The general-purpose LHeC and FCC-eh high-energy
precision programme: Top and EW measurements

D. Britzger for the LHeC and FCC Study Group
Max-Planck-Institut fir Physik Munchen, Germany

ICHEP?24 Conference
Prague, Czech Republic
18. — 24. July 2024

MAX-PLANCK-INSTITUT
FUR PHYSIK




D. Britzger — ICHEP24

The Electroweak Physics Landscape
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Important Electroweak relations

» Virtual EW corrections are parameterized
- very successfull: predicted m,,, and ~mMy;;46
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» Future of EW physics is on tests of these quantum
corrections: most comprehensive & most precise
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/ New electron accelerator

~50 GeV beam energy based on Energy Recovery Linac %
technology

Significantly increase of the physics potential
of the entire HL-LHC facility

-» at a comparably small costs

e—p collisions at vs ~ 1.3 TeV
-» Up to 1 ab" integrated luminosity

HL-LHC

existing/future infrastructure
(major investment)




Dedicated electron-ring attached
to the FCC-hh

Energy recovery linac
E. =60 GeV
Vs ~ 3.5 TeV

High Luminosity of
about 3 ab-

Concurrent operation with FCC-hh

D. Britzger — ICHEP24

FCC-eh (60 GeV electron beams)
E... = 3.5 TeV, described in CDR of the FCC
run ep/pp together: FCC-hh + FCC-eh

FUTURE CIRCULAR COLLIDER (FCC) - 3D Schematic

Underground Infrastructure
John Osbiorne - Willismn Brosmiley - Angel Movascuos

J. Osborne, W. Bromiley, A. Navascues
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Energy-/Luminosity-frontier DIS

L HeC/FCC-eh

S
 Considerably higher center-of-mass energy N?fw?; e [ High- )
than any (previous) DIS experiment © [ B¥ LHeC 'UT]'”‘?S'W
— QCD and hadronic matter precision i % ke PIYEES
measurements 105: ] BCDMS
— Empowering pp-physics programme at HL- k: % e,
LHC/FCC-hh 107
High Vs provides opportunities for "’
» Electroweak, Higgs and top-quark physics 10%:
but this is :
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High luminosity is a game-changer for DIS (e.g.
when compared to HERA)

|
4
i
AN
i
o
B
- R
-l
i
o
A
|

S F
a4

()

()

()

w
—
=]
=
=
OA
do|
—_
o
[N
—_
o

10 10 10



D. Britzger — ICHEP24

Electron—proton collisions at HL-LHC

Electroweak processes at LH(e)C

— / TeV proton beam Joit ]

collides with new electron beam
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Inclusive DIS: neutral and charged currents

Neutral and charged current interactions

atvs=1.3TeV Polarized e p cross section
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The weak mixing angle
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Weak mixing angle
* sin?B,, in neutral-current vector couplings (only)

g{, =  \/PNC,f (ILJ’J — 2Qf Ky 5.1]'1261,1;)

sin28,, + PDF fit
« Comparison to Z-pole data
» At future DIS facilities:
Most precise single measurement possible
« Note: need theory to map sin?6,, to effective
leptonic weak mixing angle

" Asin?®_ (LHeC-50) = +0.00021
Asin20 (LHeC-60) = +0.00015
+0.000086

~ Asin?g  (FCC-eh+LHeC) =
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Scale dependent measurements

Running of sin20,,.ff

. . . 0.25

the effective weak mixing angle is "~ [oExisting cara
preC|Se|y measured at the Z_pO|e In e_e : i:ﬁi: El)z‘cljiéa(r)ie:’?;:iicr::r;sep Projections
and p—p 0'245__ ¥ Future FCC, LHeC Projections e-

B SLAC-E158
New low-Q measurements will reach G O J\ 1
higher precision in the future & [ lm Quweak .

% 0_235__ eDIS ¢

Scale dependence at high-Q is only poorly E \ﬂ!
tested experimentally 023 R
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— Unigue measurement of the running' at high scales
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DB, M. Klein, H. Spiesberger,

Electroweak physics Lt

Electroweak physics of 1st gen. quarks
gy and g, of 1st gen. quarks ar largely
inaccessible in other processes

up-type quarks b down-type quarks
A S IR L
. []LHeC-50a B . - []LHeC-50a 68C.L. -
0.4 HH! O mmH1 P
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— PDFs are not a limiting factor for EW physics
— Also the scale dependence (‘running’) can be tested with high precision
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Ch. Bissolotti, R. Boughezal, K. Simsek

SMEFT probes in DIS experiments ~ reweore

SMEFT extension in NC DIS T
» 17 dim-6 operators in Warsaw basis 1 e
« 10 op's shift ffV vertex AT
» 7/ 0p's: semi-leptonic four-fermion ClI 0 _n_.;/ e
* NC DIS resolves some degeneracies that are present i o
in global EW(PO) fit S T
« Significant improvement over existing bounds
10 mm EWPO
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DB, M. Klein, H. Spiesberger,

Weak couplings of the W-boson el

EW theory provides precise predictions for charged currents, but CC processes are poorly measured
— neutrino escapes undetected

In DIS, the kinematics of charged currents are completely measured from final state and incoming electron

] T | L LA I T 1-03 _| " I AL A v ¥ L AL
[ ]JFCC-eh :EFCC—eh + H1 data
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— Weak couplings of the W-boson are precisely measured — even their scale dependence
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Direct W and Z production

ep—-v,+V+X ep—2>e+V+X

W~/Z W=/WH/Z

Total cross sections: ep— W*X  ~0(14pb)
ep—»> WX  ~0(15pb)
ep— ZX ~0(5pb)
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U. Baur, et al, Nucl. Phys. B 375 (1992) 3

Direct W and Z production T

W and Z-boson production through 5 production With T1ab of LHeC data
channels in electron-proton scattering 0(0.5 — 1.5 million events)
Important VBF channels: — high sensitivity to aTGC
e € N -t LHeC(E,=60 GeV)
v/Z e
W~/W*/Z W-/Z
LHeC
5
Sizeable (fiducial) cross section with leptonic decay
o) LEP
Process E. =50GeV, E, =TTeV E.=060GeV, E, =7TeV E.=060GeV, E, =T7TeV -0.10 ~0.05 0.00 0.05 0.10
P > 10GeV p5 > 10 GeV P > 5GeV A
e Wtj 1.00 pb 1.18 pb 1.60 pb
e W3 0.930 pb 1.11pb 1.41 pb ML .
v, W”j 0.796 i)b 0.956Ipb 0.956Ipb - SenSItI Vlty to AKY and )\Y
v, Zj 0.412 pb 0.502 pb 0.502 pb

e Zj 0.177 pb 0.204 pb 0.242 ph
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Top quark production in ep

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

/Z
t _
t
g
LHeC o~ 1.9pb LHeC o~ 0.05pb
FCC-eh o0~15.3pb FCC-eh o~ 1.14pb

Other channels are: top-quark pair in DIS (~0.6pb @ FCC-eh), single-top in DIS and yp
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V.| in charged-current single-top production

Direct measurement of |V]

Cut-based pseudo-analysis in hadronic channel
incl. backgrounds
— Estimated precision on V,, below 1% precision
— Limits on anomalous Wtb couplings: < 0.0

Vud Vus V'u,b
Vcd ‘/cs Vcb |V

ts,td
Vi

V = 1<0.04 (@Fcc-eh)

ATLAS+CMS Preliminary

LHClopWG

t-channel:
ATLAS+CMS 7+8 TeV'"”
JHEP 05 (2019) 088
CMS 13 TeV*
PLB 800 (2019) 135042 (35.91b™"

ATLAS 13 TeV®
JHEP 04 (2017) 086 (3.2 b))

tW:

ATLAS+CMS 7+8 TeV'"”
JHEP 05 (2018) 088
ATLAS 13 TeV*

JHEP 01 (2018) 63 (3.2107)

CMS 13 TeV
JHEP 10 (2018) 117 (359 1b')

s-channel:

ATLAS+CMS 8 TeV"”
JHEP 05 (2019) 088

all channels:

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

FCC-eh
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CC single-top production at NLO

Recent calculation of single-top
M. Gao, J. Gao, Phys.Rev.D 104 (20217) 5, 053005

Negative NLO k-factor

After (quite tight) fiducial cuts

top-mass determinations

production at NLO

Good perturbative stability at NLO
0~ 0.2pb
further theoretical uncertainties negligibly small in
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Final upgrade of the HL-LHC

e_p upgrade Of the HL'LHC — Exploit full physics potential of LHC

(see talk by J. d'Hondt)

essential enabler for the
physics at any new high-
energy hadron collider

ultimate upgrade of
the LHC physics reach

i.e. SRF@LHeC as prototype series

. and training for SRF@FCC-ee
fast-track to new and impactful fast-track to the optimal ’
opportunities at colliders for SRF performance of a H-factory &
attractive SM & BSM physics cost/risk reduction for SRF at FCC-ee
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Summary

Electroweak physics at LHeC & FCC-eh

» Unique measurements of scale dependence of EW interactions
O(millions) directly produced W and Z-bosons = aTGC

EW physics in pp at HL-LHC needs LHeC-PDFs (see talk by C. Gwenlan)
Complementary measurements to Z-pole data

Outstanding yy collider prospects (see talk by. K. Piotrzkowski)

Exciting Higgs prospects (HWW.Hbb,Hcc) (see talk by U. Klein)
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0.245

[ [®Existing data
: -+ Future Fixed target projections
o Future EIC/ECCE Preliminary ep Projections FCCep
¥ Future FCC, LHeC Projections. (_}-;[ iz az2 ii

i SLAC-E158

LHeC
e}i;u 1

EIC-ep Prel.

Top physics at LHeC & FCC-eh
* Rich top-quark programme: Single-top factory [V, (~1%),
* top quark couplings (Wtb, tty, ttZ, ttH, ...), anom. couplings,

* FCNC, properties: polarisation, charge, PDFs;

 searches for new physics, CP violation in top-Yukawa, ...
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0:28r= I MOLLER LG
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i
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B o e ra
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ye # . \
,;_i‘.: o " New electron accelerator \
\,3:_" \ ~50 GeV beam energy based on Energy Recovery Linac % _ps
f L‘I technology
ey b : :
\& )/ Significantly increase of the physics potential
P of the entire HL-LHC facility |
,/ -+ at a comparably small costs’
A
\ e—p collisions at vs ~ 1.3 TeV >
N - up to 7 ab integrated luminosity 5@'
\‘xs% 3,4' P
HL-LHC Pa
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The ep/eA study at the LHC and FCC — new impactful goals for the community

n 7
More information: 2023 S 2024 = 2025
https://indico.cern.ch/event/1335332/ input to ESPP

proton and nuclear structure from EIC and HERA to LHeC and FCC-eh

novel QCD with high-energy DIS physics: what do we discover when breaking protons and nuclear matter in smaller pieces
Nestor Armesto, Claire Gwenlan, Paul Newman

= five thematic physics
general-purpose high-energy physics program: precision physics and searches and technology
enabling direct discoveries and measurements in EW, Higgs and top physics with high-energy DIS collisions working groups

Monica D’Onofrio, Uta Klein, Christian Schwanenberger
= annual ep/eA

ep/eA-physics empowering pp/pA/AA-physics (LHC and FCC) workshops (WS)

improving the ATLAS, CMS, LHCb and ALICE discovery potential with results from a high-energy DIS physics program
Maarten Boonekamp, Daniel Britzger, Christian Schwanenberger

Subscribe to mailing lists via

developing a general-purpose ep/eA detector for LHeC and FCC-eh o O TGl

use the search option, and
critical detector R&D (DRD collaborations), integrate in the FCC framework, one detector for joint ep/pp/eA/pA/AA physics e e i c-?c ceh-all” or

Paul Newman, Yuji Yamazaki “ep-eA-WG” in all e-groups

developing a sustainable LHeC and FCC-eh collider program
design the interaction region, power and cost, coherent collider parameters & run plan, beam optimization, ...
Oliver Bruning, Yannis Papaphilippou
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Higgs and Electroweak ep

SMEFT fit results after FCC era T e

Couplings and correlations
FCCee+hh FCCee+eh+hh

Significant
reductions for Hee
and Hbb

A\ § eh contributes to
:7 the HWW and HZZ
%\ | | couplingsand
s | | resolves their
= | correlation.

//‘
P
o CEPC: ILC Unpolarized: CLIC ( = 80%, 0%):
40Gev @D 290 GoV EPC: arized:
ey I e cev - 240 GeV - 750 GeV - 0 Ge
- 250 & VS50GeV - 300 & 1500 GoV
C m 350 & SO0 G 250 & 350 & 500 GeV 300 & 1500 & 3000 Gel'
Correlation < 50 - Correlation > 50% o Perfect EW

( PRELIMINARY )

Jorge de Blas 4th FCC Physics and Experiments Workshop
- Durham University November 13, 2020
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s-channel (e*e’) vs. t-channel (e*p)

Electroweak physics in ete- collisions Electroweak processes in DIS at LH(e)C
ete” Physics Processes at ILC, P = (+80%, —30%) e pEp=7TeV

=) 1(_)3%- 3 —_— ZH —mee uDH 10114 — CC | = 7 W H —_— — InC
? tt ——- ¢e¢te H === NC | =—— HZ — HW - HH — it
£ 1074 HH —_—— WWZ
§ wtw- —— ZZZ 109 A g ————— e ——— =
g 10°
S TSR A1\ —— 107 4

104—; 3 10°-

1084 ©

1 103 4
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Expectations: m, + PDF

Determine W-boson mass together with proton-PDFs

—  LHeC with L ~ Tab
W-boson mass
_ « LHeC (E.=50GeV): Amy, =+ 8 MeV
Direct measurements
e . « LHeC (E.=60GeV): Am,, =+ 6 MeV
evatron ——
ATLAS .
Indirect determinations yyd * FCC-C/’) with L ~ 7ab,_7 AmW =+4.5Mev
LHeC-50 S (includes PDF uncertainty of about +3.6 MeV)
LHeC-60 ——
e « FCC-eh + LHeC: Am,, =+ 3.6 MeV
FCC-eh ——
FCC-eh + LHeC-60 - : . :
« Indirect determination of my,
PDG ez [ « Complementary to 'direct' measurements
80.35 80.4 — Consistency test of EW Standard Model

m,, [GeV]

Smallest uncertainties from a single experiment
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e—p upgrade of the HL-LHC

Final upgrade of the HL-LHC
— Exploit full physics potential of LHC

Large Hadron Collider (HL-LHC) — a bridge towards a major new collider facility
until early 2040’ies

Future Circular Collider (FCC)
from late 2040’ies

FCC- eh/hh@CERN {3 5/1\"(%0“'{AeV]
i et

(Y3-224 40f auo Ajuo) 43pijjoa yana
10J Sd| Z 3Wnssp siaquinu

J 4y@ M; (150ab1)
1-2y @ 2xMy (10ab?)
3y @ 240 GeV (5ab?) :
N Sy @ 2xm, (1.5ab)

25y @ hh 100 TeV (30ab?)

=167 maghets" £ @ eh 3.5 TeV (2ab)

feasibility of the FCC is being investigated

30
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