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roposed ep-colliders: LHeC & FCC-eh
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Electron ring Center-of-mass energies

* Energy recovery linac: E, = 60 GeV e LHeC: +Vs~1.3TeV

« Polarisation up to P, ~ 80% * FCC-eh: Vs ~3.5TeV

« Similar concept for LHeC & FCC-eh * Upto 1 ab integrated luminosity
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LHeC kinematic reach

x-Q? plane
» Rich physics program at all scales
« Top and EW physics at higher scales:
not accessible at HERA
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Unpolarised ep cross section
* NC & CC DIS cross section vs. Q2

Unpolarized e*p cross section

— LHeC e'p NC
— LHeC e'p CC
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Huge liminosity of up to 3ab* further increases physics potential
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Polarized lepton beams at LHeC

LHeC/FCCeh running scenario
e- +80%, -80% (1aby
e+ unpolarised lepton beam (.3ab+)

CC proportional to P,

x10°°

FCC-eh |

do / dQPAX / Sy, [PD/GEV?]
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Introduction - top quark production in ep

CC DIS top quark production NC (yp) top quark production

b |
P I oo0—— !
LHeC: 0, ,~1.9pb LHeC: o, ~ 0.05pb
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Introduction - top quark production in ep

30GeV
40GeV
50GeV
60GeV
60GeV

TTeV
TTeV
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50TeV

top pair

single top

NC CC NC CC
DIS Yp W-exch. DIS yp W-exch.
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P ™y b

0. 0040pb | 0. 0091pb 4. 653fb 12. 54fb

0. 0090pb | 0. 0205pb 9. 193fb 24. 16fb

0. 0165pb | 0. 0354pb 14. 85fb 38. 27fb

0. 0253pb | 0. 0531pb 21.37fb 54. 31fb

0. 6268pb | 1. 1660pb 40. 29fb 942. 8fb

 future ep collider is ideal to study EWK interactions of the top quark

* O(100k) top quark events are expected with lab-
e Low backgrounds: S/B(CC, leptonic) ~ 1.2; S/B(CC,hadronic) ~ 11

Dutta, Goyal, Kumar, Mellado,

Eur. Phys. J. C75 (2015) no.12, 577
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V.| in CC single-top production

Limits on anomalous Wtb couplings _
p g Ly = % Wﬂt’}fﬁ(mb fiLPL + fiRPR)b
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* Fully hadronic channel
* cut-based analysis with backgrounds
using Delphes

Limits of couplings at 95% C.L.

_ o E =60GeV ]«
Estimated precision on V,, 025 S s

« V,: up to 1% precision (with L=100 fb-) % negrated Luminosity o'

« anomalous Wtb couplings at 95%CL
in fully hadronic events

See: S. Dutta, et al. Eur.Phys.J. C75 (2015) 577;
S. Dutta et al. in prep.
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V.| in CC single-top production

Limits on anomalous Wtb couplings

Vud Vus V'u,b
Vcd ‘/cs ‘/cb

Vid Vis (Vi

* Fully hadronic channel

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

LHeC

ATLAS+CMS Preliminary

fLV
LHCIOp WG [fvVel

Omeas
Stheo

o, NLO+NNLL MSTW2008nnlo

thy

Otheo*

2010) 054028
scale ® PDF

Mygp = 172.5 GeV

t-channel:
ATLAS 7 TeV'
PRD 90 (2014) 112006 (4.59fb™)

ATLAS 8 TeV " )
EPJC 77 (2017) 531 (20.2fb™)

CMS 7 TeV, )
JHEP 12 (2012) 035 (1.17-1.56fb™)

CMS 8 TeV

JHEP 06 (2014) 090 (19.7fb™)
CMS combination 7+8 TeV
JHEP 06 (2014) 090

CMS 13 TeV*
PLB 772 (2017) 752 (2.31b ")

ATLAS 13 TeV®
JHEP 04 (2017) 086 (3.2fb™)

Wt:

ATLAS 7 TeV
PLB 716 (2012) 142 (2.051b™)

9%81 17(’] ?;%Ys) 022003 (4.91")

ATLAS 8 TeV "™

JHEP 01 (2016) 064 (20.3fb™)

CMS 8 TeV' .

PRL 112 (2014) 231802 (12.2fb™)

LHC combination 8 TeV'chtopWG
ATLAS-CONF-2016-023,
CMS-PAS-TOP-15-019

2

e

e

from single top quark production

May 2018

“°PRD 83 (2011) 091503, PRD 82 (2010) 054018,
PRD 81

total theo

[fi V| =(meas) = (theo)

1.02 £0.06 £0.02
1.028 +0.042 =0.024
1.020 £0.046 +0.017
0.979 =0.045 =0.016
0.998 +0.038 +0.016
1.05 +£0.07 £0.02

1.07 £0.09 +£0.02

+0.15
1037 10 +0.03

1.01 +0.16 +0.03

1 -0.13 -0.04
1.01+0.10 £0.03
1.03 £0.12 £0.04

1.02 +0.08 +0.04

| 1.14 £0.24 £0.04

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots

ATLAS 13 TeV | - |
EPJC 78 (2018) 186 (3.2fb™")
s-channel:
ATLAS 8 TeV* =t | 0.93* 078 £0.04
PLB 756 (2016) 228 (20.3fb™") -0
! including top-quark mass uncertainty
G- NLO PDFALHC 11
N NPPS205 (2010) 10, CPC191 (2015) 74
including beam energy uncertainty
1 | 1 I | | ‘ 1 | 1 I | | f 1 1 1 I | | ‘ 1 1 1 I | | | ‘
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
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V.| and |V | in CC single-top production

Signal.1 : pe” — V.t = v.W b — v.{ v;b,
Measurement of |V | Signal2 : pe -5 W b vel Vb, Measurement of |V |

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

Vud Vus Vub Signal.4 pc*—>chEj*j—>vcf*vé'j. Vud Vus V'u,b
V s Vcd ‘/(:S ‘/(:b V - VCd ‘/(:S VCb

@ Vis Vip th@ Vi

» simplified analysis, using 4 signal channels

7TevV®60GeV@RLHeC B 7TeV®68GeV@LHeC
=== Signal.1 P.=0.8 - gnal. P.=0.8
i . 5% systematic
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Search for anomalous FCNC

Top quark flavor changing neutral currents (FCNC) |7,/ Deel Senol farsdeniz, 0. cair
— Extremely suppressed in SM e

e
130<Mw<190 GeV

. ) b-t i
Enhancement through BSM contributions agging

, , b
- effective Lagrangian
u, c V‘\‘v q
v r*,q
= " 9e Z Qq £ (fo + hgy5)q A + hec.
— p—> X)) 50<M;<100 GeV
Study tqy and tqZ effective FCNC faf i =tz o
i3 4 =
. . . . : E } :
* Full event simulation including DELPHES E i \ e
detector simulation and background - o oaie

contributions is performed

“Mm#.
200 450 500

Mass (GeV)
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Search for anomalous FCNC

LHeC put on present landscape LHeC expected limits vs. int. Lumi
B O. Cakir et al. [arXiv:1809.01923]
f‘JéQﬁ&,%""s Preliminary September 2018 ° W1 b
_ BR(t—) Hu) Each limit assumes that all otherpr cesses are zero BR(t—) yu)f\ Lhec BR (t N qZ)
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€ f il & — A&
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sun, Luo, Li, Eur. Phys. J. C (2018) 78
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E A 8y, =5%
E ‘-_. e 30
J 7‘~ -2

: = . ™

ATLAS ; B
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g/ 104? _i gf 103
o E 10C [
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- > int. LUminosity Seealso new study: S. Behera et al.
BR(t> Hu) BR(t= yu) Y arv-1811.04681
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Electroweak physics

Exploit simulated NC and CC DIS data Neutral current scattering
e Equivalent to PDF prospects e'(k')
source of uncertainty error on the source or cross section e( k)
scattered electron energy scale AE./E! 0.1 %
scattered electron polar angle 0.1 mrad
hadronic energy scale AE},/ Ej, 0.5%
calorimeter noise (only y < 0.01) 1-3%
radiative corrections 0.5%
photoproduction background (only y > 0.5) 1% p(p)
global efficiency error 0.7%

Neutral currents

F% = Fy— (g} + Pg)xzF) + (898} +858%) + 2P.g5 84| 45 F5 . Charged current scattering

Fi = — (g4 % PuginsFY + (28985 + Pe(g}gy + 8480) %45 F5
v(k')

[Fo. FY FE| = x ) [02.20,80. 8180 + g4t ] g + @) e(k)

q

x|[FY2 P = x ) [20,88, 2¢8ei [ ta - @) - :
I .
Charged currents  W(q)

d*0C(e*p) G> m?, : . B N . p(p) oy
T " (1+£P,) ﬁ [m%v—fQZ] (Y. Wi (x, Q1) F YoxWi(x, 07 - Y Wi(x, 07))
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Mass parameters

Mass parameter determination Simultaneous W and Z-boson mass
» Perform fits of PDFs+m,, « with and w/o contraint by G¢

L L B B I B I —— T ;91 .4 | ! | ' ]
W-boson mass 8 [¥]LHeC (mw,mz,PDF-firy ~ 68% CL
expected uncertainites 'g'\l |:| FCC-ep (MW, mZ,PDF-fit) ]
91.3r LHeC (m_.m_,PDF) using G_as inpu _
HERA .= B LHeC o, m, o) sing 6, st~
LHeC et ]
FCC o f
91.2[ .
LHeC & FCC ro- ]
PDG [2016] —— 91 .1'~"/ i —
| | -G 8iN"0y, |

80.3 80.35 80.4 80.45 S - . . ]
m,, [GeV] 80.3 / 80.4 80.5

Simultaneous determination of m,, and m, results My, [GeV]

in very thin ellipse due to high precision of G,
G.=1.1663787(6) x 10° GeV?

e W-mass: Am,, ~ 10MeV
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Weak neutral current couplings: light-quarks

Weak neutral-current coupling
» Perform fit of PDFs+electroweak

3 > T T ‘ T T T T ‘ T T T T
parameters @ L[ ]LHeC (expecteq
0.4 EIH1 .
Couplings given by EW theory [ - LEP&SLD
Do .
’ "« Standard model - 1
) 03 Samdadmosel :
0 : - v o |
Z g?; = \PNCyq (IE - ZQQKNC,qﬂHQQW) - : ]
q _ _ -
a,v At tree level: p,k=1 0.2
a q I
P e
0.1

Couplings for 'u-type' and 'd-type' quarks S R B il
 Here: fit of PDFs+g,u+g,u+g,d+0,d 0.4 0.5 0.6 0.7
— conservative estimate
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p and K parameters

Beyond tree-level approximation Study non-standard form factors
gji = VpNC,quq ’ PNC p;qCpNC )
§ : KNC — KneKNC s
gy = VPNCg (Iﬁ,q - ZQQKNC,qanBW) NC NCKNC
« Couplings are scale-dependent  Sensitivity similar to LEP+SLD combination,

albeit comlementary sensitivity (light quarks)

1.02/+ 11— 13— 77—
- All fermions . - up-type quarks (u=c) : | down-type quarks (d=s=Db)
- [ JFCC expect. 7 - [_]FCC expect. 1 - [_]FCC expect. 1
" [JLHeC expect. | | []LHeC expect. ] 1.2 [ ]LHeC expect. -
1.01- :LEP+SLD sensitivity (PNQI, Kng,) _ 1.05+- LEP+SLD sensitivity (ch,c’ Kne.o) | 3 JLEP+SLD sensitivity (ch,b’KNC,b)
T+ SM ] SNl & SM - 1: + SM
92 I | e I | i
1 @ N n 1} ]
* * S T 09f .
099‘| L ‘68\%(.3'L.'_ - | | | | 68%(‘3.L.* :‘ el ‘6|8°(OCII.IT.:
) 0.99 1 1.01 0.95 096 098 1 1.02 1.04 0.9 0.95 1 1.05 1.”
1 1 p'
P NC,f P NC,u NC.,d
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Weak mixing angle sin“0

Effective weak mixing angle Scale dependence of k' parameter
» (charged leptons) in MSbar scheme * Here: OS scheme, f=fermions
0'2455 z
= LHeC prospects E -FCC E'—HGC |
| BT T SM ® Hidata .
0_2402_ Qy(p) }Qw(e) _ NuTeV _E 1.05
3z | 1N / =
. Q,(APV) eD.S‘\LHeC / E i -
£ 3 E e i
n 5: \\ / : 1_ .
E— - TevatroxéLEP ! ILHC —E
0.230 F =
: preliminary : 0.95 i s e
0225 | R R R WP RSO RN 10 100 1000
0,0001 0,001 0,01 0,1 1 10 100 1000 10000
1 [GeV] u[GeV]

Weak mixing angle (sin?0 ") measureable over wide kinematic range with O(0.1%)
precision at LHeC

DIS19, Torino, Italy Daniel Britzger — Top+EW at LHeC 16



EW physics — charged currents

Unique test of virtual corrections in charged current interactions
* Precision better than 1% achievable at LHeC
* Wide kinematic range, and high precision

* non-SM physics will introduce systematic deviation p'cc

1.06—

1.04 -

0.98—

W, = x((pCC,eqp’CC,eq)2U + (PCC,eéP'cc,eq)ZE)
xWy = X((pcc,gqpé:c,eq)zU - (PCC,eéPE:C,eq)ZE)
Wi =x ((Pcc,eqpé:c,eq)zﬁ + Pec.eaPce) D )
Wy = x((Pec.aaploced)D - PeceaPioc.a)U)

[T LR LR LY B
- L rcc M LHeC

¢ H1 data

_— 1.03
[ ]FCC expect.

[ ]LHeC expect.- 1.02C

[ JH1 i -

* SM ] .1.01

‘ O L

- _ O i

o i

17

2 ] 0.99"

‘ |68%C.L.* E
0.98 1 1.02 09875

CC,eq

Ll !
100

| L
1000
u [GeV]
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W-mass at (HL)-LHC

W-mass measurement @QLHC

* Precision limited by PDFs

(Am,,PoF~9.2MeV)

Future W-mass measurements in pp
Major reduction of PDF uncertainty only
feasible with LHeC PDFs (Am,,PoF~2MeV)

ALEPH — @ 80.4400.051
20 - ATL- PHYS PUB- 2018 026
B — 80.270 +0.055 >’ ]
: g 18k - ATLAS S|mulat|on Prellmlnary ]
OPAL ——m——  80.41510.052 =, Vs =14 TeV, =2 -
i o - Vs <“> [l stat. © PDF 200 pb ™ J
LEP2 + 80.376,20.033 € 16— —my fromm, & p |n|| <4 E Stat. ® PDF 1 fb" -
14 I PDF =
DO —- 80.3830.023 12 - B
Tevatron - 80.387 #0.016 E E
2/dof = 4.2/6 10 n ]
World av. (old) - 80.385 #0.015 - .
i 8 —
ATLAS - 80.37040.019 C 7
World av. (new) 4 80.379 40.012 6 - ]
L L L 4+ =
80.2 80.4 80.6 - .
M, [GeV] 2r -
o ]
Eur. Phys. J. C 78 (2018) 110; PDG (2017) CT10 MMHT2014  HL-LHC LHeC
Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW PDF Total | y2/dof
categories [MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. Unc. | of Comb.
mr-pl, W, e | 803695 | 68 66 64 29 45 83 55 92 185 29727
DIS19, Torino, Italy Daniel Britzger — Top+EW at LHeC 18



Effective weak mixing angle

Effective weak mixing angle at Z-pole
* Precision test of EW theory

. . - ATL-PHYS-PUB-2018-037
AT{.A.? Sllmu!atlgn Fl’relllmlrllaryl .

LEP-1 and SLD: Z-pole average —_— " | 0.23152 £0.00016
LEP-1 and SLD: AZp B ——e—— | 0.23221+0.00029
SLD: A, - —_— | 0.23098 +0.00026
Tevatron B —_—— | 0.23148 +0.00033
LHCb: 7+8 TeV B . | 0.23142 +0.00106
CMS: 8 TeV - ° | 0.23101+0.00053
ATLAS: 7 TeV - . | 0.23080 £0.00120
ATLAS Preliminary: 8 TeV o —_———— " | 0.23140 +0.00036
HL-LHC ATLAS CT14: 14 TeV D " | 0.23153 £0.00018
HL-LHC ATLAS PDF4LHC15,, ;14 TeV| ~ | 0.23153 +0.00015
HL-LHC ATLAS PDFLHeC: 14 TeV B "~ | 0.23153 +0.00008
0.23 0.231 0.232
sin%®/

eff

e Data from HL-LHC can reduce PDF uncertainty by 10-25%
« Data from LHeC have potential to reduce PDF uncertainties by an additional factor of 5
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EW higher-orders in DIS for PDF fits

Preliminary

Assess impact of higher-order EW effects in LHeC-PDF fits

* Repeat LHeC PDF determination with three EW schemes
,), modified-on-shell (m,,G;), on-shell w/ 1-loop corrections

on-shell (m,,m

LHeC PDFs
* Valence quarks known up to percent precision

* LHeC: increase in x2 by O(490 to 750 units) for 611 data points [Fcceh: >6000 units, 619pts]

Higher-order EW effects in inclusive DIS must be accounted for in PDF fits
d valence of LHeC PDF u valence of LHeC PDF

I u2= 1ooooca.ev2 u,

1 2— %1 -loop EW (OS)
1.15- il LO-EW (MOMS)
1.1~ B9 LO-EW (OS)

1.05-

Valence quarks of LHeC PDF

o 2
0_7; u2= 10000GeV?: W, d, : §1-25 2-10000GeV? d
0.6 % 1-loop EW (0S) E 1.2t % 1-loop EW (OS)

- Il LO-EW (MOMS) | 1.15- Il LO-EW (MOMS)
- [ LO-EW (0S)

05" mm LO-EW (08) EEE G
1.059

ti
—h
- N
O'l

\\\\\\\\\\\\\\\\\\\\ _
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\_

0.4%
0.3 ’
0.2- 1 095 //
i My | f 0.9 ////////

0 & ST R E S 085t Ly

I[GERNN (6 Pt O TN s 1 10 103 10 < 10—1

X X
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Single W and Z production

U. Baur et al, Nucl.Phys. B375 (1992) 3

Weak boson prOdUCtion @ 'LHeC' U. Baur et al., Conf. Proc. C90-10-04 (1990) 956 (ECFA Workshop, Aachen)
e e
: : —'—-_'_-. IOB.I'!’IJII(IIII!"l’lf’l’""f’:
v.2 L W
s . ——
q Y q W F
W
- q ’ T
!1‘ —
al 9 %
g
 Significant cross sections: O(million) events £
B, =55 GeV, Ep =8 TeV _g',:‘
process o ph] B
eWtX 9.6 ©
eW-X 78
vW-X 1.5
vW™p 0.66
UZX 052 10-|!lillllil[llll'llLL]lt!l
_ 50 100 150 200 250
 Measurement of WWy and WWZ vertices Py, (Gev)

* With L~1ab-1: limits on aTGC ~ O(x0.01)
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Summary

The proposed LHeC & FCC-eh project
 LHeC: 60 GeV electron times 7TeV proton (Vs=1.3TeV), synchronous with HL-LHC
* FCC-eh: 60 GeV electron times 50TeV proton (Vs=3.5TeV), synchronous with FCC-hh

Top physics at LHeC/FCC-eh
 future ep collider has a rich analysis programme for top quark physics
 single top quark factory: |Vtb| (~1%), top quark couplings to electroweak bosons (Witb, tty,
ttZ, ttH, ...), top quark properties: polarisation, charge, PDFs of tops, ... many stringent
searches for new physics: anomalous couplings, FCNC, CP violation in top-Yukawa, ...

Electroweak physics at LHeC/FCC-eh
* Fundamental EW parameters: competitive with (HL-)LHC
* Electroweak precision observables: competitive/complementary to LEP
* Precision EWK physics at HL-LHC needs LHeC-PDFs

Recent developments
e Subm. paper to the European strategy (Dec. 2018) I , H C

* Update on CDR will be written in autumn 2019
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