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High Energy Colliders: present
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High Energy Colliders: next generation

LHeC

ep e | PP

Electrons for the LHC - LHeC - Christian Schwanenberger - Future of Particle Physics 4



High Energy Colliders: next generation
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Linac-Ring Collider, LHeC and FCC-eh

Energy Recovering Linac

ez beam: 60 GeV
Lint = 1-3 ab-1(1-3k 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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Energy Recovering Linac

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

F Compensation Linacl 1008m RF Compensa

+ 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 -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 ( )

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
S RT— e Daresbury/Liverpool

Pt Bl o Jlab
0\]\8\1 BT Lt O
A2 PN 7 © ">y

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

injector 7 MeV  \‘"

cf Walid Kaabi at Amsterdam FCC

— ERL demonstrator
Gt — 0(10 MeV) physics
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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 e e N .
= 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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DIS 2018 International Workshop, Kobe
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The eight fold path

Right
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Right
Concen-
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High Energy Frontier
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Determination of Strong Coupling QCD

e 25.8

e D
25.2
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Errors in %

scale var.
PDF (TH)
EW

1/a

t,b,c
| /mt

trunc

24.8 - PDF+as
24'61 152 154 156 158 16 162
5 15.2 15.4 15.6 15. . L
o \ o (G. Zanderighi, Moriond16;
910(Q/GeV) , .
Q from C. Anastasiou et al, arXiv:1602.00695)
p \
. _ case cut [Q? in GeV?] | relative precision in %
® s is least known coupling [MERA only (14p) Q%> 35 1.04
constant: important to HERA tjets (14p) Q°>35 0.82
- - LHeC only (14p) Q% > 35 0.15
C(_mstram GUT scenarios, LHeC only (10p) 0? > 35 o1
Higgs cross section, ... LHeC only (14p) Q2 > 20 0.95
. . . LHeC+HERA (10 Q*>35 0.11
o perform QCD fit of inclusive | [ioimena o) | o o0 0,90
NC and CC DIS LHeC+HERA (10p) 02 > 10. 0.26
— per mille level precision! (LHeC: NC+CC incl.; total exp. uncerts; independent of BCDMS)
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up valence distribution at Q% = 1.9 GeV?
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— huge improvement
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up valence distribution at Q? = 1.9 GeV?
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up valence distribution at Q? = 1.9 GeV?
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Ratio to CT14

up valence distribution at Q? = 1.9 GeV?
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iffractive Parton Densities
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Electroweak Fermion Couplings EWK
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Electroweak Fermion Couplings EWK
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Electroweak Fermion Couplings EWK

e(k)
p(p)
1.02 . 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 EWK

‘ Fccl |LHeC
e(k) ~-/SM  ® H1 (prelim.)
p(p) E
1.02—+ 17+ — precision < 1% i
- All fermions | — scale dependence 0.9 T il el
- CIFGC expect. | P 10 100 1000
- [ ]LHeC expect. i u [GeV]
. ILEP+SLD sensitivity (o _ . xyc ) |
1 01_ NC.I : _
~ 4 SM
0.99 i I | 68|°/o C.L.7
) 0.99 1 1.01
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e(k)

Electroweak Fermion Couplings

e'(k')

p(p)

1.02

1.01

0.99

T T | T T T T ] T T
- All fermions

- [1FCC expect.

- [ ]LHeC expect.

[ pee———

+ SM

LEP+SLD sensitivity (p,,., %xc.)

68|% CL

1.01

— precision < 1%
— scale dependence
— high sensitivity to NP

EWK

T T T oI
Fccl |LHeC
-~|SM  ® H1 (prelim.)

0.910

IlIIlIJ 1
1000

1 ) | III 1
100
u[GeV]

® Global fit to electroweak precision measurements at FCC-ee + FCC-eh

100}---

50

1011 I

AIC}?[TeV]

1
ol oy Oge
No Fermion flavour universality assumed

o) og) O4u Oga Oy
Independent info about all 3 SM fermion families
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SM Top Quark Production

CC DIS top production

NC top photoproduction

b

-

o ——

g oo

0=1.73pb @ | LHeC

o=153pb @

0=0.05pb @

FCC-ep

Ee=60 GeV 0=1.14pb @ |FCC-ep

— future ep collider is ideal to study EWK interactions of

the top quark

Electrons for the LHC - LHeC

- Christian Schwanenberger -

Future of Particle Physics 25 [BsKX6



Signal and Backgrounds Top

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, —maw] < 22GeV W g
hadronic \. N .

Bpr>20 GeV

J’ - 3 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 fb Er >25GeV Ay, >04

e Ve Adgp > 0.4

\/ Adg; >04

LW I' > 20 GeV
|ept0nlc W< v Prjpi = €
b t = i <5, [me,| < 2.5
b-tag AR;y/; > 0.4
P

Ni=110k, s/b= 11
— top quark factory (with low backgrounds)
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Limits on Anomalous Wtb Couplings Top

=1 in SM

g - ]
L=-- Eby_”&b@ﬁ AP )W,

_8p

—i0""q,

Ve

Vekm =

Vs Vs Vo |
Vcd Vcs Vcb

20 M,

|

\/td \/IS th )

(£P,+ £1P)tW, + hc.
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Limits on Anomalous Wtb Couplings Top

|
S|

.8

e @ @D,

=1 in SM

Vs Vs Vo |
VCKM - Vcd Vcs Vcb
\/td \/IS th )
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Limits on Anomalous Wtb Couplings Top

Dutta, Goyal, Kumar,
Mellado, Eur. Phys. J.
C75 (2015) no.12, 577
Kumar, Ruan, to be publ.

95% C.L.

DELPHES

including detector simulation (Delphes)

Electrons for the LHC - LHeC
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Direct Measurement of |Vip|

Top

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

Ve

Vekm =

Electrons for the LHC - LHeC

i 5
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) |
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FCNC Top Quark Couplings

. 95%CL upper limits <@  ATLAS <@® CMs
Work in progress [1] JHEP 02 (2017) 079 2] JHEP 10 (2017) 129
Each imit assumes fhat (3] arXiv:1712.02399 [4] JHEP 04 (2016) 035
all other processes are zero [5] EPJC 76 (2016) 55 [6] JHEP 02 (2017) 028
[7] arXiv:1803.09923 [8] JHEP 07 (2017) 003
— SM HL-LHC —— FCC-ee
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b,s,d

— complementarity of colliders
— test little Higgs, SUSY, technicolor, ...

Branching ratio
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CLIC
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Higgs Couplings

_ . Delphes detector level
CC(e-p): 196 pb (LHeC) 10 ==
2 Basic kinematic cuts and |[CJ CCZ
% 25 100 fb? # loose selection (p;>15 GeV) = z:gllllll
Lﬁ 1 year of data B et
CONCZoj
2 |
Step 2
a HFL tagging =~ -
1.5 || Generator
.| cutof 60 GeV ._».,3,./.;//
X oo
:,;;;/ v-".‘;.,v.m.

E'

[GeV]
Sk/k [%]

. NEW

16 | [Fac preliminary ep+pp

N HeC
14 ep+pp
12 M ep+pp, no thy unc

10

before topmass cuts

— adding electrons
makes the LHC a Higgs -~
precision facility

WW ZZ gg vy 2Zy «cc tt bb pp Tt
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25
6k/%
Mo{t abundant SM Higgé decays 20
GKA)/O preliminary 15
@ LHeC
mLC 10

bb WW ZZ gg 1t

W ILC+LHeC 5

CC

M ee+ep+pp 0 -

- HL LHC area

preliminar\

V| Zy uu tt

— complementarity of colliders
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Searches for New Phenomena

BSM Higgs:
Azuelos, G., Sun, H., & Wang. K., Search for Singly Charged Higgs in Vector Boson Scammg at the ep Colliders., hnp/lanuv orglabd1712 07505, see also K. Wang and H Sun: talk at Sept. 2017 workshop

compositeness, contact interactions, excited/heavy fermions,GUT
Zamecki: arXiv:0809.2917, hep-ph/0104107
see also new limits from HERA: Zeus Collaboration, 1604.01280 and Zamecki, 1611.03825

Hemandez-Sanchez J., Das, S. P., Moretti, S., Rosado A, & Xoxocotzi, R Flavor wolahng sagnatures d neutral H»qgs bosons at the LHeC, rmp J/larxiv.org/abs/1509.05491
Das, S. P.,, Hemandez-Sanchez, J., Rosado, A., & Xoxocotzi, R., Flavor ugnalum of Inghhr and heavier vags bosons within Two nggs Doublet Model type Ill at the LHeC, http://arxiv.org/abs/1503.01464

Leptoquarks
Zhang J, Yue C-X, Liu Z-C, Signals of the first generation scalar leptoquarks at LHeC, Mod.Phys.Lett. A33 (2018) no.06, 1850039
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Impact of PDF @ High x

g-g production, g — qq i"’
— T

500

= r T L L B B B
[ . . _—
G 2500 — ATLAS Simulation Preliminary Opg = 10%  —
e C _[Ldt=3oo. 3000 1o, V5 = 14 TeV .
- O-lepton combined i 50
2000 [ ——— ATas203m" (5 -8 Tev, 95%CL -] .
- = ws 95%CL limit, 3000 b, () = 140
- ssssss 95%CL i, 300 o, (u) = 60
— — 56 disc., 3000 b, {u) = 140
1500 [— == soswc.0mlw-c0 g 55l
.,
1000 — gl G
C 2.0f

.

.
e
]lllllllllllllllll

|
0
500 1000 1500

2500 3000
m, [GeV]

2000

» Studies updated with modern PDF sets!
»  M(squark)=M(gluino)=ug=ue

»  LHeC PDF uncertainties unchanged 0.0f

»  Normalized to MMHT 14

— needs to be quantified by how much

Gluino Pair Produt

ertainty
— CT14 [
— MMHT14

—— NNPDF30
— HERA20

Christoph Borschensk
Michael Kramer

LHC (14 TeV)

I

HL-LHC analyses would improve with %

PDFs being measured at LHeC

5

2.0 25 0 ! . ; 5.0
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Sterile Neutrinos
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Sterile Neutrinos

w +Jort™ +J

q

A J
y
.

+ many backgrounds included
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Sterile Neutrinos

- Bk J ,LL_ _l_ J or 7_— _|_ J
® 9
R / E 107
&/
LFV &
- N . 200 300 )00
€ > 8/3 - B :
w- W7 /
. 10 [
‘ ] Cs_z I —= - Expected median 95% CL
q > > J > B Expected : 15
.E- Vs=14TeV ] expected - 20
+ many backgrounds included 5 el
o
PN
0
g0

260 400 600 800 10-00
M, [GeV]
Antusch et al.; [1805.11400]
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107°
Three Generatiol

ns
of Matter (Fermions) spin %
| ] 1]
mass 2.4 Mev 1.27 Gev 173.2 Gev.
@ (FNC | A
name — up charm top
| asmev 104 Mev. 4.2Gev
= | = EZ)
id s =b
o down ‘strange bottom
o
0 0 o (U
Vc Vv V‘r >:
el n Tuoy’ B
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e Pp BT
— | electron muon tau

®
|
A 4
D
=
)
S
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w +Jort™ +J
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300

- M(N) [GeV] 900 1000
_ W:F J -
: F
0 HL-LHC efut+J
J S e - Expected median 85% CL
q : : ] Z_ - Expected + 1o
’g’ Vs=14TeV B cecied - 20
+ many backgrounds included E ¥s = 10%
—
O

400

600
My [GeV]

— improves limits considerably  Antusch et al.; [1805.11400]
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Sterile Neutrinos

1077,

Three Generations
of Matter (Fermions) spin %
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— exciting prospects
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Physics Conclusions

e very rich and diverse field
of research!

e LHeC will do PDFs
important for LHC

e LHeC is high precision
facility for EWK, Top, Higgs
physics with high sensitivity
for BSM physics

— DIS is unique in studying the inner structure of nature

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

— large sensitivities to discover new physics!
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3 Raisons d’Etre for the LHeC

Physics
- Microscope: World’s Cleanest High Resolution
- Empowerment of the LHC Physics Programme
- Creation of a high precision, novel Higgs facility
- Discovery Beyond the Standard Model

- Revolution of Nuclear Particle Physics

Spreader 38m Recombiner 38m

F Compensation Linacl 1008m RF Compensatig
+ Doglegs + Doglegs
+ Matching 96m + Matching 120m}

Arcl,3,5 3142m Arc2,4,6 3142m
. Dump
Recombiner 38m
+ Matching 20m  Spreader 38m) Bypas

Linac2 1008m IP Line 196m

Technology

Accelerator: Novel SRF ERL, green power facility
Detector: Novel high tech (CMOS..) apparatus

- Keep accelerator and detector base uptodate
while preparing for colliders that cost O(10)BSF

Sustainability and Cost

LHC:

- see: SM, Higgs and no BSM

- use: Investment of O(5) BSF

- run: HL LHC until ~2040

LHeC [1206.2913, update 2/19]
-1.2 TeV ep/A for O(1)BSF

- Establish novel ep+pp

Twin Collider Facility at CERN:
sustains HL LHC and bridges to
CERN’s long term future

For installation during LS4 (2030+)
and long term use (HE LHC, FCCeh)

Contributions to cost

0.8 |
2
<z 0.6 =“>=Tunnel
)
g 0.4 =Linac
. = Magnet
302 agnets
- <
0 !

15 30 45 60 75

— exciting project!
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Our future hasn’f been written yet.
Our future is whatever we make it.
So, let's make it a good one

, (. Dbc Brown)

LH-O




Backup
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High Energy eh Colliders

VHEeP (and PEPIQ):
Very High Enerqgy P and eA colliders

Short laser pulse _ Noplasm
,‘ . '1..‘.' -

Wake potential

A. Petrenko, CERN

kp =1.3 mm

Ee=3 TeV, Ep=7 TeV
. N\ = +/s=9 TeV

1028—-1022 cm-2s-1 = ~1 pb-1 p.a.

o
€ ° Data * VHEeP reach
2 1
; — W WHY?|
.§ 4 Regge fits:
g § - DL 1992
@ & ~ DL 2004 . \
2 ¥ T
5 M |
g -1 s :"Q"i}(«’\w-ﬂemys@mt-‘f """""""""""""""" Huge cross SeC‘l'ion _
10 "0S:
no statistical
0- tot uncertainty even at
Yp 1028 cm-2s-1
1 10 10° 10° 10°

Photon-proton centre-of-mass energy, W (GeV)

+ many more physics topics
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Energy Recovering Linac

thergy Recovering Linac (ERL):
njector - Ee=60 GeV = Electron Energy Recovery Linac (ERL)

F Compensation Linacl 1008m RF Compensa

Spreader 38m Recombiner 38

Dogl Dogl
I Mg?c?\?:g 96m -+|- Mzgci?:g 120m added to I—HC
Arc1,3,5 3142m Arc2,4,6 3142m P = Ee =10-60 GeV

Ep =1-7 TeV
= 13.5 TeV HE-LHC, 50 TeV FCC
wrm = /S=200-1300 GeV
= Kin.: 0<Q?<10°GeV?,1>x=10"°
« Four orders of magnitude extension
' v INn deep inelastic lepton-nucleus (ion)
Powerful ERL for Experiments (PERLE): scattering.
= Electron Polarisation P=+80%.
= Luminosity: O(10°% cm™s™
« integrated O(1) ab™' for HL LHC
= 1000 times HERA
= O(10)fb"in ePb
= operated simultaneously to LHC
operation (not affected)

Recombiner 38m Dump

+ Matching 20m  Spreader 38m ’
Linac2 1008m IP Line 196m
8.9 km

Bypass

SC RF cavity prototype: ‘ A 4

’ ERL demonstrator
O(10 MeV) physics
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LHeC and FCC-eh Detector Layout

SO/ (3) n oid

Fwd
%?r%?; Central
ag,,etic'gacker Bwd

Qlop;
‘o, Imgfgacker

.

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

5 layers Si-strixel

(see Table of Detector Dimensions/
Parameters in backup)
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High Energy ete- Colliders: ILC, CLIC, FCC

e

N 2.4 - ttthreshold - m™S171.5Gev | ]
— " | —Benekeetal NNNLO —CLIC 350 LS + ISR ]
S 4, [ —ISRonly FCCee 350 LS + ISR 1
= 1.2 _.c350Ls + ISR -
3 ey g e AREPRY /. 8 N ]
- Compact Linear Collider (CLIC) “# Suge \5(GeV) ) b 1 - E
/ W 380 Gev-11.4km (CLIC380) . | 380 300 ) K i
* WS 1.5 TeV - 29.0 km (CLIC1500) é 5 1;5)2 n;:: n B ¢ Yt,as ]
| 0 3.0Tev-50.1km (CLIC3000) | 4 T E—— o 08 h
7 il e °Tr
, £ i ; 0.6 - -
04 .
0.2 based on CLIC/ILC Top Study |
gy e 2 EPJ C73, 2530 (2013) .
Geneva f d, O | 1 1 1 1 | ! ! ! ! | !

i A Y/ 340 345 350

— properly defined 1S mass!
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Future DIS colliders

Facility Years Ecm Luminosity Ions Polarization

(GeV) (1033cm—2s71)
EIC (eRHIC) >2025-2030 30— 140 2—-15 p—U e, p, °He, Li
EIC (JLEIC) >2025-2030 20—65— 140 2—50 p—U e, p, d,3He, Li
EIC in China > 2028 16 — 34 4 — 100 p — Pb e, p and light nuclei
LHeC > 2030 200 — 1300 10 depends on LHC e possible
PEPIC < 2030 530 — 1400 <1073 depends on LHC depends on source
VHEep > 2038 9000 107° —10~* depends on LHC depends on source
FCC-eh > 2044 3500 15 depends on FCC-hh e possible
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Why ep/eA Colliders?

——y e — ety o S
- Measurements with A = 56 (Fe):

E e eA/uADIS (E-139, E-665, EMC, NMC)

= vADIS (CCFR, CDHSW, CHORUS, NuTeV)

© DY (E772, E866)

e Kinematical reach:

10 T T T
— EIC
"/ 4
Stk 2 I
(=] E :“J”
S Present

3 [ fixed target DIS and DY N
10" E LHC dijets [ erturbati
i LHCW & Z |_perturbativ
1" CHORUS neutrino data

10° £ W PHENIX 7’

Er\oynurbative

10 — E
! 4 I-3 H““I-" “ l“‘“1-1 T :
10 10 10° ;10 ! 208pp(2750)+e(60)
***Pb(4920)+e(60)
s D|S offers: Pb(19700)+e(60)

=?» a clean experimental environment:
lower multiplicity, no pileup, fully
constrained kinematics;

=» A more controlled theoretical setup:
most calculations in a dilute-dilute/
dense regime.

Slide: N. Armesto
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[a—
o

[
o

-four-momentum transfer squared Q2 / GeV’
o

High energy frontier eh physics

o))
T

9]

w
TT

LHeC Experiment:

KXX]
HERA Experiments:

[ 1 H1 and ZEUS

IIII| T T nylll

RPV SUSY, LQ

EW symmetry breaking:

/ Substructure ?
H-> HH

Fixed Target Experiments:

High PPeSesess '
Precision é/ﬁggs 5 Ié?&%i’é‘
QCD & 1 Boson

EW/itop |-

1
Physics 9 S

High Density Matter
- New form of

gluonic matter?

—

UHE Neutrinos

10

-1

IIIII 1 1 IIIIII| 1 1 IIIIII|

IIII| 1 IIIllIIl 1 IIIIIIII

10

-7

10 10 10

-6 -5 -4

- 2
10 10

-1
1OBjorken xl

e precision EW
measurements

e top quark factory:
study EW interactions
with top quarks

e precision Higgs
physics

e search for new physics

— ep collider excellent to explore QCD and EW theory

Electrons for the LHC - LHeC
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Nuclear Physics: Comparison to EIC

109;?| |||||II| T |||||II| T |||||II| T |||||II| T TTTI T TTTII T TTTI T TTT } 109;5| |||||II| T |||||II| T |||||II| T ||||||I| T TTTII T TTTI T TTTTI T IIII‘I'§
1ofb 7 Au(100)+€(20) : ok, 97Au(1 00)+e(20) ]
= 208ppy(2750)+e(60) ' = 208ppy(2750)+e(60) -

7 7
10" 29%ppK,(4920)+e(60) 107 29%pp,(4920)+e(60) 3
10° 10°
— 105';— 105.;— _
> F -
é)‘i 10° 10 pPb@LHC |
O ok 10% GE
EQiat pb(X) e atpb(X) 7 7 ]
102§ : 102&
10 10 / Present.
= = RHIES - 7"~ 1
£ i LN T
107 :J=' 10" :J=| ué / i“]_.:mﬁ N
10° 107 10° 10° 10* 10° 102 10" 1 10° 107 10° 10° 10* 10° 102 10" 1

Plots: N. Armesto
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Scale Dependence of sinZ20w

PERLE CDR, Arduini et al, to be published ./.

ICFA BeamNewsletter 68 (January 2016)

LHeC CDR,

J.Phys. G39,
075001 (2012)

eeeeeeeeeeeeeeeeeeeeeeee

< -

LI lllllll LI lllllll 1 llllllll

0.245

T 1 lllnl‘

LA

LI lllllll

T FCC-ep MSbar
0.240 wm{ow(e) ; INuTeV definition
PERLE
3 0.1-1GeV LHeC
= APV)
Nz 0.235 WA 0,59 eDIst
= accuracy
LEP 1
0.230 SLC
LHC
0.225
I lllllld 1 llllllll 1 lllllld 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 1 1111
0.0001 0.001 0.01 0.1 1 10 100 1000 10000
u [GeV]

— probe large range of scale dependence
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Scale Dependence of sinZ20w

+-—>

; I ) I 1 ) 1 | 3 I ' | 1 | [ Bl 151 &l | I Ll |
S - || ¥ LHeC (sin°®,, (on-shell)) -
% 0.226 __ 4 FCC-ep (sin°®,, (on-shell)) __ on-shell
||~ PDG . definition
|| | LHeC FCC-ep B 2
0.224 1 sin0,=1— m_‘;,
m
{YTERTIRTINT f1ik R
0.222|- &l
i Am,, ~10-15 MeV {
i over a wide range i
0.22- o
| preliminary i
| 1 I 1 1 | | [ ] 0] 5 | I 1 1 | | DR S8 8 | I 1 1
10 10 10°
u[GeV]

— probe large range of scale dependence
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Vector and Axial Vector NC Couplings

LHeC e simultaneous extraction with PDFs FCC-ep
> 0.6 Ea g | 2 . ¥ | © . Tl k] ] E

 prelimina = - LHeC J

05 «... 0.4~ C_JFCC-ep il

. 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

0.2 0.4 0.6 -0.6 -0.4 -0.2 0 0.2
a, a4

— high precision measurement of light quark couplings
— test new physics: Z’ boson, R-parity violating SUSY, leptoquarks
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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
— pf = = = : :
P — Pz o*(P7)+ ot(PR) NC EWK interactions
T TE0,TVEIROr 0 TS L.
¢ 1 G ) e e R e
W DO
1

' A+
1 I
— HIMF
Ay 14
'l ol ol
i
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Asymmetry Measurements

- = - - = = . . -
. : 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 : =
2 06F W
E 04
S 02f
e 11 times higher 2 0 K
center-of-mass 2,
© —V.c [
energy 2 4F _
e 100-1000 times & 0+ ' o e
higher luminosity & 06 47 S
: : : — 10
e 2-3 times higher 0.8 “pre L 11 -
polarisation Rl el
— extend by 2-3 10 L e 10 a0
orders of magnitude | Q* (GeV?)
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Asymmetry Measurements

+/( p* +( pt : ..
. 2 - (Pr) — o™ (Pg) e study P-violation in
— DpE = = = i i
P — Pz o*(P7)+ ot (P3) NC EWK interactions
1 [T .
- ¢ FCC simulated data FCC-ep
0.8 F e
—— vy, v Zand Z
& 0o e
E 045
S o02F
_ _ @ CE pure Z exchange
11 tlmesfhlgher c 0F becomes
;‘r“:trzry'o “Mass g 02 important
e 100-1000 times < 04 _—
higher luminosity & 0.6 -
polarisation Gl vl vid vl il ol 1l
— extend by 2-3 o |0 R o e ol (i (0
orders of magnitude Q* (GeV?)
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Measurement of |Vcs|

Vud Vs Vub
V=1 Vu Veb
Via Vis Vi oD —=Klv

ATLAS

(]

a D, —=lv —_—

© NNPDF1.2 0

» ATLAS-epWZ16 —t—

inner uncertainty: exp only
outer ulncertainty: toltal

L ! T BETR
08 08 09 095 1 1.05
IV

HERA+ATLAS > V_,

Expect LHeC+HL LHC to be 10 x better

from +2-3% to surely 0.5% or below
(work in progress)
— heavy flavour factory
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Measurement of |Vid]

Vud Vu S Vub 24 -—.*.l./"eV(DSOGeV@LHeC LHeC oo — L H C

P,=0.8 B

o
V=1 Veg Ves Ve ‘ 2

Vid) Vis Vi
‘ \similar

V" = 8.5751 5068 x 1072

IVia/Vig™M|

N e ¢ |th|<0.05

102 10

P,=0.8 FCC —-€p =30

] ".,., =20

DELPHES

Hao Sun to be publ.

IVidVig |

— |Viwd| <0.02
“wm " at20C.L
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Measurement of |Vid]

26 LHC. 3000 fb~1@14TeV
Vu d Vus V'u,b LHC _z__./.’ 7TeVEB0GeV@LHeC LHeC 5o
po T, Pe08 — H L_ LH C
V=1 Veg Ves Ve e
s “mm arXiv:1709.07887

|e—— 50

< 30
< 20

] — |Vid]| <0.05

| L . L . L —
102 10

—— < 20
P,=0.8 FCC -€ p =30

Vid) Vis Vi
‘ \similar

V" = 8.5751 5068 x 1072

IVia/Vig™M|

DELPHES

SM
|Via/Vig™ |

Hao Sun to be publ.

— |Vw|<0.02
— extend HL-LHC limits "~~~  _:>5CL
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Top Quark Polarisation

Atag, Sahin,

€ \/ 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'r dcos@ - 5(1+ATlac050) An = NT—I—Nl
P _ T S | | | | | | 1 )
T oo [LHeC SM
using simply e-beam axis: | Ee=60 GeV
- = 0.7 +
polarisation: Pt = 96% g |
TESLA+HERADp: s ol fR=02
Js=1.6 TeV =
Lint=20 fb-1 05
o accuracy of order 10-2 |
19.7 fb'l: ATl = 0.26+0.11 0 L assuming 10% systematic uncertainty

-0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8
JHEP 04 (2016) 073 cosd
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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
quark

ol

—__cfns
massless

logQ?/GeV?

® in 6 flavour number scheme, top receives at Q2~my? certain fraction of the proton's momentum
® need to understand what a “top PDF” is in the framework of parton model

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

Boroun, Phys. Lett. B744,

Lint= 10 fb'l
Ec=60 GeV

Y

142 (2015)

variable flavour
number scheme 1
for top quark

2> 1E-4

1E-5 Q2 < 4mf

1E'6 |

v Q°=100
Q*=1000
Q*=10000

LAY | T LAY | T
10000 100000

= (1+ ? Q% 0
4m?
r=zp(1 Q—;)

— LHeC/FCC-ep opens up a new field of top quark PDFs
and to unveil the complete flavour structure of the proton

Electrons for the LHC - LHeC

- Christian Schwanenberger -

Future of Particle Physics



Top Quark Anomalous Cou

o
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Limits of couplings at 95% C.L.
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o

Dutta, Goyal, Kumar,

DELPHES C75 (2015) no.12, 577
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Mellado, Eur. Phys. J.

Kumar, Ruan, to be publ.

KRg -
L=~ge ) Quy'to" (fo+ hy15)qAu + hoc.

q=u,C

Turk Cakir, Yilmaz, Denizli,

DELPHES | =ov: fion eneray enys. 2017,

1572053 (2017)
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10°® 107 10
BR(t — qy)

& 10°k

L = Kiantuh + Keentch + h.c.

Sun, Wang,

parametrisation arXiv:1602.04670
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CP Nature of Top-Higgs Coupling

= rapidity difference (H,t) top polarisation angular asymmetries (bz,l")
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M. Kumar
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— powerful probe .
. 10% uncertainty on _
of ttH coupling background yields |K = 1.00 £ 0.17
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CP Nature of Top-Higgs Coupling

parton level
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CP Nature of Top-Higgs Coupling

L=- @f[KCOS ( +iyssindy]th
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. Kumar
Kumar
. Mellado

parton level Phys. Lett. B770 (2017) 335 LHeC
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Exclusion Contours (fiducial cross section)

‘ _ M S \ LHeC
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Prompt Higgsino (LSP) Searches BSM

signal difficult at LHC...

Han, Li, Pan, Wang, arXiv:1802.03679

i ]
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Typical signal: electron + jet + missing energy
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— many more ideas for sensitive searches to come!
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