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Need for LHeC

27.5 GeV x 920 GeV ep HERA

with integrated L~0.5 fb-1 was a

» high precision machine for QCD

» modest precision machine for electroweak physics

Where could we go with a
60 GeV x 7 TeV e*p, also eA collider
with integrated L~1-100 fb-t ?
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LHeC Accelerator options

Ring-Ring
Power Limit of 100 MW wall plug

with “ultimate” LHC proton and
60 GeV e* beam

2L =210%cm?st 2 0(100) fb

Point 5

oy —



LHeC Accelerator options

60 GeV “Circus Maximus” with Energy recovery
L= 1033 cm™s! = 0O(100) fb

Loss compensation 2 (90m) Loss compensation 1 (140m)

Linac 1 (1008m)  E—
Injector

Matching/splitter (31m)
Matching/combiner (31m)

Arc 1,3,5 (3142m) Arc 2,4,6 (3142m)

Bypass (230m)

\

Linac 2 (1008m)

/N

IP line Detector
Matching/splitter (30m)

Matching/combiner (31m)

140 GeV pulsed LINACL =0.4 10°? cm2st = O(4) fb'!

or linear 7.8 kam

e 140-CeV linac
injector

P

dump



1. Inclusive NC & CC DIS: simulated Default Scenarios

http://hep.ph.liv.ac.uk/~mklein/simdis09/Ihecsim.Dmp.CC, readfirst

confis. E(e) EN) N L) J[L(e) |[Pol] L/10°* P/MW years type
A 20 7 P 1 1 - 1 10 1 SPL
B 50 7 p 50 50 0.4 25 30 2 RRhiQ’
C 50 7 P 1 1 0.4 1 30 1 RRIlox
D 100 7 p 5 10 09 25 40 2 LR
E 150 7 p 3 6 09 1.8 40 2 LR
F 50 35 D 1 1 -- 05 30 1 eD
G 50 2.7 Pb 0.1 0.1 04 0.1 30 1 ePb
H 50 1 p -- 1 -- 25 30 1 lowEp

Max Klein, LHeC

p.

Not
simulated


http://hep.ph.liv.ac.uk/~mklein/simdis09/lhecsim.Dmp.CC

QYGeV?

E_.=100 GeV E_=7000 GeV

Kinematics — high Q?

10°}

10° |
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The Detector ‘that should do it’: ring-Linac scenario

Solenoid

Outer detectors (HAC tailcatcher/muon detectors not shown)
also not shown: forward proton taggers, backward lumi monitors



NC - events

Pseudodata: Neutral Current Event Rates

Electron-Proton Scattering - Rates
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Max Klein - Scenarios and Measurements
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Trivial, but
Important:
largest E,
allows highest
Q? scales
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Neutral Current reduced o
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Z effects depend
on lepton charge and
polarisation.

2 charges and
2 polarisations
very desirable

for electroweak
precision physics
and a
new spectroscopy
should that appear.

Photon and Z exchanges are 1:1
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Generdl Remdark: LHe€ can
vniguely redeh/exploit
electrowedk sector:

« Z and W exchanges assist vy
exchange for complete quark
flavour decomposition of proton
structure (next slides)

* precision electroweak tests, e.g.
sin<0,,(u) (end of talk)
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;| == Get handle on valence quarks

from x~0.001 to x~0.8
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CC - events

Pseudodata: Charged Current Event Rates

Electron-Proton Scattering - Rates

T T T T T I T I
3 ®  B:50 GeV 50 b’
B =  D:100 GeV 10 fb™
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3 4 s 6
LHEC Max Klein - Scenarios and Measurements lOgQL,fGevz

LHeC: expect ~
two orders of
magnitude
more events

+ better
coverage for
x>0.5
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Charged Currents

0.8

Valence quarks
up to x=0.8
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anti-strange density [¥]

Strange =? Anti-strange quark density
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s & sbar
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How well do we know PDFs today? gg parton luminosities

gg luminosity at LHC (\'s

G. Watt

7 TeV)
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== Agree in region relevant for Higgs at LHC,
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Impact of LHeC incl. NC & ¢¢ on PDFs: gluon

D & "q: ¥ e ¥ T L
HERA I
0.3 HERA I+LHC (Wasymm)
* HERA I+BCDMS [EEiiiisd

HERA I+LHeC N

unc. xXgi(x)

rel.

le<06 le=0> 0.0001 0.001 0.01 0.1

X

=== Unique improvement over huge x range 1



UNC. X, (%)

rel.

unc. xd,.,(x)

ral.

HERA I

HERA I+LHC(Wasymm)
HERA I+BCDMS s
HERA T+LHeC M

Impact of LHeC

incl. NC & CC
on PDFs: u,,d,

HERA I
HERE I+BCDMS 720050
f HERE I+LHC (Wasymm)
HERA I+LHeC NN

Also helpful to pin down
u/d forx—1
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Impact of LHeC incl. NC & ¢¢ on PDFs: sea

=Ex{uEEﬂ+dBEE}

unc. xsSea(x)

rel.

HERAPDF1.0 settings, Q2=1.9 GE?E, Experimental Uncert
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X

=== Unique improvement over huge x range
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HERAPDF1.0 settings, Q°
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Further PDF improvements at LHeC with ep + eD

d/u at low x from deuterons

N

(relaxed low x assumptions in the fit)

-
.
-]

Q% =4 GeV?

--
»

uncertainty on d/u

-
N

-

B -1 + BCDMS|
LHeC ep '

- LHeC ep+ed l

10°° 107 1072 1072 107"

X

(13) There are five color-singlet combinations of the
deuteron wavefunction in QCD, only one of which is the
standard proton-neutron state. The “hidden color” [13]
components will lead to high multiplicity final states in
deep inelastic electron-deuteron scattering.

crucial constraint on evolution (S-NS), improved o,

Plenary ECFA, Max Klein

« wEE

L

dpg d
R

In eA at the collider, test Gribovs
relation between shadowing and
diffraction, control nuclear effects
at low Bjorken x to high accuracy
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Strong Coupling Constant from inclusive DIS

1/0

fine structure

(5cn5|t|wt9 ma|n|9 fromd["2/dIn( QZ

Existing NNLO results

v (MZ)
o5 BBG 0.1134 500 valence analysis, NNLO [80]
"1 | GRS 0.112 valence analysis, NNLO [81]
ABKM 0.1135+£0.0014 | HQ: FFNS Ny =3 [82]
ABKM 0.1129 £0.0014 | HQ: BSMN-approach [82]
JR 0.1124 £+ 0.0020 | dynamical approach [83]
JR 0.1158 £0.0035 | standard fit [83] _10
MSTW 0.1171 £ 0.0014 [84] 1 /0 preC'
ABM 0.1147 +0.0012 | FFNS, incl. combined H1/ZEUS data [85]
o4 | | BBG 0.1141 5o valence analysis, N°LO [80]
world average | 0.1184 = 0.0007 | [86]
0 15 0 16
Q [GeV] HERA + LHeC
case cut [? in GeV?] | ag +uncertainty | relative precision in %
HERA only (14p) Q? > 35 0.11529 0.002238 1.94
HERA+jets (14p) Q? > 3.5 0.12203 0.000995 0.82
LHeC only (14p) Q? > 35 0.11680 0.000180 0.15
LHeC only (10p) ()? =35 0.11796 0.000199 0.17
LHeC only (14p) ()? = 20. 0.11602 0.000292 0.25
. ; ~0.1%
LHeC+HERA (10p) Q) =35 0.11769 0.000132 0.11 / *
LHeC+HERA (10p) Q% = 7.0 0.11831 0.000238 0.20 precision
LHeC+HERA (10p) () = 10. 0.11839 0.000304 0.26 24




2. Measurements @LHeC
with hadronic final states:
Jets and
Heavy flavours

25



High pt Jets

=== Different processes allow to
disentangle g(x) and o,

26



From Chris Quiggs talk:
“Particle physics & LHeC
Divonne 1.9.09




Jet production

- NLO QCD (DISENT)

ple
! I

Inclusive Jet:
D | S 10-5: ft;?fﬁﬂgﬂ;n GeV?
0.1 <v<0.7

ETﬂm =2 GEV,-2anad

+ hadronisation + Z exch.
F CTEQ6.1 P]}Es

E =7/0.07 TeV sqrt(s)=1.4TeV 10 b’

ponl 1y

do/dEX{ph/GeV)

pod el 1

- —— LHeC (10/fb)
. e —— HERA (0.5/fb) 3

(stat. error only)

=2 =Q

: Jet energy scale uncertainty (1/3%)

Crrors

Scale [ total theo. errvor

i
[ B ]

1 1 1 1 1 1 1 I 1
20 s0 100 200

:E'T,j et

[GeV]

:l L LI LI I L I L | L | LI I L I L I :
e E =275 Gﬂ.‘f’Ep =020 GeV
" E = 50 Ge‘-.'.“]ip =TTeV .
« E =100 {-'e‘i'.“]ip =TTeV _
v E, =150 {:e‘-.“]ip =TTeV g
3 Photoproduction 7
- 1
- "=
- "1 -

20 40 60 80 100 120 140 160 180 200
Elf (GeV)

=P study running of o up to 500 GeV



NNLO THEORY (T. Gehrmann et al.)

> NNLO calculations are ongoing. Matrix elements are either

= already derived (NLO corrections to 3-jet production in DIS, Z. Nagy, NLOJET++) or

= Contained in work by Gehrmann/Glover (for the two-loop 2-parton final 5tate|.
. ; PLB676(2009)146
= Required: subtraction method!

= Gehrmann et al.: antenna subtraction method (for DIS). | aSl0aialr il
JEHP1001(2010)118

*ﬁ\%”@

Double-unresolved

Sin gle unresolved

EOE = —

b— (¢
\Cﬁi m—m%

= Currently implementing method into program for DIS jet production.,e .

—

Thomas Schoemer-Sadenius | Jets @ LHeC | 12/13 Movember 2010 | Seite 38 | DEs"’ '

Will reduce significantly theory (higher order)
uncertainty for a_ extraction from jet data
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Charm and Beauty

==l sensitive to g(X)

30



Subtle topic: heavy quark mass dependent terms in pQCD

c,b = massless seaquarks

== How to make properly the transition from left to right picture
is a longstanding problem for PDF fits

31



Charm production contribution to F, = F,¢¢

LHeC F,cc (RAPGAP MC, 7 TeV x 100 GeV, 10 flfl, € =0.1)

—III| T IIIIIII| T IIIIIII|
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LHeC: Huge

phasespace extension

and high precision
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- * e, ® e .3 * 1 1000+
= Q= 60 GeV7,i=5 e, ° . o ¥ | I
= * o . ‘e * 3
= ° i . - L
C . ] * . L . ‘e o 5 .
- Q* =20 GeV’i=4 ° . \ ] I
| [ ] . b L B z (] .. ‘. 1
= * ] : .
= 5 L [ ] 0 5 -]0 .
E Q=12 GeVii=3 . . an |
[ ]
L . o i ® .. m SC
. 4—4—-“““""
= ® e, 1% e HERA C = -
E Q=4 GeViiz2 LY » g > E .
C * o ° hA® , L i |
* o o "o o . 600 |
E Q'=2GeVii=1 * o ® . 3 1.2
., It . -
C ° o . .
=
3 Proes, . E
E % e e =
— . —
L [ ] ] |
| A HERA combined data L _
= O LHeC 0_>0 s
- ® LHeC 6 _>2" ]
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:III | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | I.;IIIIII| | | IIIIIH
6 5 4 3 2 1
10 10 10 10 10 10 1

X

—> ultraprecise m,

August 2010

HERA Inclusive Working Group
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Charm production contribution to F, = F,¢¢

F,ecx 4
=

10

10

10 2

10

10

I
[

10

10

LHeC F,cc (RAPGAP MC, 7 TeV x 100 GeV, 10 fb'l, € =0.1)
—|||| I T IIIIII| I T IIIIII| I I IIIIII| I I IIIIII| T I IIIIII| T I IIIIIﬁ
L Q" = 50000 GeV*,i=10 i
= Q" = 10000 GeV,i= Q’ =.1uomm GeViiell
- Q =1000 GeV* =8 . 8 .
L ® . _
L =400 G 2 2 ° f _
; Q> mg SN ;
= Q% =200 GeVi=o0 . E 3
- L L 3 ._ \ .

5 a o ® %
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= * o L . 3
_ . . ® ® ‘9 ® -
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= * L ® ® .. .' . —
E ® 3
E Q'=12GeVi=3 * e, , . Lt $§ 3
B C e, ° i® e . e 3 7
E ¥ L [ ‘ ’ \ 3
E Q =4 GeViiz2 S . N 3
N ® e ie e, i
L ® e ™ ‘e L ® B
E Q' =2GeVii=l .I * 9 S - 3
-® e o % o . ]
L b & & ® _
. .
= 2o *:a *-e =
- «, . E
- ® ]
| A HERA combined data LS ‘ _
= O LHeC 0_>0 s
- ® LHeC 6 _>2" i
— ® LHeC 6_>10° —
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X

LHeC: Huge
phasespace extension
and high precision

33



Charm production contribution to F, = F,¢¢

10 2

10

10

10

10

LHeC F,cc (RAPGAP MC, 7 TeV x 100 GeV, 10 fb_l, € =0.1)
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Charm production contribution to F, = F,¢¢

LHeC F,cc (RAPGAP MC, 7 TeV x 100 GeV, 10 flfl, € =0.1)
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1)

Test intrinsic charm In proton

» LHeC
lﬂ:"--|---'|""|""|"" o
n
107 |
b
107 |
10° o
0.4 0.5
X
» LHeC
L) El

107 |

1“‘3||||I||||I||||I||||I||||
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Q'=5000 GeV’ x

LHeC

10"

107 |

|

CTEQ6.6 with intr.

107 £ ~
; Y
L ~
- without /’
10-3....|....|....|....|....
0 0.1 0.2 0.3 04 0.5
Q'=2000 GeV’ x
» LHeC
1“ Frtrrrrrrrrrr o111 1o 1111114
10" .
107 £ N E
r ", hj\ ]
A E\
ln"]' TN T TN T [N T N T T N T T T T |“|'¥J [ |
0 0.1 0.2 0.3 0.4 0.5
Q'=20000 GeV’ x

=P Have some sensitiviy (with excellent forward c-tagging)
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Beauty in DIS: = determine b-density in proton

O.Behnke
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w10 0,

=107 °

&l 105}
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x=326-03, j= &
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x = 326-02, |
x = 5.66-02, j=
x=1.06-01, j=
x=186-01, j=
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x=56E-01, j=

(b)

Use for LHC
predictions

LHC, s = 14 TeV, MSSM, tanf=10

In MSSM Higgs production
is b dominated

total
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3. SM electroweak and new physics
at the high energy frontier

possibilities, e.g. excited leptons,
anomalous single top production, etc.

»Light quark couplings to Z
»SM Higgs production
»Leptoquarks + many other

(not further discussed in this talk)

X
/&&wv
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LHeC Experiment:
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HERA Experiments:
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Fermion couplings to Z boson
HERA+LHeC fit
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B LHeC scenario D ]
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Parity violating Neutral Current
polarisation asymmetries
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Higgs production at LHeC

Dominating process Beware of backgrounds

100 GeV

"""""" o~160 pb + many
for mH=120 GeV many

others

E 100fF s < + Unambigious ;
o = .
E:: 80 |- _I_ s HWW coupling
2ol + —j Excellent b tagging
z w0l - needed to suppress
| -I“‘h—o— : large backgrounds
44
60 80 100 120 140 160 180 200
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Summary

The LHeC has potential to completely unfold the partonic content of the proton: u,d, c,s,
t,b for the first time and in an unprecedent kinematic range. This is based on inclusive
NC, CC cross sections complemented by heavy quark identification.

Puzzles as strange-antistrange asymmetry or u/d at large x will be solved.

Precision measurements are possible of xg (up to large x) and the beauty density which
are of particular relevance for the LHC. The (almost) whole p structure which the LHC
assumes to know will become accurately known.

Determine ag with permille level precision

Wealth of QCD tests with final states: Jets (running a,, test of higher orders, proton and
photon structure), heavy flavours (mass terms in PQCD) , not discussed here: prompt
photons, other identified particles

Low x and diffractive physics with ep and eA: See following talk by Anna Stasto

Electroweak and new physics

- Light quark couplings to Z at ~1% level

- SM Higgs production for H-> bb coupling

- New physics: Leptoquarks and quantum numbers, quark radius, leptons* and more!




Physics summary - artistic view

Title plot from Conceptional Design Report 40
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The High Lumi ighay Setup

217 250 250 250

HaC-Barrel
Modules

L1 Low Q2 SetUp > High Q2 SetUp

- Fwd/Bwd Tracking & EmC-Extensions, HaC-Insert-1 removed

-Calo-Inserts in position
-Strong Focussing Magnet installed

(to be optimised)

217
ﬁ

[cm]




The Detector ‘that should do it’: - Low Lumi ow a? setup

To be optimised

HaC-Barrel
Modules

- Solenoid surrounding the HAC modules
-Outer detectors (HAC tailcatcher/muon detectors not shown)
to be discussed: very forward detector setup (proton taggers)




Master formulae for NC DIS

s Z
dwd® ey, Y, yr e

dQD'NC Q4 Y
Or,NC —
F; = Fy+ kz(—ve. F Pa,) - FJ + k(v + a2 + 2P18ae) . FY
XFE,.t = kz(F+ae + Puv,) - ngz + hZ(IFQL-Ea.e — P( v+ a.e)) : xFBZ
(FQ:F;Z:FQZ) = xz , 2€404, L +a )( q)
(xF37,2Ff) = 22 (eqaq,v404)(q — q),

(Vg Ldz 7116 T
Fr(x) = 4,$2L 5 [3 Fy(z) +8> el (1 — _,) ;:g(::):}

il

Vary charge and polarisation and beam energy to
disentangle contributions
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Charged Currents

O [Mﬁ, + Q2r 2000

e TN GE | M dzd0?
1+=P Y ) T
C’;t,cc =5 (W5 F Y—+5‘5W3i - Y—+W£_L)
W = 2(U+D),aW; = a(D -T), Wy =2(U+D),aWys = (U — D)
U=u-+rc U=u+¢c D=d+ s D=d+3

ofcc ~ U+ (1 —y)*xD,
Orcc ~ xU + (1 — y)*xD
orne = [cu(U +TU) + ca(D + D)] + tiz[du(U = U) + da(D — D))

with ¢, 4 = 93 a+ kz(—ve F Pag)ey quyag and dy g = tacay 464 4,

Complete unfolding of all parton distributions
to unprecedented accuracy



Neutral current cross section errors at LHeC:

ke theta E h
o T T LI o2 UL LR o2 T T I
s At A 1% 4
= = = .'
£ Q'=20000 GeV' - E Q'=20000 GeV' = Q'=20000 GeV* )‘ .
2+ s 2+ - 2t -
0 - __ _ . 0 -1~ 0F == __ .
- Y
N ] \ ]
2F = 2F . 2F -
I' -
Y = Y . Y =
Lo el 1 Lo L Ll 1 RN L vl L 1 ...IIn
0.01 0.1 1 0.01 0.1 1 0.01 0.1 1
LHeC X LHeC X LHeC X

Figure 4.3: Neutral current cross section errors, calculated for 60 x 7000 GeV* unpolarised e~ p scattering,
as result from scale uncertainties of the scattered electron energy dE./E! = 0.1%, of its polar angle 46, =
0.1 mrad and the hadronic final state energy §E}, /Ej, = 0.5 %, at large Q% = 20000 GeV? and correspondingly
large x. Note that the characteristic behaviour of the relative uncertainty at large =z, i.e. to diverge o
1/(1 — z), is independent of 2, i.e. persistently observed at Q2 = 200000 GeV? for example too. 46
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Charm in DIS: test intrinsic charm in p
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Expected to show up
at x, >0.1

=P Requires c-tagging in very foward direction (6~1 deg.)
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Beauty production contribution to F, = F,P°

LHeC F,b» (RAPGAP MC, 7 TeV x 100 GeV, 10 fb g,=0.5)
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Parity violating polarisation

asymmetries
(for 60 GeV and 140 GeV lepton
beams)
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New physics example
Leptoquarks: determine
guantum Numbers at LHeC

S
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galar LQ, 2=0.1, single production
3 L L B L L B L B
sf — LHeC,e*d (E_ =70 GeV)
2 ------ LHeC, e d (E_=70 GeV)
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Single LQ production at LHC
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e e
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will reveal the Fermion number F

e-p vs e+p asymmetries at LHeC
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