese oo v NLO, Q2. =35 GeV’ » - HI-Prelim-14-042 W2 =10 GeV2
+b;: 10°- e e e x=0.0005,i=16 N f
S .:’*’“’mw,,ﬂ-c x = 0.0008, i=15 x ~ 102 is a sweet-spot ,
B e0-® x=0.0013,i= . . . . —— HERAPDF2 1 L =
B R O S SO Uy vyt high precision with long Q2 lever arm g expamenrt. o 0Q,,=35Gev
ettt eeeeee  x=0002i=2  relevant for LHC Higgs production ] model uncert.
I, M eeoee  x=0.005,i=11 i [ parametrisation uncert. Xu, 1
10 3 = ° ./’/r./.wwooaifO-O x =0.008, i=10 ‘ | P |
- W x=0.013, i=9. Precision: 0.6 & \ =
- W x=002,1=8 ) 2 2 T
10 = i W’Mﬁfﬂ x =0.032,i=7 1% Q < 100 GeV
- W x = 0.05,i=6 I .5% Q2 < 500 Ge\/2
10 = ~OOEED B0 0-00-000-00000000-0 ¢ x = 0.08, i=5 2% QZ < 3000 GeVZ 04 |
g —Eﬁﬁm_tﬁ—fw x = 0.13, i=4 ‘
1 B mow x=0.18,i=3
= —Es ¢ e x =0.25,i=2 | /
- ) ‘ \\
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. Deep Inelastic Scattering
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US led electron-ion collider projects:
EIC (JLAB) / eRHIC (Brookhaven)

heavy ion programme _ o
lepton—proton scattering facilities

Interest from UK community .
1075 LTFC
LHeC: 10° 5 VESA = HERA and CERN
ep collisions with 7 TeV LHC p-beam . Jlab 6+12 = EIC projects
, : o 108 3 ' = fixed target
synchronous running with LHC pp collisions = —
... or FCC (hadron-electron machine) T 4074 SLAC
» E
60 GeV electron beam = +/s = .3 TeV Ig 106 —é.
Polarised electron beam ~ 90% = 5
o
< 10° § CEIC2 I ViEIC2 FCC-ep
& 10* 3 eRHIC N
. . £ ] .
Kinematic range: = 108 § CEIC1 -I COMPASS
Q% — |0° GeV? . BCDMS
] E HERA
106 < x < | 10? 3 HERMES o -
L=103-10%cm?2s! 10 = NMC
Factor ~1000 increase in L compared to HERA .
Fact0r~20 InCI"ease |nXQ2 range [ ||||||| [ ||||||| [ ||||||| [ ||||||| T T Tl
107 1 10 10° 10°

cms energy (GeV)

Collect 10 — 100 fb"! per year
Precision ep physics with | ab"! in a decade
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- LHeC Physics |

ol | T T IIIIIII T T IIIIIII T T TTTTT T T TITTT T T TTTrTT T T IITll!l i T TTTTT]
Proton structure > R i :
N G, 10 6| LLHeC Experiment: RPV SUSY, LQ |
- complete flavour decomposition =~ vl A1 Stbstructure 2 H
u/d,s,c,b, g & - HERA Experiments: .
- remove assumptions on p <> d symmetry 10> [ H1 and ZEUS sl
- Fixed Target Experiments:
High precision QCD & EW physics 3 - NMC - Large x [
Os ~ 0.1% accuracy 5 1041 BCDMS gfﬁsion | - S
High density matter z - [ E665 QcD & 4 Higgs
Gluon saturation “g 030 — SLAc Flweak |[oiL00s0n _
Higgs properties g 2 Physics
RP violating SUSY E Lf 71
Leptoquarks g 107 Nuclear 73
Quark sub-structure § i ,é Structure 7 f/‘ // /
e s 10 | High Density Matter = // E
o s &
Ao - QGPlasma N NN .
As well as L AN N
e-deuteron s / -
heavy ion scattering qF 1.
Quark-gluon plasma 10 = ek
£ :IO3I _ IO32 for nuclei —_7| 1 ||||||| _6| ] ||||||| --I 1 |||||\| _4| ! ||||||| -gl 1 ||||[|| _2| ] ||\|1|| _ll [ W
10 10 107 10 107 10 10
Bjorken x
Physics goals complementary to LHC LHC searches: largest uncertainty from PDFs
Precise high x PDFs extend the LHC discovery potential ATLAS contact interactions 8 TeV arXiv:1407.2410
Higgs properties accessible at LHeC ATLAS Z-prime search 8 TeV arXiv:1405.4123

ATLAS quantum gravity search 8 TeV  arXiv:1311.2006
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M.Kraemer”, G.Kramer!'® D.Kuchler'®, M.Kuze®®, T.Lappi?!:¢, P.Laycock??*, E.Levichev?0, S.Levonian!”, V.N.Litvinenko37,
A.Lombardi'®, J.Maeda58, C.Marquet!®, B.Mellado?”, K.H.Mess'®, A Milanese'®, J.G.Milhano”®, S.Moch!”, I.I.Morozov??,
Y .Muttonil®, S.Myers'®, S.Nandi®®, Z.Nergiz3?, P.R.Newman®®, T.Omori®!, J.Osborne'®, E.Paoloni*?, Y.Papaphilippou'f,
C.Pascaud*?, H.Paukkunen®3, E.Perez!%, T.Pieloni?3, E.Pilicer®2, B.Pire*, R.Placakyte!”, A.Polini?”, V.Ptitsyn3”, Y.Pupkov*?,
V.Radescu!”, S.Raychaudhuri®®, L.Rinolfi'®, E.Rizvi’!, R.Rohini3®, J.Rojo!6-31 S.Russenschuck!®, M.Sahin%3, C.A.Salgado®3:¢,
K.Sampei®®, R.Sassot??, E.Sauvan®*, M.Schaefer”®, U.Schneekloth!”, T.Schérner-Sadenius!?, D.Schulte!®, A.Senol?2, A .Seryi*4,
P.Sievers!®, A.N.Skrinsky??, W.Smith?”, D.South!?, H.Spiesberger2?, A.M.Stasto*8:4 M.Strikman*®, M.Sullivan®’, S.Sultansoy®?:€,
Y.P.Sun®7, B.Surrow!!, L.Szymanowski®6-f | P.Taels?®, I.Tapan©2, T.Tasci?2, E.Tassi'0, H.Ten.Kate'6, J. Terron?8, H.Thiesen!6,
L.Thompson'43% P.Thompson®®, K.Tokushuku®!, R.Tomés Garcia'®, D.Tommasini'®, D.Trbojevic37, N.Tsoupas3”, J. Tuckmantel 6,
S.Turkoz®!, T.N.Trinh*", K.Tywoniuk?®, G.Unel?0, T.Ullrich3”, J.Urakawa®!', P.VanMechelen®?®, A.Variola®?, R.Veness!'S,
A.Vivolil®, P.Vobly??, J Wagner®6, R.Wallny®®, S.Wallon*3:46.f G Watt%9, C.Weiss®6, U.A.Wiedemann!6, U.Wienands®7,
F.Willeke37, B.-W.Xia0*®, V.Yakimenko3?, A.F.Zarnecki%”, Z.Zhang*?, F.Zimmermann'®, R.Zlebcik®!, F.Zomer?*?
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Several international workshops since 2008
Conceptual Design Report Published mid 2012
Will focus on new developments since then

3rd CERN-ECFA-NuPECC CERN-ECFA-NuUPECC

Worksh the LHeC
LAALL L O TS Workshop on the LHeC

arXiv:1206.2913 CDR
arXiv:1211.5102 LHC <« LHeC

oton and clectr

12-13 November 2010
Chavannes-de-Bogis, Switzerland

14-15 June 2012
Chavannes-de-Bogis, Switzerland

o - [0,
T a
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http://cern.ch/lhec
http://arxiv.org/abs/1206.2913
http://arxiv.org/abs/1211.5102

60 GeV electron beam achieved with

2 x | 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

Total circumfrence ~ 9km

Final electron focus

LHC proton beam

Beam dump

18EEC e Tunnel civil engineering independent of LHC

LHeC could operate simultaneously
- with pp collisions in LHC

- with ep collisions in FCC-he

or be injector for FCC-ee machine

L = 10%* cm?s! seems feasible compared to CDR:

more intense electron source
better p focussing

smaller p & e emittance
over-performance of existing LHC

L for ILC / LHC / LHeC all on a par
Higgs production cross section in ee = ep ~ 200 fb

- Point

Eram Rizvi PPAP Community Meeting - RAL - 2014 6



580

FHC4 HAC __BHC4
217 187

Dipole Central Track.er Si-

88 Layers . .-

® Demanding specification but
less stringent than ATLAS/CMS

® Forward tracking is crucial

14m x 9m (CMS 21m x 15m; ATLAS 45m x 25m) ® Rest on existing technology

— no large R&D effort

3.5T solenoid Need |° acceptance
0.5 T dipole magnets inside IR to bend electron beam to collision in forward region for high x & Higgs
strong synchrotron fan — elliptical beam pipe in IR in backward region for low x kinematic reco
Calorimetry similar to ATLAS 4 Layer pixel tracker
LAr EM calo O/E= 9% /VE @ 0.3% 4 layer central Si tracker + fwd/bwd planes
Scintillating tile HAD calo O/E = 32% /vE ® 9% 5/3 wheel forward / backward Si tracker

Muon system - tagging only - momentum from inner tracker
Provides b-jet tagging to N = 3

FCC-he detector design similar Transverse impact parameter resolution = |Opm

Eram Rizvi PPAP Community Meeting - RAL - 2014 7



- . . .
“a » ’

W PDFs=gluon { @, 5 T2 | aXG
g

Gluino Pair Production PDF Uncertainty —.é
o 3.0 : ‘ : : . .
9 X — CT10 £ A P g
% C.L. EXRKRATKN — MSTW2008 . . . .
Z . uereos X 2sf— wweorzs | LHC discovery potential limited by
0 544 cT10 , o — HERA10 . .
S S wvporas / 3% Lol — asmos | uncertainty on high x PDFs g
N 2558 HERAPDF1.0 13 :gi.% LHEC p_
=
= e N
(7] RS = : .
— = dominant gluino
<] o production mode
<) (except HERAPDF) g °
e 3
& R s
LHeC provides single coherent
—0.5}¢ . . . .
0 11 1 1 | 111 1 | | T | | 11 1 1 | 11 1 1 : Sl S S i A\ N sl S A LHC (14 TeV) eXPerIn?ent Wlth WOhICh to
0 01 02 03 04 05 06 07 08 09 g 3o 35 a0 s 3, getermine PDFs with well
: X M, = M, [TeV i
Currently high x gluon unknown for x>0.3 = Mg LTEV] controlled systematics

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

0.4 T T T T T T T T M ! ' 004 L] Ll L] L]
HERA I HERA I [ HERA I
HERA I+LHC(Wasymm) 0.3 F HERA I+BCDMS [iiici 0.3 | HERA I+LHC(Wasymm)
0.3 F HERA I+BCDMS f i *® [ HERA I+LHC(Wasymm) . HERA I+BCDMS &
HERA I+LHeC mmmm HERA I+LHeC NS HERA I+LHeC HEmmm
0.2 F {1 0.2 0.2
X
[ ] o.1F
0.1 o 0.1
0 E 0 9 0B
=3
_o 1 L - -0 1 '_; —0.1 5
0 Xg uncertalnty
_0.2 F . o _ ] -0.2 -0.2 o _
Uval Uncertainty 2% at x=0.8 0% at x=0.7
-0.3 F 4 -0.3 -0.3 F —
= M=5TeV
_0 4 3 1 3 3 1 1 L 1 -0.4 1 | L L L L | ] _0.4 L 1 2 2
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

High x uyal , dva & gluon PDFs dramatically improved from HERA + LHeC data
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LHeC will provide direct access to charm and beauty PDFs
Simulations here assume E. = 100 GeV for 10 fb! data
Tagging efficiency ~10% for charm and 50% for beauty

Charm Structure Function

.-v :\H‘ T T \\HH‘ T T \\HH‘ T T \\HH‘ T T \\HH‘ T T \\HH‘ T T \\H\ﬁ
e o Q% =50000 GeV>,i=10 . ; ]
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Simple parton level study with statistical uncertainties only (<1%)
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In addition charged current W+s — ¢

process allows direct measurement of strange

Beauty Structure Function

i

QZ

® 00O »

[T

Q%=25 GeV,i=4 e
o

Q?=50000 GeV%,i=10 .,
Q% =10000 GeV?,i=9

Q?=2000 GeV>,i=8 o o
[ N ~a
@ o.
Q” = 650 GeV?,i=7 . . e
o °__ e N LN
Q7 = 200 GeV,i=6 ® o .
[ I N
e, . o
Q% =60 GeV?,i=5 LN
® e o
.

@ -
® o e ¢
=12 GeV2,i=3 o
o

[ <
Ry .
. o - .

- _ A I I \!\
[\

- e L}
* o te .

Q?=5GeV3i=2 0o e .
e *-4 o, S}

H1 vtx DATA e o
LHeC 6, >0’ .

LHeC 9b>200 Ee =IOO Gev\O

LHeC 6, > 10

e, ‘\\ N
~ \‘\ \.\
‘o N N
gl
<o . N
i‘\ .\\

Q% = 100000 GeV?,i=11

.
[

e

®

o

+H

-6
10

Guided by experience from HERA & LHC tagging performance

Important for testing heavy flavour theory

Eram Rizvi

107 107 107 102

1
10

N k. j—H\‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ L \HHH‘ 1 \HHH‘ 1 \HHH‘ 1 \HHH‘ [

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
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. Strong Couplingas; '

25.8

25.6

25.4

25.2

1/0

25

24.8

24.6

PN

15 152 154 15.6 15.8 16 16.2
log40(Q/GeV)

B current s uncertainty
== projected (s uncertainty from LHeC + HERA inclusive DIS

Eram Rizvi

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 s +0.2%
Includes projected experimental uncertainties (incl. correlations)
Accuracy is obtained from
large kinematic range in Q? constrains xg via scaling violations
large range in x: 10® < x < 0.8
accurate low x data constrain high x by momentum sum rule
accurate high x data reduce s/ 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

PPAP Community Meeting - RAL - 2014 10
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- Projected LHG

PN

ATLAS Simulation Preliminary

(s =14 TeV: [Ldt=300 b ; [Ldt=3000 fb

H—uuw (comb.)

H—ott (VBF-like)

H— ZZ (comb.)

H— WW (comb.)

H— Zy (incl.)

H—yy  (comb.)

0 0.2 04

Projected Higgs production uncertainty with 300 fb-' and 3000 fb-!
Solid bands: projected experimental uncertainties
Shaded bands: include theoretical uncertainties (PDF ® O(s & scale)

Theory error dominates in several channels

LHeC data will bring large improvements in PDF and s precision

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

ATL-PHYS-PUB-2013-014 Au/p accuracy on G-Br

PPAP Community Meeting - RAL - 2014
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»

v

. Higgs Production.inpp: ' v W YRS \‘QSI
.\‘\\.-. S8 3 ey c ""'1 . :I,‘-s ' — : - g /] n ‘ (:'

PN

arXiv:1305.2090

NNLO Higgs production cross sections in pp v/s= 14 TeV

= 60
a Bands show the PDF eigenvector uncertainty ~2-4%
S 58 - Additional scale and s uncertainty not shown
= f ~10% & ~5% resp.
U L
Q 56
a NNPDF2.1 (&s = 0.121)
2 i
54 —
G i LHeC could attain precise PDFs with ~0.3% exp. error for OHiggs
52 CTI0 HERAPDFI.S My = Theoretical uncertainties from s and scale variations
50 . :%‘5‘ gex Large Q? lever arm could yield precision &s~ 0.2% uncertainty
B e
- - ABMI | PDFs from LHeC | N3LO required to reduce scale uncertainty
48 -
46 ABMI 1 - Together these could provide sensitivity to MHiggs
i . through cross-section dependence
- iHixs 1.3 E
4 - ~ Mu =125 GeV

Great potential to enhance LHC Higgs programme including sensitivity to exotic Higgs scenarios
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iggs Production in.ep |

./ ,; \
. 3

R £

H
FCC-he may provide access to HHH vertex

Fiducial OnHH = 0.2 fb — similar to ILC
Vs = 1.3TeV Vs =35TeV Further study needed

Higgs in e~ p CC - LHeC | NC - LHeC || CC - FHeC
Polarisation 0.8 -0.8 -0.8 . . _
Luminosity [ab~] 1 1 5 Higgs Signal and Backgrounds El 88 E_—thjjb
Cross Section [fb] 196 25 850 2 3505 _+_ NC low Q° bbj
Decay  BrFraction NZc NNc N Q 300  LH.O 8&]”
H — bb 0.577 113 100 13900 || 2450 000 Y oeob ~ 4+ Cyopf
H—c 0029 5 700 700 123 000 = Vs=13Tev
H 757~ 0063 12 350 1600 970 000 ooof- | year of LHeC n WW — H — bb
H—pp  0.00022 50 5 1 000 5 oE— 4 4+ 100fb"' & P=-08
H — 4l . 30 3 550 = Factor 10 larger at FCC
H —2012v  0.0106 2 080 250 45 000 100
H — g9 0.086 16 850 2 050 365 000 =
H—-WW 0.215 42 100 5 150 915 000 50:_
H—ZZ 0.0264 5 200 600 110 000 0:
H — vy 0.00228 450 60 10 000 20 80 100 120 140 160 180 200
H — Z~ 0.00154 300 40 6 500 M, [GeV]

Very clean signal with simple cuts

Large Higgs production cross section at LHeC similar to ILC
Enhancement through polarised e CC channel
Sizeable rates for WW and ZZ and TT and cc
H—bb studied in CDR
high signal / background ~ |-2
low pile-up ~ 0.1
~1% coupling precision with | ab!

Prospects look very interesting
Implications for exotic higgs searches

[LHC: ~0.01] More detailed studies needed...

: 34
[LHC: 150 @ 10*7] H — charm / tau decays now under investigation
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- Next Steps -

DG invited International Advisory Committee be formed:
Representation from major international labs, experiments & theory community

Mandate 2014-2017: Guido Altarelli (Rome)
® Advise LHeC Coordination group / CERN directorate on ep / eA developments Sergio Bertolucci (CERN)
® Develop CDR for ERL test facility at CERN Frederick Bordry (CERN)
® Assist building international case for ep detector / accelerator development Stan Brodsky (SLAC)
Oliver Bruning (CERN)
CERN to help in development towards ep machine using LHC / FCC protons & ions ey Clhem (12122 B

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 & ... Andrew Hutton (Jefferson Lab)
- build experience of ERLs at CERN 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)
CERN-LHeC-Note-2012-006 ACC  |ohn Womersley (STFC)

proposed ERL test facility superconducting RF cavity module

900 MeV LINAC 2
& -beam N b i ] e S b
150 MeV/pass

ARC5

150 MeV/pass

S0 Mo ——> S LU e e il bl
injector LINAC 1

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
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. LHeC'Machine Parameters
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~-Jet Data Constraints * | |~ e W)
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gluon at Q? = 2 GeV?

Tevatron jets consistent with DIS
Test of factorisation:
- compare ep with pp
- gluon contributes at LO but in DIS only in NLO
- pPp jets probe higher scales & require pQCD evolution via RGE
Moderate uncertainty reduction from TeVatron jets
Jet data help constrain s
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-LHeC: H —bb

L i e

= NCDIS rejection H->bb b-tag requirement
Exclude electron-tagged events CC BG Flat efficiency for [n| < 3
E; hics > 20 GeV NC BG of 60% (c:10%, 1q,9:1%)
Njet (pT > 20 Gev) Z 3 a ;'Hllgvgsr o —j § 10° i ......... ‘ ::::ckground _:
ET,totaI > 100 GEV H . s NC bbj background —é .% 104 el NC bbj background _E
yJB < 0.9, QZJB S 400 Gevz § E . . ------------------------------- E w 103 Z_ IIIIIIIIIIIIIIIIII , ........... R
. E T ] T 1
® b-tag requirement v L A P ]
Np et (p;>20GeV) = 2 10F | o 1" -
1o 10 20 30 40 sg AG(()GeV7)0 L 5 6

Number of bjets

m Higgs invariant mass
90<M,<120GeV = 44% of remaining BG is single-top...

m Single top rejection
Mj;i top > 250 GeV
M;w > 130 GeV

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

= Forward jet tagging Forward jet n tag

Net > 2 (lowest n jet ot I T
excluding b-tagged jets) 3550 TP ) IR
Coordinate: 8 b3
Fwd: +z-axis along proton beam g0 [

60 ....:
aof i
o
0 o
. . . . -1
m Higgs invariant mass after all selection e
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O'Higgs in ee ~300 fb

+
¢

~H

W& 7Z
ee > H
WsSZ
Z e
Vs =13TeV Vs=35TeV /s =250 GeV
Higgs in e p CC - LHeC | NC - LHeC || CC - FHeC e
Polarisation -0.8 -0.8 -0.8 | 08/403
Luminosity [ab—!] 1 1 5 )
Cross Section [fb] 196 25 850 300
Decay  BrFraction NZc Nyc Néo
H — bb 0.577 113 100 13 900 2 450 000 [ 231,000
H — ce 0.029 5700 700 123 000 12,750
H— 7171~ 0.063 12 350 1 600 270 000 14,000
H — pp 0.00022 50 5 1 000
H — 4l 0.00013 30 3 550
H —212v  0.0106 2 080 250 45 000
H — gg 0.086 16 850 2 050 365 000
H—-WW 0215 42 100 5150 915 000 53.100
H—ZZ 0.0264 5200 60 110 000 3.000
H — vy 0.00228 450 60 10 000
H — Z~ 0.00154 300 40 6 500
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Approximate yields from polarised ee machine at £ = 103 and /s = 250 GeV
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