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Linac-Ring Collider, LHeC and FCC-eh

LHeC CDRs: ' e operated
arxivita08- 2013l T synchronously with
. ys. G 39
075001 (2012) FCC-hh: e beam: 60
GeV X p beam: 50 TeV:

arXiv:2007.14491 i
(2021) 11) \! . \/S=3.5 TeV

(J. Phys. G 48
FCC CDR: e operation: 2050+
Eur. Phys. J. C 79,

no. 6, 474 (2019) . @ cost: O(1-2) BCHF
Physics
Eur. Phys. J. ST

228, no. 4, 1755
® operated (2019) - FCC-hh/eh

synchronously with

HL-LHC: e beam: 50 Energy Recovering Linac
GeV X p beam: 7 ex beam: 50, 60 GeV

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

TeV: Vs=1.2 Tev T
e operation: 2035+

Iniector

i
e cost: O(1) BCHF e
Linac 2 (1008m)
‘ I u m I n o S Ity Of 1 O 34 Matching/cc{nbiner (31m) / IPﬁe ‘D\etector
c m - 2 S - 1 Matching/splitter (30m)

Lint = 1-3 ab-1 (1000xHERA!)
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LHeC and FCC-eh Detector Layout

L=19.3m
(about CMS size)

FCC-eh

\ | Central Tracker
circular-elliptical beam pipe
|| | 4layers Si-pixel

5 layers Si-strixel

olenoid ~12m

(see Table of Detector Dimensions/
Parameters in backup)
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High energy frontier eh physics

21070 deliveries of ep/eA
:3 - = at the energy frontier
o6 &
;  cleanest high resolution
10°E microscope: QCD discovery
— :
04l e empowering the LHC/FCC
search program
107} S g"ce;'im =8 « precision Higgs facility
£ Brre il together with LHC/FCC-hh
10 ’
= | e precision and discovery
10 L e facility (top, EWK, BSM)
=7—"  unique nuclear physics
LE facility
-1 !
10 -ﬁJ— Ll Illllll | - lllllll Fa— | lllJlll 11 lllllll L1 lllllll Ll lllllll ‘,l 1 lllllll L - -
0% 107 10° 107 10t 1w 107 1w o1 - leEfSlty

X

— ep collider excellent to explore Higgs & EW theory
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Deep Inelastic Scattering

Neutral Currem;élr:ll)c_) Unpolarized e*p cross section
Q'I— UL ||||| | LI ||||| | LI ||||| | [ ll%
e(k) _ ? 10 —FCC e’pNC |
e —FCC epCC ]
S E ---LHeC e"p NC 3
% 10 ---LHeC e"p CC ]
o Bl =n =
p(p) 3 3 E
107 F E
Charged Current (CC) 10 ¢ E
v(k') 105k E
etk 10° 5 —HERA &°p NC -
E 107 ;E— HERA e*p CC
s W(q) 108 -~ H1 data
p(p) : EI 1 1 IIIIII | 11 ||||II | 11 11 lll | [
&= L X 10°  10°  10°
Q® [GeV?]

— LHeC/FCC-eh are unique facilities for testing EW theory:
NC+CC, two e-beam charge and polarisation states, p or isoscalar targets
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Scale Dependence of sinZ20w

LHeC CDR,
< > J.Phys. G39,

0245 - T T 075001 (2012)
= RGE Running

A Particle Threshold
« Measurements

+ Proposed
024 E | SLAC-E158

—~ ° p—

\:SJ APV °e

<®; eDIS |
&P 0.235

=

w

—
] P2 lSoLID
104 107 102 107" 1 10 102 103 10°*
H[GeY] MSbar
— probe large range of scale dependence definition
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Scale Dependence of sinZ20w

2

: sin’G FCC-eh
0.06+ D LHeC-50 Asm29 (FCC-Eh) +0.00011
! = tOOOOlO +0.00004
> ] LHeC-60 o o
E SM
[ - — precision per mille level
® 0.04f off IR N
- ! sin OW,I
— LHeC
o p LEP+SLD -
.ﬁ ! FCC-eh| | Tevatron ®
o 0.02f He ’
1 LHeC-50 ———
! LHeC-60 —x—
OI; L PR T T LA FCC-eh N B
10 100 1000 FCC-eh + LHeC —
EPJ C 80 (2020) 831 @ (GeV] Standard Model poczo)  # 1
[arkiv:2007.11799] bos mps_mEpa0gy 0231 02315 0.232
— probe large range of scale dependence /., " ;- sinf0S!
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Scale Dependence of sinZ20w

2

m
on-shell definition sin’6,=1-—
“ L) L) L) L] LB} ' \J L} A LR L) mZ
- sin0,, FCC-eh : — T T
W-boson mass
0.06 7] LHeC-50 -
: ¥ " Direct measurements
— I [ LHeC-60 J LEP2 — o
= SM Tevatron ———
£ i ‘ ATLAS s
S 0.04} -
cC ! | Indirect determinations
- LHeC LHeC-50 ——
g’ i 1 LHeC-60 e
- 3 FCC-eh
L 0.02} - FCC-eh ¢
o . FCC-eh + LHeC-60 >
¥ . PDG [2020] | — |
i I 80.35 80.4
Ou L L aavort Ll ' n\\N[GeV]
10 100 1000
\Q? [GeV] [ Am, =+4.5 MeV J

— probe large range of scale dependence

(includes PDF uncertainty of about 3.6 MeV)

Higgs and EWK Physics in ep Physics - Christian Schwanenberger -

FCCPhysics WS 2022 11




Electroweak Fermion Couplings

e'(k') _ ’ 3
w T e et

g{, — \/pNC,fp;qC,f (ll:if -_ 2QfKNC,fK;qC,fSin20W)

— precision on per mille level

p(p)
(largely unaccessible in ete-)
CJFCC-eh | 68CL  —FCC-eh  68CL -
[ JLHeC-50 : O} [ LHeC-50 -
0.4-E3H1 : | .
u - LEP & SLD d
- D0
03_—+ SM~
0.2F
0.1F
C 1
0.4
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Electroweak Fermion Couplings

e'(k") B — 5
o T e ot

g{, — Jch,fp;\lC,f (Il:i,f — 2QfKNC,fK;qC,fSin20w)

— precision on per mille level
(largely unaccessible in ete-)

p(p)

- ] FCC-eh 68C.L. 1
Or-[_1LHeC-50 -
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Electroweak Fermion Couplings

e'(k') _ 3 f = fermion
g{, — \/pNC,fp;\Jc,f (Iif - 2QfKNC,i112(-)w)

T ]
1.01 All fermions

. [ ]FCC-eh

- [l LHeC-60
- [ |LHeC-50 : ]
1.005 . LEP+SLD Iept¢ns (uncertainty only)  —

p(p)

0.995 B 68% C.L—

o _ 0.995 1.005
— precision on per mille level @
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Electroweak Fermion Couplings

e'(K) 3
e(k) / &=\ p”c’f iy

gy = \/PNc,fP&c,f (I£ s = 2Qnc. rKiyc Sin* b

1.15_ ! M T TTTTT T T T T T ITT]
; ‘ hFCC LHeC -
1 1- +==/SM  ® H1 (prelim.)

5
1

0.95}

p(p)

— scale dependence on per cent 093 R B
level (mostly per mille level) 10 100 1000
between 20 < p < 2000 GeV u [GeV]
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Weak Couplings of W boson

v(k') kinematics of CC DIS is completely measured
e(k) from final state and incoming electron (despite v)

Wia) — scale uncertainties of a few per mille level
; q .
o(0) : — large range of QZ2, up to the TeV regime
@i } X = very unique measurement S
Pcceq= Pcceq = Peccr
L L L 1-03_I ' L ' L
[ ]FCC-eh | [ |FCC-eh ¢ H1 data
MLHeC-60 | 1 oo Il LHeC-50 SM
[ ]LHeC-50 | "] LHeC-60
[ H1 ] i
+ SM i 1.01- -
_ 1 .8 I
Q. L i
i L 1 e e
1 - ;
i 0.99_—
: | i | 68%IC.L.: - | ]
0-99770.99 1 1.01  1.02 9985 100 1000
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Constraints on New Physics

* Global fit to electroweak precision measurements at FCC-ee + FCC-eh
100 ;‘""'FCC—'ééTe """"""" 95% Prob. Limits T Preliminary -
50: . FCC-ee/eh (1 op. at a time) 3
b '” .
| " 3
S
Q
E
[ BV
< A
5
1
ol oy Oge ol o Ogu Oga Oy
No Fermion flavour universality assumed Independent info about all 3 SM fermion families

— high sensitivity to NP
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Electroweak Top Quark Production

o=1.89pb @| LHeC

o=15.3pb @|FCC-eh
Ec=60 GeV

CC DIS top production
e Ve
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|
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Direct Measurement of |Vip]

o=1.89pb @| LHeC

o=15.3pb @|FCC-eh
Ec=60 GeV

CC DIS top production
e Ve

\/

A
A}
\ W
1
\

|

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

L=—%EY%@L+ VRPR)tWM_ 0=1.89pb @| LHeC
= 1inSM ¢ _ioMa o=15.3pb @[FCC-eh
_ \/Eb i (£P,+ £1P)tW, + hc. 60 Cev

CC DIS top production
e

Vs Vs Vo |
VCKM - Vcd Vcs vcb
\/td \/tS th )
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Limits on Anomalous Wtb Couplings

g 7. D - = 1.
—/;b)’”th : R)IW o) 189pb@ LHeC

: f2—
= 1in SM 0=15.3pb @|FCC-eh

e @
\/Eb M, ’ R)tW“ Hhe. Ee=60 GeV

CC DIS top production
e

Vs Vs Vo |
VCKM - Vcd Vcs vcb
\/td \/tS th )
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Limits on Anomalous Wtb Couplings

L-— by,
=1 in SM vz
_8 ;i0"q,
L2 M,
CC DIS top production 0.07
¢ 0.06
005
)
=
B 004 |
o
P 2 003}
0.02 |
( \
Ve Vus Vb 0.01
VCKM - vcd Vcs vcb

o=1.89pb @| LHeC

o=15.3pb @|FCC-eh

@L R)IW“— the. E.=60 GeV

B2 B f+L.=+0.5
SM top+bckg. .
R
w8 w4  3m8 w2 Sw8 3mw4 Tw8 w

4 ¢F’l‘misl

+ other variables sensitive on W helicity
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Direct Measurement of |Vip]

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

ATLAS+CMS Preliminary
LHCtopWG

t-channel:

ATLAS+CMS 7+8 TeV"™
Ve JHEP 05 (2019) 088

CMS 13 TeV?
\/ PLB 800 (2019) 135042 (35.9 fo™)
ATLAS 13 TeV?

\ JHEP 04 (2017) 086 (3.2 fb™)

' - tw:

A}

v W ATLAS+CMS 7+8 TeV"™
' JHEP 05 (2019) 088

ATLAS 13 TeV?®
JHEP 01 (2018) 63 (3.2 b™)

CMS 13 TeV
JHEP 10 (2018) 117 (35.9 fb™)

(&}
f V - meas
| Lv lbl Gth eo

Ciheo: NLO+NNLL MSTW2008nnlo

PRD 83 558163 091503, PRD 82 (2010) 054018, tofal theo

: scale ® PDF
Mygp = 172.5 GeV

PRD 81
Ac

theo

- 1.020 + 0.040 + 0.020
I—H—i—l 0.98 +0.07 + 0.02

ER— 1.07 + 0.09 £ 0.02
— iy 1.020 + 0.090 + 0.040

. . November 2020
from single top quark production

054028

[f V| £ (Meas) + (theo)

t f i 1.14x£0.24 £0.04

|—|—o—|—-—| 0.94 £ 0.07 £ 0.04

s-channel: :
ATLAS+CMS 8 TeV" ! vt i 0.970 + 0.150 + 0.020
JHEP 05 (2019) 088 :
P all channels:
ATLAS+CMS 7+8 TeV"™ - 1.020 + 0.040 * 0.020
JHEP 05 (2019) 088
1.000+0.01
-1 K
1 LIHlelC 1 I1IOIO Iflbl I 1 1 1 ; 1 1 1 I‘ 1 1 ‘I’ I 1 '(Iexlpleclteld)l
0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
IfLVth|

VCKM - Vcd Vcs vcb
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Measurement of |Vis]

FCC CDR, Eur. Phys. J.
Vd Vus Vb - C 79, no. 6, 474 (2019)
u Uu e R
V = Vcd ‘/cs Vcb 0~
Vid @ Vi
DELPHES
arxXiv:1709.07887
H. Sun PoS DIS 2018, 167 (2018)
F ' FCC-eh
|+ Signal. .
| o FCC-eh| 20 e ava.
—Signal2 95%C.L. limit
ess Signal 3
e S O ST STOTRR—— cumrent direct 20 limit | | e | LHC
;.w. ..........................
10-1.: ........................................
— probing SM T |
= = s .v‘d."M‘qo .................................... LTI
prediction SM eeniveiso1.asors T—» |Vis| <0.037
directly for the . . .
10? 10"

first time
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Higgs Production Cross Section

CC(e-p): 196 fb (LHeC) DIS Higgs Production Cross Section
o 4
g FCC-eh
S<\ 3 LHeC _—
T , FCC-eh
L [HeC ~1000 fb
1
\J
5 HERA
8 . 0 1 2 3 4
e no pile-up -2
e clean final state
o small systematic uncertainties -3
-4
-5
EIC
5 ®
-7

cms energy /TeV
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Higgs Analyses

—n)- x10° [Step 1
CC(e p)' 196 pb (LHeC) i 2! 5 Basic kinematic cuts and

S 100 fbt loose selection (p,>15 GeV)|

LI>J 1 year of data
4

Step 2
3 Hé bb HFL tagging
5 000../ Wm\i'
o ]
DELPHES | 1

0 20 40 60 8 0 120 0 160 180 200
before topmass cuts [ G eV]

Step 3 Mii
BDT in
e no pile-up Search Window

e clean final state
o small systematic uncertainties
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Higgs Couplings (k-framework)

—n)- x10° [Step 1
CC(e p)' 196 pb (LHeC) i 2! 5 Basic kinematic cuts and

S 100 fb loose selection (p,>15 GeV)|

U>J 1 year of data
4

Step 2
3 H 9 bb H:Lptagging 7
) ., b Tz
. e
DELPHES | 1

020 40 60 8 0 120 _440 160 180 200

before topmass cuts
Step 3 M. [GeV]

BDT in i
Search Window

e Higgsstrahlung Z
B HL-LHC we profit from
B LHC (p+e) diversity through
4 ¥ ILC 250 ) complementarity
3 M ILC 500 =

— adding electrons
makes the LHC a Higgs
b WW @ o o« Z  w precision facility
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SM Higgs Signal Strengths

CC(e-p): 196 pb (LHeC)

% —_—— higgs+bkg
(5:’518005 8 cCijjno top + FCC
Pg 1600 :_ CC single top —+ 4
g 1o Moz * + [100fb ]
c  FMincz H
G 1200~ py . P.=0
1000:_ === signal .
eoof—
DELPHES 600
400 el
200|—
6“‘/“ [%] 00- » 10 ‘ 160 13?((39\%?0
50 . ]
Neutral Currents: ep > eHX LHeC - Improvement fOl"
40 p : FCC-eh compared to
Charged Currents: ep > VHX ; -—-H LHeC by factor
30— i
- LHeC ~3-3.5
20 “HELHeC — good sensitivity to
FCCeh many decay channels
10 -
L L L L L FCC-eh| — NC+CCDIS over
o i Mmoo B BN o HEER constrain Higgs

couplings in combined

bb WW gg t cc ZZ vyy bb WW gg t cc ZZ vy SM fit
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Higgs Couplings (k-framework)

CC(E‘p): 196 pb (LHEC) §1sooz_+higgs+bkg 4+
;C\_’ - -Cijj no top + FCC
g 4+
° 1a00f *+ + [100fb1]
5 - _INCZ
& 1200F= o —+ H P.=0
1000 :_'"‘ signal .
800|—
DELPHES 600
400 s
200|—
< 8.00 05 100 120 140 160 180 200
<~ M,(GeV)
8 7.00 i
8 — improvement for
600 E,m FCC-eh compared to
5.00 —| LE-FCC Hec TV (D LHeC ?I’oy3faslctor
4.00 i ~ 23— .
[ LHeC | W FCC-eh (2.2) 20TeV =
3.00 - FCC-eh (3.5) 50TeV
2.00 — . . .
Lo L — high precision to
' " I I FCC-eh many decay channels
0.00 . : ; : . :
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Higgs Couplings at FCC-ee and FCC-eh

Collider FCC-ee FCC-eh
Luminosity (ab™ ") +1.5 @ 2
365 GeV

Years 3+4 20 -
oTy/Tu (%) 1.3 || SM—
d9nzz/9uzz (%) 0.17 0.43
dguww/gaww (%) 0.43 0.26
dgHbb/ 9HbD (%) 0.61 0.74
09Hee/ JHee (%) 1.21 1.35
09Hgg/ IHgg (%) 1.01 1.17
dgut/gut (%) 0.74 1.10
Ogupp/ gupp (%) 9.0 n.a.
5gHyy/ guyy (%) 3.9 2.3
Ogpe/ Iue (%) — 1.7
BRgxo (%) < 1.0 n.a.
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SMEFT fit results after FCC era

reduction for

FCCee+eh+hh Hcc and Hbb

/ ) eh contributes to

N\
\< % the HWW and HzZ

,\ ’:\ \7 couplings and
, | resolves their

b}y \ -
| correlation X

Couplings and correlations

=8 reduces further
om'f/ ‘/ / correlations X

CEPC: II.('(:J‘I)H{\,X 30%): 1LC Uns-:!.m-d; ; '392 0%, 0%): .
o S B4 = e B M tho0c theory profits
’ from diversity

CLIC (£ B0%, 0%):
200 %oy 240 GeV - 40 Ce
. 240 & 305 GeV D 250 & 350GeV
@D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV
(o] Perfect E

CEPC: ILC (£80%,330%):  1LC Unpolarized:
- 240 GeV - 240 CeV - 050 CeV - 250 CeV
S 240 & 365 GV @EED 250 & 350GeV 250 & 350GeV S 300 & 1500 GeV
D 250 & 350 & 500 GeV @D 250 & 350 & 500 GeV 300 & 1500 & 3000 GeV
— Corrolation < 50% e Correlation > 50% O  Perect EW Correlation < 50% ammm— Correlation > 50%
(ee, ep, pp)

(' prELIMINARY )
y s

4th FCC Physics and Experiments Workshop
November 13, 2020
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Conclusions

future ep collider has a rich analysis programme -
in particular for electroweak interactions of light
and heavy quarks, and Higgs physics!
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W mass measurements at HL-LHC

® @LHC: precision limited by e @HL-LHC: major reduction
PDFs (AmwPPF~9.2 MeV) of PDF uncertainty with

ALEPH ——m—— 80.440 +0.051 LHeC PDFS (AmWPDF~ 2 MeV)
DELPHI —.—.— 80.336 +0.067 = 20 | | I I ]
L3 —_— 80.270 +0.055 i 18 ;AvgriA'li TSeIr\Y/IUI(a:I)o'l zreliminary _1_f
= o Bl stat. @ PDF 200 pb™ ]
OPAL ——m— 804150052 £ 16 —my, fromm; & p_, In| < 4 I Stat. @ POF 115" -
LEP2 + 80.376 40,033 14 - I POF E
................................................................................. 1o Fs E
DO + 80.383 +0.023 10 —f
Tevatron - 80.387 0.016 8 -
World av. (old) = 8038;/:8()412: 6 —f
ATLAS —ll- 80.370 +0.019 4 —f
World av. (new) .; 80.379 +0.012 2 =
80'-2 80'4 T 80'-6 ) CT10 CT14 MMHT2014 HL-LHC LHeC -

M,, [GeV] Eur. phys. 3. c 78 (2018) 110; PDG (2017) ATL,_PHYS_PUB-2018-026

Combined Value
categories [MeV)

Stat. Muon Elec. Recoil Bekg. QCD  EW  PDF  Total ,(lfdof
Unc. Unc. Unc. Unc. Unc. Unc. Unc, Unc. Unec. | of Comb.

mr-p5, W*, e | 80369.5 | 68 66 64 29 45 83 55 92 85| 29/27
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Measurement of |Vid]

FCC CDR, Eur. Phys. J.
C 79, no. 6, 474 (2019)

Vud Vus V'u,b -
V=1V Ves Vep "

Vis Vi
DELPHES

arXiv:1709.07887

Via|? |Viz|

H. Sun PoS DIS 2018, 167 (2018)
1

B 50TevV®60GeV@FCCeh

=== Signal.1 2 P.=0.8
FCC—eh O- 5% systematic

20 (95%C.L.) limit

= Signal.2

| |=== Signal.3
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Higgs Couplings (k-framework)

—n)- 10° [Step 1
CC(e p)' 196 pb (LHeC) @ & Bairi,ckinematiccutsand
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U>J 1 year of data
4
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1 E,
DELPHES 0
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~ Search Window
8 7.00
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CP Nature of Top-Higgs Coupling

L=- @f[KCOS ( +iyssindy]th
%

. Kumar
. Kumar
. Mellado

parton level |  phys. rett. B770 (2017) 335

v W
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top polarisation angular asymmetries (bz,l-)

0.8
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CP Nature of Top-Higgs Coupling

L=- @f[KCOS ( +iyssindy]th
%

. Kumar
. Kumar
. Mellado

parton level |  phys. rett. B770 (2017) 335

v W
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top polarisation fiducial incl. cross-section

0.8

rapidity difference (H,t)
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Exclusion Contours (fiducial cross section)

CP-even ‘L = - n%f[xcos{, + iys sin{,]th\ LHeC
(flipped sign) ~ - i 6
10 HL-LHC -
47t/5 Phys. Lett. B761 (2016) 25 — >
T7/10 LHC, 3000 fb~1@14TeV | \
30/5 30
CP-odd ; :
2m/5
3n/10 2
/5 1
CP-even ™V
(SM) 0 0
1 10 100 1000
Luminosity [fb'] T

~ pOWEI‘fU' probe 10% uncertaint
] 6 y on _
of ttH coupling background yields | K = 1.00 + 0.17

Higgs and EWK Physics in ep Physics - Christian Schwanenberger - FCCPhysics WS 2022 43



Energy Recovering Linac

Energy Recovering Linac (ERL): E<.=60 GeV
Injector

Recombiner 38

F Compensation Linacl 1008m RF Compensa
+ Doglegs + Doglegs
+ Matching 96m + Matching 120m

Spreader 38m

P
Arcl,3,5 3142m Arc2,4,6 3142m
Contributions to cost
. Dump
Recombl.ner 38m Bypass 1
+ Matching 20m  Spreader 38m ’ 0.8
Linac2 1008m IP Line 196m 0
8-9 km E 0.6 “>=Tunnel
> 0.4 “Linac
.. P Magnet
e power limit: 100 MW £ 02 E
i tv: 34 -2 ¢c-1 0 r&T%
e luminosity: 1034cm-2s 5 30 45 60 7S
o —
factor of 15/120 (LHeC/FCC-eh) M. Klein. F. Zimmermann
extenSion Of QZ, 1/X reaCh Initial, tentative, rough scaling estimate of

basic cost (tunnel, linac (XFEL), magnets
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Electroweak Top Quark Production

CC DIS top production NC top photoproduction

e'\/ Y

b | t
P — I ooo—— ¢
-\
0=1.89pb @ | LHeC 0=0.05pb @ | LHeC
0=4.46pb @ | HE-LHC 0=0.2?pb @ |HE-LHC
— Ec=60 GeV
0=15.3pb @ [rFcc-eh o=1.14pb @ |FCC-eh

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

Dutta, Goyal, Kumar, Mellado, Eur.

signal ET Z 25 GeV Phys. J. C75 (2015) no.12, 577 background
¢ \/ Ve iiz,z ; gi e v Ve
W Imig, —mw] < 22GeV W g
hadronic x N .

BpT'b>20 GeV

2,0 — 5 B a
Ini| < 5,/m| <2.5 : :

ARjp/; 2 0.4

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

b-tag

e beam: 60 GeV

1 fb-1
000 fb Er >25GeV Ay, >04
e Ve Adgp > 0.4
\\ I-
- \ - . >
leptonic W Prya 220 GeV
b t = mi <5, |mw,i| < 2.5
b-tag AR;p/; > 0.4
P

Ni=110k, s/b= 11
— top quark factory (with low backgrounds)
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owerful for Experiments ( )

in Orsay

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

3 turns (160 MeV/turn) e BINP
Max. beam energy 500 MeV at 20mA - 10 MW .3 e CERN
e e Daresbury/Liverpool

Q\Ae .. 3 z / i
R 59 == e © Orsay

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

injector 7 MeV  \‘"

cf Walid Kaabi at Amsterdam FCC

— ERL demonstrator
gll\‘IRIYH —) 0(10 MeV) thSics
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FCNC Top Quark Couplings

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019)
95%CL upper limits <@ ATLAS <@ CMS
Each it assumes that (1] JHEP 02 (2017) 079 (2] ATLAS-CONF-2018-049
all other processes are zero 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
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Branching fraction

— complementarity of colliders
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Top Quark Polarisation

Atag, Sahin,

e \/ Ve PRD 73, 074001 (2006)

|- cos0O: angle between charged
W~ W- < lepton and spin quantisation
V-A Vi
\ B

axis in top rest frame

1 dr 1 Ny — N,
I'rdcosf 2(1 TAnacosd)  An = N1+ Ny
P — —
R 09 -
SM
using simply e-beam axis: “
3 . 07 +
polarisation: Py = 96% |
TESLA+HERAp: g o5l fR=0.2
Js=1.6 TeV T oaf
Lint=20 fb'l 0.3
02 accuracy of order 10-2
19.7 fb-1: ATl = 0.26x0.11 ., : ' : : ‘

-0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 Ol.8
JHEP 04 (2016) 073 cosd
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Gluon Parton Density Function
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Top Quark Structure Function

Boroun, Phys. Lett. B744, 142 (2015) 100 >
A v Q=100
. — -1 . 10 A 2_
Linte=10 fb variable flavour A ® Qz 1000
A A Q"=10000
number scheme 1 A
[ ] A
for top quark . A
0.1 [ A
[ ] A
[ ] A
—_ [ ] A
/y = 0.0t v, . R
o v o A
[ J
1E-3 v, .
v [ ]
v
1E-4 v
2 2 v
> t 1E-5 Q° < 4dmj
1E-6 I LA | A | A | L | M
t 10 100 1000 10000 100000
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Top Quark Parton Density Function

parton momentum fraction

—__cfns
massless

logQ?/GeV?

LHeC CDR, J.Phys. G39, 075001 (2012)

e-\/ Ve
six-flavour \NA/
variable number —

scheme for top
quark

ol

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

Boroun, Phys. Lett. B744, 142 (2015)
~tt t
variable flavour (Tt) aFQ (Tt) 1 — R (Tt)]
number scheme /
for top quark
100 4
] N v Q’=100 v Q'=100GeV’, ® Q’=1000Ge\’, & Q*=10000 GeV’
10 = 2_ i
“ A * Q=1000 . A A A A A A A A A A A a
. s A Q’=10000 G 0024
3 ° A @ 1
] ° A 0.00 - ¢ * % % OFT OFT OS'F OS O$ 9
0.1 - ) A R
3 L] NTTTT [RTIT T RUITT T [ITET T [WNTT T [URTTT JUATTT [ETTT RITT T EITTT [T T QT T Ty
; ® A 1E-3 1E4 1E-5 1E-6 1E-7 1E-8 1E-9 1E-10 1E-11 1E-12 1E-13 1E-14 1E-15 1E-16
= 0.01 v ° 4 X
~ v [ A
ILN i M * 4 0.03
1E'31§ vv ‘. g A A A A A A A A A A A a
; v ° 0.02 -
1E-4 Vo, 0011
2 2 v o ] e o o o o o o o o o o
1E5 Q < 4mt = 0.00-‘ e Y vV ¥V Y Y VY VvV VY vV
0011 above @
1E-6 ————rrrrrr———r 0.02 e —
10 100 1000 10000 100000 10 100 1000 10000 100000
Tt Tt
— approximately: 1/1¢ — independent of x and T

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

Higgs and EWK Physics in ep Physics - Christian Schwanenberger - FCCPhysics WS 2022 53



NC Top Quark Production

Bouzas, Larios,
Physical Review D 88, 094007 (2013)

: . ingl
top pair production singe top
production
DIS photoproduction photoproduction
e € y

, t
J t) t / , %: b /
SR L ’GTDJ o Vl/'/),
e-beam 60 GeV, 100 fb-1:

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

s;lgnal,7 ;

t
iQreyH @
# t _

9 Z/b

background
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Search for Anomalous tty Couplings

tty —

(Qtfy”A + %O‘MVF J(K+ z'/?c’yg,)) t
%_% my
K!

electrlc dlpole moment: K
g .

1} B — Xsv

LHeC: | L

0+ 1
10% and 18% accuracy
v ~ LHC with™__
T 27% accuracy ., Sracquracy |, |, |
4 (4.59fb-1, 7 TeV) 2 -1 0 1 g
Bouzas, Larios, magnetic dipole moment: k
Physical Review D 88, 094007 (2013)
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Search for Anomalous tty Couplings

ttfy

Q et (Qw’“‘A + %U“VF v(k + @'Fc%)) t
my
K, K

electrlc dipole moment: kK

g T T I T I I T
B v » B — Xs'}’ ,,,,,,,,,, -
K
0.5
14
LHeC:
8% and 16% accuracy — ‘-.
10% 18% . N
— systematically limited ;| - N
LHC with
?  27% accuracy 5% accuracy-----—-"l' o
(4 59fb-1, 7 TeV) -0.5 0.5 1 K
Bouzas, Larios, magnetic dlpole moment: K

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 + C4I7L6RBLtR + h.c.]

e’L\SM/ Ve C1 0.50-0.85
LW w.. < ! Car 2.2-5.0
\ e ]
X x - Csr 1.4-2.9
b Cyr 2.2-4.9
°L,R experimental error
Sarmiento-Alvarado, o
B , Larios, = 15% . . 68% C.L.
sovas, wocion ™ anG) o\ 7 At pry 98% CF
P — 0 G | (a) Lo Lol ©
PC — 0.4 2.1 " 2.t
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Search for Anomalous ttZ Couplings

Bouzas, Larios,

ZZ b Physical Review D 88, 094007 (2013)
¢ q
Kz, Kz , | _property [ precision |
# t q EDM: K / Kz | 0.20-0.28/0.6-0.8
9 t MDM: Kk / Kz | 0.05-0.09/0.9-1.3
<€

tt photoproduction

b
/ 7
V\/\’< / LHeC:

10% and 18% accuracy

KRz L

1@ Rz :
' DIS - T (b) -
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Search for Anomalous FCNC tuy Coupling

I. Cakir, Yilmaz, Denizli, Senol,

Signal Karadeniz, 0. Cakir, Adv. High Energy 1
Phys. 2017, 1572053 (2017 — q v
e - e = e E Qq 10" (fg + hqvs)qAuw + hec.
q=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, 0. Cakir, Adv. High Energy J)
. Phys. 2017, 1572053 (2%17) S Z Qq qt(T’“/(fq -I-hqu)qA,,w 4+ h.c.
g=u,c
b-tagging
Y b 130<Mwb<190 GeV

~ <

u, c W ‘Y‘\\m 7
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Search for Anomalous FCNC tuy Coupling

I. Cakir, Yilmaz, Denizli, Senol,

Signal Karadeniz, 0. Cakir, Adv. High Energy

Phys. 2017, 1572053 (2017)

€ €

b-tagging
b

- o

u, c W ‘V‘qv, 7

p >
p DELPHES
Y w E_ _I_ T g he 0,03
c - _I_ ]S3+Bw
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— it
v E 1 .
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300 [ _|_ ou=0.074 pb
C i + 0z=0.617 pb
200 — + + 3 0:1=0.415 pb
C @
100 :— 'f+
e
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BR(t—-qV)

L=—g Y Qq}“xqfa’“’( fo + hevs)qAu, + hec.

q=u,cC

130<Mwb<190 GeV

— test exotic models

€+,q} 50<M;j<100 GeV leading to FCNC

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019)

10

10‘5 .

10% |

oL B —

BR(t—qZ) —

FCC-he

FCC-eh
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Search for Anomalous FCNC tHu Coupling

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

ol

e p — Vet = vhd — vebbgd, 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] backg rou nd

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

. ) ) \ _' e'p—v,(h—bb)j
\:— ; ]
B ST T (S ep-V,ii
Tt
50.15_—\_¢\
2 r i
e p — Vet = vehq — 1ebba, q=u,c oA ilL] T
0.05— ' .

L = Kegptuh + Keeptch + h.c.

_ ‘r‘-L-;_-:_}t':Erl-tljm [ ) TR 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] baCkg Frou nd

'S cp—v.t—v ,hg—v bbg.g=uc
- - == ep-ov, (t—(w —jj)b)
e p—V,(z—bb)j
e'p—)ve(h—)bB)j
- ep-ejj
............. e'p_)vejjj

[/

50.15_
2 -
e p — Vet = vhd — vebbgd, q=u,c 0_1:_ B
— - 0.05—
L = Kyntuh + kieptch + h.c. i
00— i I ot 0 STk N T ol

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/+(S+B))
e cut-based and MVA-based analyses
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Upper Limit on Br(t—2uH) in MVA analysis

Sun, Wan - .
- 7Teva60Gev@LHeC o %iv-1605.04670 heopn] |PArametrisation
84ye=5% LHeC | | . arXiv: . [hep-ph]
-_—20

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

I <0.0015
e 20 (lab-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
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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)
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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)
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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)
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FCNC Branching Ratios at Colliders

ATLAS+CMS Preliminary September 2018
LHCtopWG -
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