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Deep-inelastic electron-proton scattering

Neutral current scattering Charged current scattering
ep - e'X ep - v, X
e () (k)
e(k) e(k)
; V/Z(q)  W(q)
p(p) p(p)

Deep-inelastic electron-proton scattering
mediated in spacelike regime, by vy, yZ, Z or W-boson exchange

Direct probe the structure of the proton — bound together by QCD dynamics

-> |Ideal QCD and Electroweak laboratory



Future electron-proton collider at CERN: LHeC

P32 P33

@ EXISTING INFRASTRUCTURES
@ HL-LHC
LHeC

P7

Electron ring attached to HL-LHC
* Energy recovery linac (ERL):
E. =60 GeV (or 50 GeV)
« ESPPU: ERL is a "high-priority future
initiative" for CERN

Energy [MeV]

ERL "landscape”
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LHeC
¢ Vs~ 1.3 TeV
« Polarisation up to P, ~ 80%

* Up to 1 ab-1 integrated luminosity



Update of the LHeC CDR 2020

Yesterday on arXiv et N

~Z.~"

* Update of the CDR
LH.O
. 373 pages about
 Partonic structure of the proton
 QCD studies, ag, low-x, diffraction The Large Hadron-Electron Collider at the HL-LHC
* Electroweak and top-quark physics
* Nuclear physics LHeC Study Group
* Higgs in DIS
- BSM
* Impact on the HL-LHC
» Accelerator (Energy recovery linac)
 PERLE facility
* LHeC Detector

To be submitted to J. Phys. G




LHeC kinematic plane

LHeC
* Rich physics program at all scales

tH e « See further talks:
107F [ HERA BSM G. Azuelos
D S i Higgs U. Klein |
- [ ] NMC Heavy lon H. Mantysaari
N = i ey Detector Y. Yamazaki
10 - 3 precision 4

Top and EW physics
* high Q2 is important
* high luminosity is important
- Intense electron beam from ERL
Talks on ERL

. | HeC: B. Holzer
* PERLE: B. Hounsell




Top quark production in ep

CC DIS single-top quark production NC (yp) top-quark pair production

~

~

*t
I oo0—— ¢

LHeC: 0,_,~1.9pb LHeC: o,_, ~ 0.05pb

Other channels are: top-pair in DIS (~0.02pb), single-top in DIS and yp
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V.| in CC single-top production

Limits on anomalous Wtb couplings Lorey = % Wi (Vo fE Py + FRPr)b
2
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* Fully hadronic channel
* cut-based analysis with backgrounds
using Delphes

Limits of couplings at 95% C.L.

~ E=60GeV]“

102 10°
Integrated Luminosity [fb™]

‘U 5 1 1 1 11

Estimated precision on V,,
* V. up to 1% precision (with L=100 fb-1)

* Presently best LHC measurement: ~7%
See: S. Dutta, et al. Eur.Phys.J. C75 (2015) 577
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Search for anomalous FCNC

t-quark flavor changing neutral currents

— Highly suppressed in SM
e Study tqy and tgZ effective FCNC

q
» Expected limits vs. Vs and int. luminosity — , . p—s
4x10°® 103 T
gy — | | BR—q) ——
3.5x10° | £0 t=qd —— -] s : BR(t=qZ) —
coma Lin= 1ab | L ~ lab? i
’ BR (t—qgz) LHeC
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1x10™ 5
5510 1 I. Cakir, Yilmaz, Denizli;"Senol, Karfddeniz, O. Cakir,
* Adv. High Energy Phys. 2017, 1572053 (2017)
0 ] ] .In-ﬁ i H
1 f 15 2 25 3 f 3.5 1x10° 3x10° 1x10° 3x10°
E.(TeV) Lintfo")
LHeC FCC-eh
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Top quark branching fractions

Top quark branching fractions

 Searches for FCNC
e 95% C.L.

Compare future experiments

e LHeC
 HL-LHC (3000 fb-1)
e |[LC/CLIC

+ various theory predictions

pp and ep
* LHeC is competitive

... and complementary

Each limit assumes that

95%CL upper limits

(1] JHEP 02 (2017) 079
(3] JHEP 06 (2018) 102

<9

ATLAS <@ CMs
[2] ATLAS-CONF-2018-049
[4] JHEP 04 (2016) 035

all other processes are zero
(5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
Theory predictions [7] CMS-PAS-TOP-17-017 [8] JHEP 07 (2018) 176
from arXiv:1311.2028 [8] JHEP 07 (2017) 003
2HDM(FV) "] 2HDM(FC) MSSM
RPV [Mrs « HL-LHC
m— | HeC s ILC/CLIC 250 GeV
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e See also talk by U. Klein on t- hu

Branching fraction
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Electroweak physics in inclusive DIS

Inclusive DIS (neutral-current)

d?oNC (eip) B 2ra?

VF (0, Q) FY a2, Q%) - v FE (e, Q)|

LHeC polarized e cross section

d:r_-d(g'z - 3:(24 (\'l;l =T T T T T T T T T T T TTTE
S e € vZ e e e € e e 2z o 10
Fy = Fy =gy £ Pegl) %2 F5” + (90,90 + 949%) £ 2Pegv g4 52 F5 Q] 1
-(é N
{FQ:F;Z:FQZ] =z [Q22Qu9%. g g% + g%9h] {a + @} % 10
L 2 10?
S 3
C 10
On-shell scheme sinfy =1 — 10
10°
Qg 10-6 —NC—CC LHeC (e =60Gev)
i I 2 (C 2y : : : : --NC--CC LHeC (e =50Gev)
Z normalisation z(Q7) Q% + m2 Lsinfyy cos? Oy 07 ne |
10-8 +NC+CC HERA-H1 (P=0%) ‘\‘ \
- 1 1 \I\I\I‘ | II\IIII| 1 IIIIIII| 1 II‘E'-::E\\\
NC couplings gh = Vvinor By, 10° 10 100
Q{f = /PNC.f (ff,f —2Qs Ky 5i112(9w) Q" [GeV]
Independent SM paramters: «a, mz, my + PDFs
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Electroweak physics

- Neutral current scatterin
Simulated NC and CC DIS data J
e'(k')
Source of uncertainty Size of uncertainty = Uncertainty on cross section e( k)
Aonc Aocc
Scattered electron energy scale AE./E! 0.1 % 01-17% -
Scattered electron polar angle 0.1 mrad 0.1-07% - y /Z( q)
Hadronic energy scale AE/Ep 0.5% 0.1-4% 1.0 - 8.6%
Calorimeter noise (only y < 0.01) 0.0 -1.1% included above p(p) \

P X

Radiative corrections 0.3% -
Photoproduction background (y > 0.5) 1% 0.0 or 1.0% -
Uncorrelated uncertainty (efficiency) 0.5% 0.5%
Luminosity uncertainty (normalization) 1.0 % 1.0 %

+ Luminosity of 1 ab-t expected Charged current scattering

* Full set of systematic uncertainties vk
e(k)
In the following o - W(q)
perform PDF determination + electroweak parameters p(p)

- see also talk by C. Gwenlan on PDFs
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Expectations: m  + PDF

Fit W-boson mass together with PDFs

] ' 7 Scenario E, Uncorrelated uncertainty
W-boson mass
LHeC-50a 50 GeV 0.5%
Direct measurements LHE"C-5U}J 510 G?V 0.25 %
LEP2 ° LHeC-60a 60 GeV 0.5%
Tevatron — LHeC-60b 60 GeV 0.25 %
ATLAS .
Indirect determinations Results
LHeC-60b e omy = +6 MeV (LHeC-60b)
megﬁoa —— ymy = £12 MeV (LHeC-50a)
-50 ——
LHEC—SOa e (= £9exp + Bror MeV)
PDG [2020] : « Indirect determination of m,,
| | | | 1 | | | ° ] M 1
80.35 80 4 Complementary t.o .dlrect measyrements |
m,, [GeV] * Smallest uncertainties from a single experiment
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The weak mixing angle

. 2 eff Weak mixing angle
sin“0y,, _ _
’  in NC vector couplings only
LEP+SLD — - (both: quarks and electron)
Tevatron . ; ; i
LHC . gy = +/PNC,f (ILJ — 2Q)y Ky sin 3w)
LHeC-60b — X sin208,, + PDF fit
LHeC-60a « Compare to Z-pole data
LHeC-50b —— P _p
LHeC-50a (mostly ‘combined’ results)
* Most precise single measurement possible
Standard Model poczo; & - Note: need theory to map sin28,, to effective
0231 02315 0232 leptonic weak mixing angle
Sinoy, |
Asin®0y (LHeC-50a) = =+0.00028 . + 0.00019ppr) = +0.00034 0
Asin“Oy (LHeC-60b) = +0.00014 ) £ 0.00006(ppr) = £0.00015t01)
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Running of the weak mixing angle

Running in MSbar scheme in

* links low-E and high-E PV data CT T I
) 0.24 . LHeC-60b -
o - |_JLHeC-50a
— ! Qweakl_i ] ~ PP SM
§ 0.235F ’Aw =DIS 1N J 023
E > L
Tevatron 5521 j LHC NCD
0.23f ; MOLLER E
EPZ }SOLlD m

W[GeV]

0.225 1 1 1 1 1 1 1 22
107 10° 107 107 1 10 10? 10° 10* 0

We studied on-shell scheme
e Fit 12 values of sin20,, + PDFs

e sin20,, single parameter in OS

0.21

100 1000

* Per mille uncertainties in —
\Q? [GeV]

25 <Q < 700 GeV in spacelike region

ICHEP20, Prague, Czech Republic Daniel Britzger — Top+EW at LHeC



Beyond the tree level

At leading order
* Three independent input parameters

done = dO'Nc(le, mgz, mw) and docc = daoc((l, mgz, mw)

Beyond the leading order
* higher order corrections

donc = donc(a, mz, my, my, My, . ..)

» Generic parameterisations of virtual corrections

donc = donc(o, Mz, My, ..., Vs, &)
donc = done(a, Mz, My, ..., p, K)
done = done(a, mz, my, ..., S, T, U)

ICHEP20, Prague, Czech Republic Daniel Britzger — Top+EW at LHeC

15



Top-quark mass through EW correction

Higher order corrections

Dominant term p; B LHeC-60b 68C.L.
proportional to m2/m?2,, | 7 LHeC-60a _
. . . 80.5 == n
« Same relation as in Z-pole physics | [ |LHeC-50a |
| . LEP1+SLD
= |  Global EW fi
LHeC é’ -+ PDG
 similar sensitivity to 'global EW fit' = 804k _
- Significantly better than LEP+SLD £ I
combination
Top-mass alone 803l |

« Am,~ 1.1 GeV (including PDF uncert.) | '1ég' - '17|r'ol B I1é|30| B |15|30| |

m, [GeV]
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Anomalous form factors

Generically parameterize new physics by modified couplings

* InSM: p'and kK'=1

1 o1L All fermions ) gy = \/Pcspnes I,
. [ LHeC-60b g . .
- i LHeC-60a gv = \/Prospxes (ILy — 2Q K ks sin®Oy)
| [ ]LHeC-50a
1.005 * Parameters may be Q? dependent
" I (similar to running weak mixing angle)
i i iLHe=C-5Ja- # Hldata | - 104l LHeC-50a # H1 data
1_ [JLHeC-60b | -~ SM Tl LHeC-60b --SM
1.05] !
a 1.02
0.995 1l 1l
' - 0.98
NC.f 0-95 LT -
100 1000 100 1000
Vo2 [GeV] Q% [Gev]
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Light quark NC couplings

4-parameter fit plus PDFs

0 - [ ]LHeC-50a 68C.L. - " [ ]LHeC-50a 68C.L. T

[ H1 J—— n 4 H1 -

[ LEP&SLD : 04T CLEP & SLD |

[ Do _ Do |

02+ SM s 03pSM b

ko3 I ] =8 L A i
0.2F
0.1+

06 05 04 04 05 06
9% g

* LHeC improves by more than an order of magnitude
e u- and d- can be separated — no sign ambiguity due to yZ terms

ICHEP20, Prague, Czech Republic Daniel Britzger — Top+EW at LHeC
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Charged currents

Study charged current cross sections in DIS

- , 2 2
H“:z = I ((pCC,EQJG:.'JC,eq) U + (ﬂCC,eci.O{fjc.,eq) ﬁ)
) r— ) 2 27
Wy =z ((f)O(l,eqf}:fzc,eq) U— (ﬂCC,ecﬁ}:ﬁc,eq) D)
LI LA L B L B B 1_03_| T T T T T T T T
I LHeC-60b -l LHeC-50a ¢ H1 data
- i LHeC-60a —_- LHeC-60b - SM
1.02} JLHeC-50a 102/
[ [H1 i
- N + SM 1.01+
& 1.01F - 5 0
[&] | Q L
=3 | =% L
- 1_
I ./ . :
- 0.99F
I | 68'?-5'(3.L.:
L L1 | | L ool
0.99 1.01 1.02 l3'9"310 100
CC.eq \'I'@ [GeV]

Charged currents couplings not well studied experimentally — unique to LHeC

ICHEP20, Prague, Czech Republic Daniel Britzger — Top+EW at LHeC
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Direct W and Z production

Weak boson production @ LHeC

. W production

t W _f e p—e WTj,
fl

Anomalous triple gauge couplings
« EFT approach for: A, and Ak,

L

i eI « WWYy coupling from e-p - e-pv,j

W e p—=v. W3, e p—v. /L)
————— LHeC(E, =60 Gel)
. . 0.15 -
iy Z production e p— e Zj. I
010
Expected cross sections in e-p
&
.g:‘]
Process E, =60GeV, E, =T7TeV 000
pr > 5GeV
e Wty 1.60 pb -0
e W™j 1.41pb
vV, H‘r__?- 0.956 I]b -0.10
v, Z7 0.502 pb -0.10 0.00 0.05 GEl
€ 2] 0.242 pb YR L etal, Phys. Rev. D 97,
075043 (2018)
LHeC CDR 2020

ICHEP20, Prague, Czech Republic
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The impact of LHeC on HL-LHC

W-mass measurements in pp Effective weak mixing angle in pp
e Major uncertainty from PDFs e Large uncertainty from PDFs
% 20 - ATLAS éimulation Fl’reliminaryI . AT{'AS Simu!atign Fl’relilminary. ———
= 18 - Vs =14 TeV, <u> = 2 - Stat. ® PDF 200 pb'1é LEP-1 and SLD: Z-pole average o ' ' — ]
£ 16Em. f & 4 ' M- LEP-1 and SLD: Als ———
= My from my & po, i < [ Stat.  PDF 11" 1 SLD: A - _
14 % - PDF i Teve;troln B ——— ]
12 ;_ _; LHCb: 7+8 TeV N . )
10 | = CMS: 8 TeV T . o
8l = ATLAS: 7 TeV _ . ]
6 - B ATLAS Preliminary: 8 TeV N ——— T
- - HL-LHC ATLAS CT14: 14 TeV — —
4 B HL-LHC ATLAS PDF4LHC15,, ,,c: 14 TeV [ )
2 ; i HL-LHC ATLAS PDFLHeC: 14 TeV B | | | ]
0" CT10 CT14  MMHT2014 HL-LHC LHeC - 023 0.231 0-232
sin’e!
* Reduction of PDF uncertainty * HL-LHC-PDF reduces uncertainty by 10-25%
only feasible with LHeC PDFs  LHeC—-PDFs reduces PDF uncertainties by an
(Am,,PoF~2MeV) additional factor of 5
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Summary

LHeC & FCC-eh projects
 LHeC: 60 GeV electron times 7TeV proton (Vs=1.3TeV), synchronous with HL-LHC
« FCC-eh: 60 GeV electron times 50TeV proton (vVs=3.5TeV), synchronous with FCC-hh

Top physics at LHeC/FCC-eh S Ay
* Rich top-quark programme: Single-top factory |Vtb| (~1%), e B " \ﬂ\
) _ w -
* top quark couplings (Witb, tty, ttZ, ttH, ...), anom. couplings,
FCNC, properties: polarisation, charge, PDFs;

searches for new physics, CP violation in top-Yukawa, ...

Electroweak physics at LHeC/FCC-eh (arXiv:11799)

* Fundamental EW parameters: Competitive with (HL-)LHC/LEP
 Complementary to Z-pole data; unigue measurements possible
 EWK physics at HL-LHC needs LHeC-PDFs

Update on CDR on arXiv yesterday: arXiv:2007.14491
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V.| and |V | in CC single-top production

Signal.1 : pe” — V.t = v.W ™ b — v.f"vb,

Measurement of |V..| Signal.2 : pe” = ¥eWTb = vl vib, Measurement of 1V..|

Signal.3 : pe” — Vet — Ve W j — Vel V4,

Vud Vus Vub Signal.4 pe*—wcv\i*j—wcf*wj. Vud Vus V'u,b
V s Vcd ‘/(:S ‘/(:b 4 V - VCd ‘/(:S VCb

@ Vis Vip th@ Vi

simplified analysis, using 4 signal channels

7TevV®60GeVRLHeC T 7TeV®68GeV@LHeC
=== Signal.1 P.=0.8 - gnal. P.=0.8
7 = 5% systematic
1B = 5% systematic == Signal.2 I
- Signal.2 26 (95%C.L.) limit e 20 (95%C.L.) limit
[ |=== Signal.3 [ |=== Signal.3

LHC current direct 20 limit

LHC

current direct 20 limit

ts

v I

Fv, limit at, LHC in Ref[d] - -im=escip-ttssec., i Sl T R Tn e

LT
.........
"ag

----....::::::::::: .... 10_1—_ ............................

td

"HL-LHC LHeC

L - 1ab-1 :v§;t=o.o4108 L s 1ab_1

102 E_v§§t=o.ooss75 Y Ivtdl <0-06 - = |Vts| <0-06
L. L s P 102~ ' : T S

: l I I TEEDT 2 3
o2 e 10 : 10
Lo Lifb™
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4-parameter fit for up and down-type couplings

Quark couplings

e tagged c- and b-quark measurements at LEP
* LHeC mainly light quarks, u and d

I B T B 7 1.1
 down-type quarks (d=s=b) i
1.2 [ LHeC-60b | n -
[ #7iLHeC-60a ] .
|:|LHeC 50a ] 1051 - [|
110 -
_!13 i 1 - =]
1 | | SR
09 | adin 0.95L_
0.95 1 1.05 0.96

- Llnpl’[z.,lrl|:)e| quJallfké {1?1=£:) |

LHeC-60b

LHeC-60a

LHeC-50a

LEP+SLD C- quarks (uncertamty only}

1.04
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STU parameters from inclusive DIS

S, T, U parameters are non-SM contributions to Z, W boson self-energies

0.5 LHeC-60b  ---G - 0.5F[ |LHeC-60b  ---G . 05F .
Shown g d .
- [_|LHeC-60a A - [JLHeC-60a A i ]
- []LHeC-50a - []LHeC-50a ’ A

* 2-parameter fits

|nC| PDF flt - 0- ) o - D o] = _
f o 1 - 1 - [71LHeC-60b
* Scheme dependence - : - [[|LHeC-60a O
-0.5\- = -0.5F - -0.5]LHeC-50a -G N
On-shell (OS) o5 0 05 o5 0 05 o5 0 05
.- S S T
Modified on-shell (MOMS) L e .
0.5{-[1LHeC-60b - 0.5 |LHeC-60b : 0.517° : LHeC-60b -
L [ ]LHeC-60a ¢ g L[ ]LHeC-60a L : [ ]LHeC-80a -
] | []LHeC-50a ] | []LHeC-50a P I N, . [JLHeC-50a -
* Inclusive DIS : : o
Possible to disentangle -~ of 12 o 12 o .
S, Tand U 7 7
* Complementary to 0500 sinesi(m?) 4 -0.5F. sinBq(mY) 4 051 sinBy(m) A
Z-pole o5 0 s o5 0 05 05 0 os
S S T
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