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Linac-Ring Collider, LHeC and FCC-eh

Energy Recovering Linac

ez beam: 60 GeV
Lint = 1-3 ab-1 (1k-3k HERA!)

operated synchronously
- with HL-LHC:
p beam: 7 TeV, v/s=1.3 TeV

- with HE-LHC: |
p beam: 13.5 TeV, +/s=1.8 TeV

- or later with FCC-hh:
p beam: 50 TeV, +/s=3.5 TeV
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LHeC and FCC-eh Detector Layout
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(see Table of Detector Dimensions/
Parameters in backup)
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High energy frontier eh physics
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— ep collider excellent to explore EW theory

Top and EWK Physics in ep Collisions - Christian Schwanenberger - EPS 2019



Introduction
Electroweak Physics
Top Quark Physics

Conclusions

Top and EWK Physics in ep Collisions - Christian Schwanenberger - EPS 2019



Deep Inelastic Scattering

Neutral Current (NC)

Charged Current (CC)

(k')
e(k)

W(q)
o—)

— LHeC/FCC-eh are unique facilities for testing EW theory:

NC+CC, two e-beam charge and polarisation states, p or
isoscalar targets

e'(k')
e(k)

SRR

p(p)

p(p)
X
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Scale Dependence of sinZ20w

PERLE CDR, Arduini et al, to be published Yt LHeC CDR,
ICFA BeamNewsletter 68 (January 2016) el = J.Phys. G39,
> 075001 (2012)
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— probe large range of scale dependence
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Scale Dependence of sinZ20w
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— probe large range of scale dependence
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Electroweak Fermion Couplings

e(k)
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Electroweak Fermion Couplings
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Electroweak Fermion Couplings

e(k)
p(p)
1.02 1 . 1 — precision < 1%
- All fermions T
- [1FCC expect.
- [ ]LHeC expect.
| {TLEP+SLD sensitivity (Pyep *nc)) |
1.01 + sM :
I | | 68%C.L.-
0.99 0.99 1 1.01
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Electroweak Fermion Couplings

‘ Fccl |LHeC
e(k) —~/SM  # H1 (prelim.)
p(p)
1_02.._...].... — — precision < 1% i
 All fermions | — scale dependence 0.9 LB il
- CIFGC expect. | P 10 100 1000
- [ ]LHeC expect. i u [GeV]
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1 01_ NC.I : _
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Electroweak Fermion Couplings

el(kl) T T TTTT T T IIIIIII
‘ Fccl |LHeC
e(k) -~|SM  ® H1 (prelim.)
p(p) .
1.02—+1 71— — precision < 1% r
i A"fermIOHS N —_) I Lol Lo ol !
- JFCC expect. 1 ;c_:aLe dependence - %930 100 1000
- ELHeG expect : igh sensitivity to L [GeV]
1 01 __ L;j ;EAP+SLD sensitivity (pNC"’ KNC") —— ® Global fit to electroweak precision measurements at FCC-ee + FCC-eh
i 1 100}---
i T 50
T 1]
L ] ?g 10}---1 - - -
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@ T o 0w o8 o Ow  Ow o
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W mass measurements at HL-LHC

e @WLHC: precision limited by
PDFs (AmwPPF~9.2 MeV)

e @HL-LHC: major reduction
of PDF uncertainty with

: PDF
P JE—yy—— LHeC PDFs (AmwPPF~2 MeV)
DELPHI —.—.— 80.336 +0.067 s 20 ¢ [ - I I | ]
= § - ~ ATLAS Simulation Preliminary ]
3 — f 80.270 +0.055 =, “Vs=14TeV, <u> =2 4
; > T F | [l stat. © PDF 200 pb™ ]
OPAL ——m——  80.415+0.052 € 16 m, fromm; &p_, <4 [0 Stat. @ PDF 11" -
14 -
LEP2 —— 80.376,0.033 : [ PDF 1
..................... — 12 Fo -
DO + 80.383 +0.023 10 F —
Tevatron i 80.387 +0.016 8F -
¥2/dof = 4.2/6 L -
World av. (old) - 80.385 +0.015 6 —
ATLAS —n— 80.370 +0.019 4 -
World av. (new) 80.379 40.012 o -
| Ll | oL ]
80.2 80.4 80.6 CT10 CT14 MMHT2014 HL-LHC LHeC
M, [GeV]  Eur. phys. J. c 78 (2018) 110; PDG (2017) ATL-PHYS-PUB-2018-026
Combined Value Stat. Muon Elec. Recoil Bekg. QCD  EW  PDF  Total ,(lfdof
categories [MeV] | Unc., Unc. Unc, Unc.  Unc, Unc. Unc. Unec. | of Comb.
mr-ph, W*, e-u | 803695 | 68 66 64 29 45 55 92 185 2927
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SM Top Quark Production

CC DIS top production NC top photoproduction

) Ve Y

b | t
P — 9 oo —— !
-\
0=1.89pb @ | LHeC 0=0.05pb @ | LHeC
0=4.46pb @ [ HE-LHC 0=0.7?pb @ |HE-LHC
— E.=60 GeV
0=15.3pb @ |Fcc-eh o=1.14pb @ |FcC-eh

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

Top and EWK Physics in ep Collisions - Christian Schwanenberger - EPS 2019 18



Signal and Backgrounds

- Dutta, Goyal, Kumar, Mellado, Eur.
S|gna| ET > 25 GeV Phys. J. C75 (2015) no.12, 577 background
- Adg; > 0.4 -
e \/ Ve A‘I’Z,b >04 € v Ve
: Wy ,<] Mj1js — mw | < 22GeV "W g
hadronic \. N .

Bpr>20 GeV

J’ I e a
Ini| < 5,/m| <2.5 : :

AR;y; > 0.4

N:=220k, s/b=1. 2

b-tag

e beam: 60 GeV

-1
1000 b Er >25GeV Ay, >04
e Ve Adg, > 0.4
\/ Adg; >04
LW I' > 20 GeV
le pton 1C W< v Prjpi = €
b t = i <5, [me,| < 2.5
b-tag ARjp/; > 04
P

Ni=110k, s/b= 11
— top quark factory (with low backgrounds)
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Direct Measurement of |Vip|

(Vud Vus Vub )
VCKM - vcd Vcs Vcb
\/td \/fS Vfb )
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Limits on Anomalous Wtb Couplings

g - _
L=-- /;by_”&b@ﬁ AP )W,

_8 ;i0"q,

20 M,

=1 in SM

(£P,+ £1P)tW, + hc.

|

(Vud Vus Vub )
VCKM - Vcd Vcs vcb
\/td VIS Vlb )
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Limits on Anomalous Wtb Couplings

|
S

.8

e @ @D,

=1 in SM

(Vud Vus Vub )
VCKM - Vcd Vcs vcb
\/td VIS Vlb )
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Direct Measurement of |Vip|

! including top-quark mass uncertainty
Giheo: NLO PDF4LHC11
NPPS205 (2010) 10, CPC191 (2015) 74
including beam energy uncertainty

Ve

Vekm =
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ATLAS+CMS Preliminary |t v, |- =2 from single top quark production May 2018
LHCtopWG theo
Oipeo: NLO+NNLL MSTW2008nnlo
PRD 83 (2011) 091503, PRD 82 (2010) 054018,
PRD 81 §2o1o; 054028 f—f—
total theo

AGy .- Scale ® PDF
My, = 172.5 GeV

t-channel:

ATLAS 7 TeV' 1
PRD 90 (2014) 112006 (4.59 fb™)
ATLAS 8 TeV'” .

EPJC 77 (2017) 531 (20.2fb™")
CMS 7 TeV ;
JHEP 12 (2012) 035 (1.17-1.56 fb™')

CMS 8 TeV 1
JHEP 06 (2014) 090 (19.7 fb™")

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

CMS 13 TeV?
PLB 772 (2017) 752 (2.3fb™")

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

Wi:

-

ATLAS 7 TeV 1 | .
PLB 716 (2012) 142 (2.05fb™")

CMS 7 TeV .
PRL 110 (2013) 022003 (4.9 fb™")
ATLAS 8 TeV ™

JHEP 01 (2016) 064 (20.3 fb™")

CMS 8 TeV' 1

PRL 112 (2014) 231802 (12.2fb™")

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

ATLAS 13 TeV? 1 —t
EPJC 78 (2018) 186 (3.2fb™")

s-channel:

ATLAS 8 TeV’ o .
PLB 756 (2016) 228 (20.3fb™")

100 fb-1 #

LHeC

[f.yVpl = (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

1.03727°+0.03

+0.16 +0.03
1.01 -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

+0.18
0.93 7010 +0.04

1.000+0.01
(expected) |

0.4 0.6 0.8 1
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Measurement of |Vis]

7TeV®60GeVR@RLHeC
. |=== Signal.1 P.=0.8 2
[ d [ L = Signal.2 LHeC 5% systematlhc . 0
u us u 20 (95%C.L.) limit
1 [ |=== Signal.3

V=1 Ve Ves Vep
th@th

<+— | LHC

IV |

— |Vis| <0.06

SM

102

102 I103
L[fo™
FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019)
F FCC-eh
[ [*=* Signal1 P.,=0.8
i - 5% sys.
[ [T onu2 FCC-eh 95%C.L. limit
ses Signal3
N TN, ' T ImmnmmmmmmmMmI T T ™M™ u“.n‘ dk.c‘ 2‘"“““ . _
D[ c LHC
2 ......................
O —_—
DELPHES| b e e
arXiv:1501.05013 | e T
[ viso0atos e o
SM | 5P — |Vis| <0.037
H. Sun PoS DIS 2018, 167 (2018) I
— probing SM prediction - T B
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Search for Anomalous FCNC tuy Coupling

I. Cakir, Yilmaz, Denizli, Senol,

Signal Karadeniz, 0. Cakir, Adv. High Energy }‘
hys. 2017, 1572053 (2017 _ q v
e Fhys ( e ) = —Ye E Qq tO’“ fq + hq’75)qA,uu + h.c.
g=u,c
b-tagging

b

u, C )\q uc Y‘\\Vq

(t.qf 50<Mj<100 GeV
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Search for Anomalous FCNC tuy Coupling

I. Cakir, Yilmaz, Denizli, Senol,

Signal Karadeniz, O. Cakir, Adv. High Energy }‘
. Phys. 2017, 1572053 (2%17) = —(Qe Z Qq th"“/(fq + hqu5)qA“V + h.c.
q=u,c
b-tagging
b 130<Mwb<190 GeV

u, W ~ v

r, q} 50<M;j;<100 GeV

p > X
p DELPHES
ﬂ 600 E_ -I- J— ]S;V‘;VZV-EL" Ae=M=0.03
S )
Q so[— + gz
> - _|_.|- —— Bg
v 400 [© :
Z - _I_ Cross sections:
- 1 ow=8.611 pb
WE + 01=0.074 pb
- g1 0z=0.617 pb
200 — + + 3 0:1=0.415 pb
C ++
100 :— $+
19_-...|.
o E — S+Bw/Bw
% 5 :_ ............................... : : :
’ : I M&Mmﬁ.m.‘“
0 50 100 130 200 250 300 350 400 250 500

mt[GeV]
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Search for Anomalous FCNC tuy Coupling

I. Cakir, Yilmaz, Denizli, Senol,

Signal Karadeniz, O. Cakir, Adv. High Energy 2
. Phys. 2017, 1572053 (2%17) L=—g. Z quqt(f“’/(fq -I-hq75)qAW + h.c.
g=u,c
b-tagging
b 130<Mwb<190 GeV

u, L WEST—ug — test exotic models
o t+.qf 50<M;<100 Gev  leading to FCNC

P > Xp DELPHES o FCC CDR,. Eur.lPhyé. J c 29: no 6, 474 .(2019)
_ 95% C.L. S —
v 600 — -I- —__ StBwmze A= A=0.03 —q
d - BwHz,t
: E _I_ ]SS:-VBW
q>) 500 — _I_ gi . FCC-he 6
v # . _10% <5-10
C Cross sections:
r - t 1 0w=8.611tpb ?’ —
300 [ _|_ ou=0.074 pb -
= i + 0z=0.617 pb b
200 [ + 4+ 4 0:1=0.415 pb o
=5 ’ 108 | <6-10-7
- —
s e FCC-eh
"’OE PV T Ve T AN L N 107 | e .
50 100 150 200 250 300 350 400 450 500 2 2 3 3
1x10 3x10 1x10 3x10
mt[GEV] Lm'(fb")
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Search for Anomalous FCNC tHu Coupling

Sun, Wang,
arXiv:1602.04670 [hep-ph]

ol

e p — Vet — vshd — vebbg, q=u,c

L = Kyntuh + Keentch + he.c.
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Search for Anomalous FCNC tHu Coupling

Sun, Wang,

arXiv:1602.04670 [hep-ph] bac kg rou nd

b
b
o 'S cp—v.t—v ,hg—v bbg.g=uc
i . - === epov,(to(wj)b)
: ¥ ~ = @p-v,(z—bb)]
B e’ p—v,(h—bb)j
0.2 . T epmell
B ST T (S ep-V,ii
T s
50.15_—\_¢\
o = LW
e p — Vet = vhd — vebbgd, q=u,c ol Ll \
— — 0.05— ' .
B i ‘__L{
0

T 200 250 300 350 400
m, [GeV]
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Search for Anomalous FCNC tHu Coupling

Sun, Wang,

arXiv:1602.04670 [hep-ph] bac kg rou nd

/S cp->v,1-v.hg—v,bba.g=uc
- === ep-v,(t>(w -jj)b)
e p—V,(z—bb)j

\ e ep—v, (h—bb)j
0.2 = POk
. : I - ER-. | cereeeeceee ep_)velu
° = i -
50.15\
S .
e p — Vet = vhd — vebbgd, q=u,c sl ' I
— — 005 .
L = Kyntuh + kieptch + h.c. -
[ e
% 50 100 150 200 250 300 350 400

m, [GeV]

e parametrised assumed resolutions for electrons/photons, muons, jets and
unclustered energy using ATLAS values

e b-tag rate of 60%, c-jet fake rate of 10%, light-jet fake rate of 1%

e selections optimized for LHeC and FCC-ep scenarios (s/+/(5+B))

e cut-based and MVA-based analyses

Top and EWK Physics in ep Collisions - Christian Schwanenberger - EPS 2019



Upper Limit on Br(t—uH) in MVA analysis

TeV®60GeV@LHeC Sun, Wang, parametrisation
- 7TeV®60Ge e - .
5,,.=5% LHeC | | z arXiv:1602.04670 [hep-ph]
—_—20

HL-LHC
LHC, 3000 fb~'@14TeV

B <0.0015
ST 20 (1ab-1)

Br(t—uh)

— 100 500 500 400 500 600 700 800 600 7000
L[fo™
1072
[ 50TeV®60GeV@FCCeh - 5o
L e FCC-eh| |, 5 HL-LHC
—_—20
¢ « LHC, 3000 fb~'@14TeV

Br(t—uh)

20
< <0.0002 (2ab-y

- Christian Schwanenberger - EPS 2019
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FCNC Branching Ratios at Colliders

ATLAS+CMS Preliminary September 2018
LHCtopWG
BR(t% Hu) Each limit assumes that all other processes are zero BR(t% yu)

s F HERA : ' )
ORCR LEP + 11
& 102k TEVATRON \ 15
107 3
107 3
10°
:HHI—|—|+I-H+EI
107 3
107 .
107 5
> 1 95%CL 2
~ 107E =
o : i i
m E 1 |||||||| 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 |||||§ m
107" 102 10° 10* 10° 10° 10* 10° 102 107
BR(t— Hu) BR(t— yu)
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FCNC Branching Ratios at Colliders

ATLAS+CMS Preliminary September 2018
LHCtopWG
BR(tﬁ Hu) Each limit assumes that all other processes are zero BR(tﬁ 'YU)

s F L HERR Y ' )
1 10_1;_ : LEP : 'i
5 102k TEVATRON : \ 15
cut-based z ' '
10°F 1 J 3
: 1 1 3
LHeC 107 _§
107 -
:HH+|—|—|+I-H+EI
107 —
104 s ATLAS R E
1 1 3
ol :
s ' ]
2 gswcLl : 3
o | 1
1op 222 Ch - 11
T ! i ' I
m £ 1 e vl v vl deesad 3 0O
107" 1072 1:)‘3 10* 10° 1(5‘5 10* 10° 102 107
E.=60 GeV BR(t— Hu) : : BR(t— yu)
1000 fb-1 MVA LHeC | | LHeC cut-based
1 |
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FCNC Branching Ratios at Colliders

ATLAS+CMS Preliminary September 2018
LHCtopWG
BR(tﬁ Hu) Each limit assumes that all other processes are zero BR(tﬁ 'YU)
s F L HERR P ' )
1L 1 LEPs 1 ]
i 107 — . ; i
& 102k TEVATHON : \ 15
cut-based o : '
10_35 1 3
2 . E
LHeC 10—4 3
--------1-0_-55 ------ ----t_f
FCC :HH+|—|—|+I-H+EI
— 10°° ;
107 : £ 1 £
E 1 1 : ]
_ 1 1
107 I I . ]
I i 1
g 10770 0 1 1 1 7 ’g
g 1 1 1 E
5 L 95%cCL , 5
T Pt i . i
m £ 1 = . O T I P I I [+ 0
10" 1072 1:)‘3 1¢4 10° 1(5‘5 10* 102 102 10"
Ec=60 GeV BRI HY v v BR(t— yu)
1000 fb-1 MVA LHeC |} ! IiEC vl LHeC cut-based
2000 fb'l ] ] P 1 1

Top and EWK Physics in ep Collisions - Christian Schwanenberger - EPS 2019



FCNC Branching Ratios at Colliders

ATLAS+CMS Preliminary September 2018
LHCtopWG =
. pBR(t—) Hu) Each limit assumes that all other processes are zero BR(tﬁ YU)A ® Improve
§ iHLEEF;,IR i i limits on
107'E ' . =
= g 1 1 i 1= —_
& 102k TEVATAON : \ B BR(t—yu),
cut-based 5 : - |BR(t—Zu),
; — . |BR(t—=Hu)
LHeC a ] .
.......... . |considerably
FCC
-eh
1074 I AT'—:AS = : _
of 1 i |
=104 ) C ; is  — test SUSY,
1 1o 5 i1 little Higgs,
s o oowo vt . 1% technicolor..
107" 1072 1:)‘3 1¢4 107° : 1(5‘5 10* 10° 102 10
E.=60 GeV BR(t— Hu) 1 : : BR(t— yu)
1000 fb-1 MVA tHeC [+ 1["SH|Y Y[ tHec | cut-based
2000 fb_l 1 I = [ (]
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e future ep collider has a rich analysis programme for
electroweak interactions of light and heavy quarks

e high precision EW measurements: sin20w, light quark
couplings to bosons (vy, au, Vd, ad), W mass and Z mass, ...

e single top quark factory: |Vib| (~1%)
e top quark couplings to bosons (|Vw]|, Wtb, tty, ttZ, tH, FCNC)

e analyse top quark properties with high precision:
polarisation, charge, PDFs of tops, ...

e many stringent searches for new physics:

anomalous couplings, FCNC, CP violation in ttH, heavy top,
SUSY stops...

— DIS is competitive and complementary in performing
high precision measurements of particle properties

— |large sensitivities to discover new physics!
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Energy Recovering Linac

tnergy Recovering Linac (ERL): E.=60 GeV
Spreader 38m Recombiner 38 Injector

Linacl 1008m RF Compensa

F Compensation

+ Doglegs + Doglegs
+ Matching 96m + Matching 120m
P
Arcl,3,5 3142m Arc2,4,6 3142m
Contributions to cost
- Dump 1
Recombl.ner 38m Bypass
+ Matching 20m  Spreader 38m 0.8
Linac2 1008m IP Line 196m "
8_9 km = 06 “>Tunnel
=
g 0.4 “=Linac
. . = Magnets
e power limit: 100 MW £ 02 :
® i i - 34 -2 ¢c-1 0 &%
luminosity: 1034cm-2s 15 30 45 €0 75
( —_—
factor of 15/120 (LHeC/FCC-eh) M. Klein. F. Zimmermann
extension Qf QZ, ]_/X reach Initial, tentative, rough scaling estimate of

basic cost (tunnel, linac (XFEL), magnets
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owerful for Experiments ( )

2 Linacs (Four 5-Cell 801.58 MHz SC cavities)

3 turns (160 MeV/turn)
Max. beam energy 500 MeV at 20mA - 10 MW

oW
NE T

injector 7 MeV  \‘"

cf Walid Kaabi at Amsterdam

FCC

— ERL demonstrator
Gt — 0(10 MeV) physics

Top and EWK Physics in ep Collisions

- Christian Schwanenberger -

in Orsay

e BINP

e CERN

e Daresbury/Liverpool
e Jlab

e Orsay

— CDR 1705.08783
[J. Phys G]
— TDR in 2019
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LHeC Detector Layout

[arXiv:1802.04317]

- 522

= (Cross section with MadGraphb
= tree-level Feynman diagrams using p-
of scattered quark as scale for ep ‘ |
processes e o .
= Fragmentation & hadronisation uses |
ep-customised Pythia.

<+ 328

DELPHES Fast Detector Simulation
» ‘Standard’ GPD LHC-detectors
+ Optimising vertex resolution ala  irefaDiamete ectisxom HeLicUs xdoa) rece 1oxi2
ATLAS IBL of ~ 5 pm
= ATLAS b-tagging efficiencies
= Using state-of-the art hadronic

LHeC Detector

C R

_ Electrons In|<4.7
and el.mag. Resolutions
» Considering displaced vertices and  Muons Inl<4.7
iImpact parameter distributions Jets In|<5
b-tagging In|<3.5

Slide: M. Schott
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Vector and Axial Vector NC Couplings

0.2 0.4 0.6

a

LHeC e simultaneous extraction with PDFs FCC-ep
= 06 L v ' | v v v | i i el ] L g JE ] (SRR FRUS S (B L e

> Epreliminary - [JLHeC )

05 «... 0.4~ C_JFCC-ep o

. T . - [ H1 (H1-prelim-16-041 -

gk S P H1 & ZEUS data (PR D93 (2016) 092002) 1

g 0.2 ---- LEP & SLD (Phys.Rept. 427 (2006) 257). -

2 - e DO (PR D84 (2011) 012007), Ay? = 4.72 ]

0'3:_ > . % Standard model {

0.2 3 - {

- 68% C.L. : ]

0.1 —JLHeC = g

- [_]FCC-ep : i

O @@ H1 (H1-prelim-16-041 . in|

C H1 & ZEUS data (PR D93 (2016) 092002) = -

~0.1F ---- LEP & SLD (Phys.Rept. 427 (2006) 257). 3 1

2 DO (PR D84 (2011) 012007), Ay? = 4.72 : 1

-0.2F * Standard model e |
: 1 1 l 1 1 1 l 1 1 1 l 1 1 : 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l

-0.6 -0.4 -0.2 0 0.2

ay

— high precision measurement of light quark couplings
— test new physics: Z’ boson, R-parity violating SUSY, leptoquarks

Top and EWK Physics in ep Collisions

- Christian Schwanenberger -

EPS 2019



Asymmetry Measurements

= = -+ = = ] ; -
A 2 G ifil=oilic) e study P-violation in
i - - - dp + ¢ Dt 4/ D _ . )
PL = PR o (pL ) 1 g (PR) NC-EW interactions
H1+ZEUS, [H1prelim-06-142, ZEUS-prel-06-022]
4 1 T e ——
08 H1+ZEUS Combined (prel.) E
06 [ .
04 [ -
02 [ -
0 F :
02 F g
04 [ -
- e A" * .
0.6 - A =
= — H1 2000 PDF 9
48 £ 0000 ... ZEUS-JETS PDF E
=1 = I 1 PRI TV T O o 18 1 ] e ansataca a1
10° 10°

Q% (GeV?)
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Asymmetry Measurements

+( p* +( pt . .
A 2 G (Pr) — o™ (Pg) e study P-violation in
— D = = = i i
el o ot (P;) + o= (Pz) NC EWK interactions
TFCETS TUVRIFOr L CEOSRRORL.
¢ 1 I L L e
W DO

[ A+

I i

= HIJ0PE
W [EUSJETSHOF

Top and EWK Physics in ep Collisions - Christian Schwanenberger - EPS 2019



Asymmetry Measurements

- = - o = = - . -
. : O e ity e study P-violation in
PLi gl Pﬁ o'i(Pit) L gi(pé:) NC EWK interactions
T TE0,TVEIROr 0 TS L.
1_ {1 G ) e e R e
2 2N ‘ed data FCC-e
085 " Ul jmsuied : =
E 06
E 04
S 02f
e 11 times higher 2 0 K
center-of-mass 2 E
c —0.2
energy 2 .F _
e 100-1000 times & 0+ ' o e
higher luminosity &= 0.6 - {: _';;]W G e
e 2-3 times higher -038 ;_pre We s -
polarisation Rl el
— extend by 2-3 10 L e 10 a0
orders of magnitude | Q* (GeV?)
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Asymmetry Measurements

+/( p* - . .
v L 2 - U e study P-violation in
— pE = = ' '
P — Pz o%(PyF) + o*( NC EWK interactions
1 I .
- ¢ FCC simulated data FCC-ep
0.8 F i
—— vy, v Zand Z
& 0o AR R
E 04F
E o
_ _ Gae pure Z exchange
e 11 times higher = 0 -— becomes
;Gr!‘r;trzry-Of-maSS 5 02" important
¢ 100-1000 times < 04 —
higher luminosity & 0.6 -
e 2-3 times higher 0.8 - preliminary
polarisation e oL gL G ML= AN
— extend by 2-3 10 100 10 100
orders of magnitude Q* (GeV?)
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FCC-eh: tracker, calorimeters and steps

Tracker FST, .. | FST.,,.. | CFT,.. | CPT, CST.,,.. | CBT,,. | BST,,.. | BST,..
ZWheels 2 = = 2

#Rings/Wheel 2. 3t 3/4 — — 3/4 Bouter 2;nner
#Layers — — — 4 5 — — —
ﬁmin/mam [0: 0.5 3.8 3.6 5.1 24 /155 176.4 173.1 179.3
Nmaz/min 5.4 3.4 3.5 +3.1 +1.4 -3.5 -2.8 -5.2
Si,iz)atrin [m2 9.7 13.3 2.8 5.4 33.7 2.8 9.7 6.9
Sum-Si [Tn2 84.3 double layers taken into account

Calo FHC;,w | FECs,w EMCScin/LAr HAC;,, .. BECs,p, | BHCq, .
ﬁmin/maz [0: 0.3 0.4 5.6/173.4 8.6/167 179.4 179.6
Nimaz/min 6.0 5.6 3.0/-2.7 2.5/-2.2 -5.3 -5.6
Volume [m3 13.2 3.1 28.8 407 1.98 7.0
Sum-Si [m2 461

Input to detector design: HERA, ATLAS/CMS+their upgrades, CALICE, LHeC (CDR and update)

At FCC-eh unlike LHeC we think muon momentum measurement is vital (H-pp)

Next steps: final choice of CDR technology, IR integration, joint eh-hh consideration, software

Top and EWK Physics in ep Collisions
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NC Cross Section Measurement

x=0.005 LHeC x=0.05 LHeC

Neutral Current (NC)

0,(x,Q%)

-—_____‘-___——-__ S _'___-—"' 0.1 - - 0.1 - 3
: k - o |
. ;s [ 7z [ .

07 =-(k-k) 4yl . 010 oot 10 fb-1.

100 10 100 10 10° 100 100 10° 100 10°
Y aZ o,(e P=-09) Q/GeV? o,(e ,P=-0.9) Q/GeV?
' x=0.20 LHeC x=0.6 LHeC

8] ‘ 1 stat errors

o
..
bo—-o_a_o".

0.15- 0.15- E
: - Q__oo”"..i

001 3

P 100 100 100 10 10° 10 100 100 10 10°
o,(€ ,P=-09) Q'/GeV* o,(e ,P=-0.9) Q'/GeV’

— high precision in large range of Bjogrken x and Q2

LHeC TDR, J.Phys. G39, 075001 (2012)
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Quark Couplings to the Z boson

Neutral Current (NC) Charged Current (CC)
e - < B
ig .V —aqy5 Z W

o —
e, e

p = p remnant p = p remnant
aq = ]31‘ Axial coupling, I3=+1/2 for u, -1/2 for d

fit to simulated NC and CC data to extract
au, ad, Vu, Vd and PDFs simultaneously

— JL : .2 :
Vq = 13 —'2eq S1n GW Vector coupling
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Asymmetry Measurements

- - +
AL — onc(Pr) — one(PL) Rt = INC
ot (Pr) + ot (Pr) =
NC\' R NCc\* L Oco
E4.85""|""|""|'-" Q16.6""|""|""|""
S ! 10 fb'l % ! ]
§ ] ?l | MSTWO0S
< 48k % ] e beam: &y,| 0 i
extract | ] 60 GeV 5
Sin20w : % - _
(ot, mz 475} - 16.2 * -
fixed) I | mean x differs by factor |
i { of 6 between NC and CC ¢} o
A i 16 | .
: : : CTEQS6LL
stat errors
465228 0229 023 0231 0232 158228 0229 023 0231 0232
P=+-0.8 10fb’ sin’® P=-0.8, all Q° sin’®
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Asymmetry Measurements

+ + +
+  ono(Pr)—one(PrL) +  OnNc
A~ = + P + (P ) R — 3+
On C( R) + 0oy c\+t L Occ
4.85 LI L LR L R AL LI DL LR BN R L L L Q16o6 L AL L R L I L AL ILINL L L I N B L
A_ g - 10 fb_l g . a
§ ] ?l | MSTWO0S
%) L i . . i
APTYE % | e beam: xg,l - ]
| 60 GeV ] -
4.75 — % I 16.2 B @ N
_ | mean x differs by factor |
{ of 6 between NC and CC ¢} L
4.7 i i 16 | .
' . CTEQG6LL
stat errors
465228 0229 023 0231 0232 158228 0229 023 0231 0232
P=+-0.8 10fb’ sin’® P=-0.8, all Q’ sin’®
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Asymmetry Measurements

- - +
AL — onc(Pr) — one(PL) Rt = INC
ot (Pr) + ot (Pr) =
NC\' R NCc\* L Oco
E4.85""|""|""|'-" Q16.6""|""|""|""
S ! 10 fb'l % ! ]
§ ] ?l | MSTWO0S
< 48k % ] e beam: &y,| 0 i
extract | ] 60 GeV 5
Sin20w : % - _
(ot, mz 475} - 16.2 * -
fixed) I | mean x differs by factor |
i { of 6 between NC and CC ¢} o
A i 16 | .
: : : CTEQS6LL
stat errors
465228 0229 023 0231 0232 158228 0229 023 0231 0232
P=+-0.8 10fb’ sin’® P=-0.8, all Q° sin’®
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Measurement of |Vid]

7TeV®60GeVRLHeC

=== Signal.1 P.=0.8 2 0-
Vid Vaus Vp 1F | —ouraz LHeC e

o [ [|--sSignals
V=1V Ves Vep > |

Vis V) N e e | 4—— [ LHC

[ Vta

HL-LHC| | — V]| <0.06

arXiv:1709.07887
LHC. 3000 fb~1@14TeV

o 50TeV®60GeVRFCCeh
- | === Signal.1 P.=0.8

i — Signal.2 FCC—ep 5% systematic

26 (95%C.L.) limit

. [=== Signal.3
current direct 20 limit ' LH(
V.q limit at LHC in Ref.[4]

B s S L e T <4 HL_LHC

.............
-

"aan
bl
........
-------
--------
--------
........
........
........
........
-------
------
e

DELPHES f 1 |Vid| <0.037

arXiv:1501.05013
H. Sun PoS DIS 2018, 167 (2018) S“A mﬁ;ﬁ?ﬁf%ﬁ? ..............................................................
— extend HL-LHC limits

Top and EWK Physics in ep Collisions - Christian Schwanenberger - EPS 2019



FCNC Top Quark Couplings

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019)
95%CL upper limits <@ ATLAS <@ CMS
Each il assumes that (1] JHEP 02 (2017) 079 (2] ATLAS-CONF-2018-049
al oher processes 8 2010 (3] JHEP 06 (2018) 102 (4] JHEP 04 (2016) 035
[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 9] JHEP 07 (2017) 003
2HDM(FV) (] 2HDM(FC) [ IMSSM
(C)RPV (RS s HL-LHC
we FCC-e€ wani FCC-eh s FCC-hh
wen _HeC
Q@ [2)
H (1)
(2)
PPN 8]
> ~—0 [4)
0 (5]
<« @ (6]
<« @ (5]
o <« @ (8]
E — r-
: (—. [8]
il ll;llll 1 llllHl 1 llllll il lllllll Ll l[?'lll
-7 -6 -5 -4 -3 -2 -1
10 10 10 10 10 10 10

Branching fraction

— complementarity of colliders

CLIC FCC-ee
FCC-pp
N
z -
g t
q
% g " b
g t
w- I~
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CC Single Top Quark Cross Section

Dutta, Goyal, Kumar, Mellado, 100 fb_l:

arXiv:1307.1688 [hep-ph] n (TeV) 2105 events
3-10> events

100 L8 167 205 237 265 290

102‘

80% Pol. s
Unpol. —

0.1

0.01 L—- - ' ' - '
50 100 150 200 250 300

— LHeC offers excellent prospects for top quark physics
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CC Single Top Quark Cross Section

Dutta, Goyal, Kumar, Mellado, 100 fb_l:

arXiv:1307.1688 [hep-ph] n (TeV) 2-6-10>5 events
3-10-10> events

100 I8 167 205 237 265 290

v
-----
IIIIIIIIII
Ny

10;‘ 3pb

.
-------
W
o
e
o
“““““
\
w
W
o
N
W
v
W
w

80% Pol. s E
Unpol. —

0.1

e =

140 GeV

0.01 ' '
50 100 150 200 250 300

E, (GeV)

— LHeC offers excellent prospects for top quark physics
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CC Single Top Quark Cross Section

Dutta, Goyal, Kumar, Mellado,

arXiv:1307.1688 [hep-ph] L W- .
Vs (TeV) oy <_;
b t b
100 ¢ 1,18 1.67 2,05 2,37 2,65 2:905 P
10
=
& |
© o e e e Ve
""" ”,m”' Unpol. —— ] \\\\\T”’// -
T Hadronic 2—2 woeeeeeees ' s W< 7
0.1 3 Hadronic 2—3 -====~ _ 5 [ 5
Leptonic 2—52  =========== b
| Leptonic 2—3 ===mimi=
0.01 1 1 1 1 1 1 . Ve
50 100 150 200 250 300 T~ T
E, (GeV) T S~

. b
g s
r—O
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Backgrounds: Hadronic Channel

No. Background prp >20GeV  Adg; >04 |my,;, —mw| < 22GeV Oeff.
Process ;| < 5,|m| <25 Adg,>04
AR;,;; > 04
Er > 25

1 e p— v.W b 7.5x 107 6.8 x 107 4.5x 107 2.7x 107

without anti-top line
2 e p— Vejij 4.2 x 10° 3.6 x 10" 2.4 x 10° 7.2 x 1072
3 e p — Vi 1.5 x 10" 1.2 x 10" 8.6 x 107! 8.6 x 10

& e p— v.tjj
4 e P — VeCCj 5.8 x 1072 5.0 x 1072 3.2x 1072 6.7 x 107
5 e p — v.bbj 2.5 x 102 2.2 x 102 5.6 x 103 1.3x10°°
6 e p— e 2.5 x 1072 2.2 x 10°° 1.5 x 1072 1.5 x 107*
(c—=>W~s
Event Selection | pr;, > 20 GeV  Ady; > 0.4 |m;,;, —mw|<22GeV  Fiducial S/VS+B
;| < 5,|me| <2.5 Adgy > 0.4 Efficiency
AR,y > 0.4
Br > 25
SM 3.2 x 10* 2.3 x 10* 2.2 x 10* 66.7 % -

SM+3>". Bkg; 6.5 x 10* 5.0 x 10* 4.0 x 10* 61.5 %
|Vis| Aff = .5 7.3 x 10* 5.0 x 10* 5.0 x 10* 68.0 % 1.92

fR=5 4.6 x 10* 3.2 x 10% 3.2 x 10% 69.7 % 1.43

fr=.5 4.9 x 10* 3.6 x 10* 3.6 x 10* 73.2 % 1.55

F=—5 3.4 x 10* 2.3 x 10* 2.3 x 10* 69.6 % 1.40

fR=>5 5.7 x 10* 4.1 x 10* 4.1 x 10* 72.3 % 1.69
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Backgrounds: Leptonic Channel

No. | Background prjp. = 20 GeV, AR, ,,; > 0.4, Br > 25 Ady; > 0.4 Oef.
Process In;i| = 5, |nea| = 2.5 Adg, > 04
Adg, > 0.4
1 e p— 1l D) 1.5 x 107! 1.4 x 1071 1.4 x 107°
e p— e 6.6 x 107° 6.1 x 1073 6.1 x 1074
& e p—l et
3 | ep—=l b 3.6 x10°° 3.2x 103 1.9x 107
& e p— 1l b
Without top line
4 | epoel e 1.5 x 102 6.9 x 103 6.9 x 10~*
5 | ep—ael g 1.2x 107! 5.5 x 1072 5.5 x 107%
Event Selection pr;, > 20 GeV Adg ; > 04 Fiducial S//S+ B
In;| < 5,|m| <2.5 Ady, > 0.4 Efficiency
AR,/ =04 Adg,; > 0.4
Er > 25
SM 1.2 x 10* 1.1 x 10* 92.0 % -
SM+3", Bkg, 1.3 x 10* 1.2 x 10* 92.0 % -
V| AfE =5 4.5 x 10* 2.5 x 10% 92.6 % 1.55
ff=15 2.8 x 10* 1.6 x 10* 94.1 % 1.23
y=.5 3.1 x 10* 1.7 x 10* 89.5 % 1.27
L =_5 1.8 x 10* 1.0 x 104 90.9 % 0.95
fR=>5 3.6 x 10* 2.0 x 10* 90.9 % 1.38

Top and EWK Physics in ep Collisions
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Direct Measurement of |Vip|

A|Vw|-1000 AB: luminosity uncertainty

Pao — Leptonic ======== i
0.2 fe AB=.10 Hadronic s
~~~~~ Leptonic + Hadronic e
50.1 free, e )
so I m“"'“"""".".".“.""7'7'75'7-7#-7-r.r.;:..:..:.:.;f.,",},;.'.'.'.'.::_-, _____________________
P Luminosity in fb!
25.4 ., AB =.05 .
252 [t e, )
25 | '"““““"""""."."."""'"'7'7-7.7“'.7.7.:..-..--:-.-...',;.'.',','_::_-_-_ _____________________
1 1
VCKM - Vcd Vcs Vcb Luminosity in g
uminosity in
kV‘d Vis Vi ) T 7
...... AB= 01
6 b e -
5 L ““m“m"“""::'7':"':':':'.'"""""""-"~-'--:;-171-.1;.:{ﬁ;:;&;::;&::;;5” ..........

10° 10} 102
Luminosity in fb™!

Rial 1300 1688 henpny 100 fb-1: A|Vw|=0.005
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Search for Anomalous Wtbh Couplings

L=—%Eyi‘£b@L+ S P )W,
= 1in SM L
_ 8 Ela“ q,

20 M,

(£P,+ £1P)tW, + hc.
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Search for Anomalous Wtbh Couplings

= 1in SM e
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(1/0) do/d cos ijl

Search for Anomalous Wtbh Couplings

g u i _ Dutta, Goyal, Kumar,
L=——/;b}’ V., ) R)IW,, Mellado, arXiv:1307.1688
=11in SM T Wi
— 10 _ .
¢ \/ Ve - g b qv@l‘ R)tW“ + h'c. € \/ Ve
| J \/5 MW '.‘ I-
W we < W
j ; Vi
t 5 L - G b
b t b Line=100 fb-1 b b
P
0.18 T T T 0_07 T T T T T T T
0.16 SM top+bckg. B2 | B2 *4. Frl=+0.5
0.06 B E___.' 7
0.14 frl=-0.5 - SM top+bckg. [ 9
0.12 s o . T :Yé 0.05 . f’ : ' y
0.1 L e SR | ] ;g_ '- : f" . g
) 0.04 3 S S
0.08 + o ¥ A o
— ,a 3 S o s o3 SRR -
0.06 E 0.03 + : SRR : S l
0.04 | G S
‘ 0.02 -
0.02 &
() == 2 2o 0.01 KRR g : X 2
-1 -0.5 0 0.5 1 /8 /4 3n/8 w2 Sm/8 3m/4  Tn/8 4
Ccos ijl A mis]

+ other variables sensitive on W helicity
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Search for Anomalous Wtbh Couplings

g - u ! B Dutta, Goyal, Kumar,
L=——/;b)/ th@L R)th Mellado, arXiv:1307.1688
=1 in SM o

e Ve _5 l;igqu@ tW- +h.c.
\/ . \/5 MW L R) u

" ol 68% C.L.

A | property [ precision |
P
fuL 0.001-0.01
fvR, frL, frR 0.01-0.1
syst. error syst. error
2 1
15 08 I
Ly I 06 f
ot Ol
v 05y - o2
] 0r ] 0t
B 0s | i & o2t
- L - 06 f
15 F poll
2 . s 3
25 2 15 -1 05 05 2 15 1 05 0 05 1 s o5 P Y 5 1

AfyL-100 AfyL-100
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Search for Anomalous Wtbh Couplings

Al GAG ALA
Ty
BTN ()W e

=1 in SM

1
fR |

0.8} S

0-63— LHC combination preliminary ~ V, =1,V _=0

0.43— \s=7TeV, L _=35pb™-2.2 fb” . s OL

0.25— 95% CL
0:_ * SM

0.25_ A

_0_-%.:4 I | | | I | I
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Search for Anomalous Wtbh Couplings

Ly @ D,

D @
e-\/ve | \/Eb M, i R)th +hec.
L i ——

P 08 | S

0-6:— LHC combination preliminary Vi =1,V_=0

- \s=7TeV, L =35pb*-2.2fb"
0.4 — Llnt . 68% CL
021" | HeC (sys. err. 1%), 100 fb-1! .95% CL

0:_ * SM

0.2

_ I L I i PR ! L
V%2 03 02 01 0 01 02 03 04
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Top Quark Polarisation

I-
. W- W- < lepton and spin quantisation
V-A v
\ E

Atag, Sahin,
PRD 73, 074001 (2006)

cos0O: angle between charged

axis in top rest frame

b t 1 dI' 1
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Iz dcosf 2(1 +Apacosf) A= Ny + N,
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I— 09t
SM
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polarisation: Py = 96% 5 |
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Gluon Parton Density Function

— measure gluon density at high x
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Top Quark Structure Function

100

Boroun, Phys. Lett. B744, 142 (2015) )
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— LHeC opens up a new field of top quark PDFs
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Top Quark Parton Density Function

parton momentum fraCtion LHeC CDR, J.Phys. G39, 075001 (2012)

e- \/ Ve
six-flavour \W
variable number —_
scheme for top

ol

167 —cfns quark t
3 A D B massless \
107" P | —
-5 v
0 o 1 é 3 4 2|'>
logQ?/GeV?

— LHeC offers new field of research for top quark PDF
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Top Quark Structure Function

Boroun, Phys. Lett. B744, 142 (2015)

variable flavour ~tt(Tt)_)F2 (Tt) 1 — R (Tt)]
number scheme

for top quark

/ rd

— approximately: 1/1¢
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— independent of x and T:

— longitudinal top structure function component could be
good to probe top quark density in proton at Q2=4m+?
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NC Top Quark Production

Bouzas, Larios,

Physical Review D 88, 094007 (2013) Single top
top pair production :
production
DIS photoproduction photoproduction
(& € Y

s’ b t
t, t t %’ li /
g f'Z)'UZSJ &t 7 ’GTD‘] e b// %L

W-

e-beam 60 GeV, 100 fb-1:

0.023 pb 0.70 pb 0.031 pb
Ni=2,300 Nz=70,000 N«=3,100
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Analysis of the tty Vertex

signal background
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Search for Anomalous tty Couplings

tty —
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0+ I
10% and 18% accuracy
"~ LHC with™_
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Bouzas, Larios,
Physical Review D 88, 094007 (2013)
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Search for Anomalous tty Couplings

ttfy
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Physical Review D 88, 094007 (2013)
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Top Quark Dimension 6 Operators

A2£'4f = CI(DL'YMtLBL'YueL + h-c-) + [C2T7L€RBRtL + C3BL€R77LtR + C4I7L6R5LtR + h.c.]

A=1TeV

Sarmiento-Alvarado,

Bouzas, Larios, | I14(4Sn(57j1))

arXiv:1412.6679

P, =0 C3 | (a)
Pe — 0.4 2.1
P, =07 of

2.

4.t

Cross section . o5 o 05

Top and EWK Physics in ep Collisions

Ci1 0.50-0.85
Cor 2.2-5.0
Csr 1.4-2.9
Ca' 2.2-4.9

experimental error
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Search for Anomalous ttZ Couplings

Bouzas, Larios,

ZZ b Physical Review D 88, 094007 (2013)
t q
Kz, Kz , | __proerty | precision ]
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FCNC Top Couplings at Colliders

Top Quark Working Group )
Collaboration, 1 95 /O C-L-

arXiv:1311.2028 [hep-ph]
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Reconstructed Higgs mass

yll
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Reconstructed top quark

0.25
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Searches for RPV SUSY and stops

L-number violating terms

‘ L,EC ‘ QjDk )\wkUchDC
—

bilinear terms B-number violating terms
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similar to leptoquark searches
with generation mixing — very promising with high luminosity

— RPV can be probed at unprecedented levels
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