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LHeC: A Broad Particle Physics Program at High Energy

B3 The LHeC at the frontline of particle and nuclear physics

Wide-ranging and deep physics
programme spans:

e PDFs, strong coupling constant, low-Xx
measurements

e W mass, sin?0, top mass, Viw, and other
high precision measurements in EWK and
top sectors

e Higgs measurements with additional
sensitivity a precision Higgs facility
together with LHC

e Searches for new physics, including
prompt and long-lived new scalars from
Higgs, SUSY particles, heavy neutrinos,
dark photons and axions

e High-energy and high-density
measurements of heavy ion collisions
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e High-energy and high-density measurements of heavy ion collisions
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Determination of the strong coupling

® o is least known Tk S B oo O A
I- % 0.55 e LHeC inclusi%e[jets 1e]xpod.exp. uncert, ABM : ® =
COUP Ing conStant C 0.3 4 H1 inclusive jets (NNLO) | ABMP ——
* JADE 3-jet rate [NNLO+NLLA+K | =
y 0.251 m 1 decays [PDG] [N[’Lol | a BBG . @
e + GFitter EW fit (N'Lo) JR - &
e 02+ + LHC dijet (nnLO, prelim.) - NNPDF | Py
' MMHT —e
o | LHeC | -
— - H1 ——
NP & HERA incl. jets ——e
. * | LHeC incl. DIS (e =50Gev) -
— + i LHeC incl. jets -
g. P g * T - LHeC DIS+jets o
T [ 40 LHeC incl. DIS (' run) =
p BRI s oo 5T T ST 0T =
10 100 1000 10000
World average [2018 o
(y% = Q2 - p2T ) Ho [GeV] | Ig l[ ! | N I R T N RN RN
e s from fits to ep jet production 0.11 0.115 0.12

e s and
LHeC simultaneous PDF+ag fit: arxiv:2203,08271 Achievable precision: 0(0.1%) - x5-10

’ Aas(mz) = iO.OOOZZ(eXp.q-PDF) better than ’rodcy
» Aas(my) = £0.00018 (with ep jefts)

— unhprecedented precision
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ewk  EWK Fermion Couplings and SMEFT couplings BSM
08) = (¢"i D, T'¢) @y 7'g
Oyp = (' Dup)* (' D )

Britzger, Klein, Spiesberger,
Eur.Phys.J.C 80 (2020) 831

;13
8{4 = \/PNC.fPNc,fILf ,

gy = \/PNc,fPch,f (1. s = 2Qknc e Sin” 6w )

L . ——— _
Y/Z(q) - : | A
— precision on per mille level | {1
(largely unaccessible in e+e-) 5 \ :
- AT
- FCC-eh 68C.L. - | \ -
O LHeC-50 - & o '
IEI ) | EI o \_‘-
T _slmm EWPO
0 Joint EIC
0 Joint LHeC
1 Joint FCCeh -
1000 Y -
~10 -5 0 5 10
aeniv:2306. 05564 o or Cep

FCC-eh and LHeC will improve upon existing

Electroweak physics of 1st generation quarks are precision electroweak bounds in SMEFT parameter
largely inaccessible in other colliders space in many cases, also for correlations
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EWK Scale Dependence of sinZ0w BSM

LHeC CDR,
zgizEAggRI:IOTE 2018-0086 J.Phys. G393, - A
_ACC-NOTE-2018- RLE | =i, 075001 (2012) g, = /pnoys (12 — 2Qsknc, f  sinfo,, FCG-eh .
’ 0.06} LHeC-50 -
3 I e ]
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24 : . n . T ! d
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0.24 < = = $0.00010,, +0.00004, - -
- J . .
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o 0.235 = . el m
- — high sensitivity to NP
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, e T ey
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3 —>— F o Pl e y |
3 ] P2 {SOLID : p , )
3 K G 10:—-- ---‘.-.6,-
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WSSl The LHeC at the frontline of particle and nuclear physics - Monica, Uta, Christian - ESPP White Paper Preparation Meeting 7



Top

=1 in SM

DIS to

~

P

Expected measurements of Wtb couplings
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arXiv:1307.1688

Kumar, to be publ.

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019) H. Sun PoS DIS 2018,
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Higgs Higgs coupling combinations in k-framework

CC(e - p) DIS Higgs Production Cross Section 3 e CcChobb
4 X 1 O Step 1 FCcCh— 95
= 12 50 Basic kinematic cuts and CCZ—j
X 3 - CICJ B 100 fb? loose selection (p;>15 GeV)||—
™ : FCC-eh > _ 1yearof data '
= 1000 fb L -
L LHeC 41—
3 : 500,000 H' » Step 2 X
0 HERA 3 H 9 bb HFL tagging =~ -
195 Gy v
4 1
) DELPHES | |
5
| Eic 0720 40 60 8C A0 160 180 20
-6 [ npolarized electron beams at EIC and before topmass cuts
ilsl;::l:egr:us polalrized (P=-0.8) at LHeC and FCC-eh SteP 3 ij [GeV]
70 1 2 3 4 BDT in
cms energy /TeV Search Window

; e”  Higgsstrahlung Z we profit from
6 diversity through
LHC g :*:LH;'E) complementarity
€P¥PP | atic00
. — adding electrons

— 1% makes the LHC a Higgs
o . .
precision facility

gg TT cc Y4 Yy
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SMEFT fit results after FCC era

Couplings and correlations
duction f
FCCee:+hh FCCee+eh+hh Hee and Hbb

| eh contributes to
A \‘ % the HWW and HZZ
N couplings and
4 \ /resolves their
2 . correlation X

= | reduces further
/ | correlations X

| |
— , 4‘ AL "é".r‘""‘““" o inew Y e [FCCowthbeoh: ILC ( £ BO%, 5 30%): ILC Unpolarized: CLIC ( £ BO%, 0%): nggs SMEFT coupllng
@D 240 & 365 Gev = : :::‘:',:n OV = i :""’;:,m‘ - :”' Am\:/n'n(.av — e = zm (A‘:ﬁi v > n:t \:;u . l\(l(h s?sx vV j’ )(A 1\.";()0 GeV - - -
Correlation ., Correlation > S50% o orfoct EW Comchailon ¢ 0% .IB).IOA,(I_(:"./' . ) & 350 & 500 GeV | 300 & 1500 & 3000 GeV Com bl natlons proflt from
PRELIMINARY di it d
iversity: ee, ep, and pp
Jorge de Blas 4th FCC Physics and Experiments Workshop
- Durham University November 13, 2020
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IV,

Complementary searches for BSM: heavy neutrinos BSM

Search for heavy sterile

Search for heavy Majorana

I of Maer (Farméons) spin ¥ . . . 2
neutrinos in the 1 final state neutrinos e B M S T MEG.02-|090"| — LHeC (LFV): © "aeaﬂl
| 7 - 20LHeCL 0 —> @ ~Fu fc ot . ----- DELPHI: @*=|8]2 — FCC-he (LFV): ©=|6,6,
10" & o e &
2 ion % 9 =k — ATLAS:0%=(6,]2 - LHeC (displaced): 6%=]6, |2
Ve . H  — LHCb:@%6,|? FCC-he (displaced): ©%=|6, |
<&/ 1] W g0
107 Y LFV £ 10°
102 10° B N °
m, [GeV] € > E
arXiv:2210.17050 W- *§
q > >

]\f
€ - * | N T
o4 D z 10 :
‘ IMeractio LT T T S . --
n;;;::on % PV l “ J = J . > ------------------ |
— | arXiv:2007.14491 -
10—9_ . " IR I T——— . " RN W R————
. , 5 10 50 100 500 1000
Tracker ’
- < J My [GeV]
jet A arXiv:1908.02852

B3 The LHeC at the frontline of particle and nuclear physics - Monica, Uta, Christian - ESPP White Paper Preparation Meeting



Final remarks

Wide-ranging and deep physics programme
spans:

e List of topics: we have to decide which goes
here and which goes into other chapters,

which are missing, which we do not need to
cover explicitly

e LHC empowerment: using LHeC input for
HL-LHC analyses not included here. Will have
to go to next chapter by Claire and Maarten

e 20 GeV staged option for ERL: we would
have to study the impact on different physics
topics. e.g. for BSM the loss is major in almost
all scenarios of interest, which is something
we should carefully reassess. We should
discuss this!

B3 The LHeC at the frontline of particle and nuclear physics - Monica, Uta, Christian - ESPP White Paper Preparation Meeting
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Higgs coupling combinations in k-framework

CC(e - p) DIS Higgs Production Cross Section 3

a x10 Step 1

- i) 50 Basic kinematic cutsand  ||L

T 3 - S - 100 fb loose selection (p,>15 GeV)

™ : FCC-eh > _ 1yearof data

= 1000 fb L -

e . LHeC 4r

3 500,000 H's . Step 2 X
0 HERA 3 Hé bb HFL tagging =~ -
2 of 7 -
-3 E,:‘.Em O imary vertex
) DELPHES

2 0 160 180 200
-6 i larized electron b t EIC and before topmass cuts
HERA, versus polarized (P=-0.8) at LHeC and FCC-eh Step 3 M; [GeV]
70 1 2 3 4 BDT in
. cms energy /TeV Search Window
200 improvement wrt HL-LHC first

8x/%

3.50

x3.5 better

time
LHC| -
€PTPP - x1.5
1%~ ) _ — 1% — adding electrons
l makes the LHC a Higgs

precision facility

B HL-LHC mLHeC M pp+ep
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Empowering HL-LHC physics through LHeC

e

(oo

: .. ep analyses with sensitivity
High precision ep
complementary to LHC
measurements
: . analyses to complete the
used as inputin Il LHC ohvsi
LHC analyses for overa physics program
their improvements
e———
= o s

—l @ LIS INRAYA I

input

ep measurements to considerably
improve LHC physics output, e.g. in

final combinations

LHﬁC The LHeC at the frontline of particle and nuclear physics - Monica, Uta, Christian - ESPP White Paper Preparation Meeting



Empowering HL-LHC physics through LHeC

— Empowerment of LHC
program
— |Input to pp physics analyses
e

iImproving sizable uncertainties

and limitations (AT -a

High precision ep
measurements
used as inputin
LHC analyses for '
their improvements
= i St

—l @ LIS INRAYA I

input
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Empowering HL-LHC physics through LHeC

e

(oo

— Competitive precision of _
measurements and
combination of results
f——— =l
= e e

— uncorrelated uncertainties

parameters of interest

— resolve common/

correlated uncertainties ep measurements to considerably
between ATLAS&CMS improve LHC physics output, e.g. in
— empowers global fits final combinations

input
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Empowering HL-LHC physics through LHeC

e

(oo

ep analyses with sensitivity

complementary to LHC

analyses to complete the

overall LHC physics program
= I

— high precision QCD analyses
— high precision measurements

of specific parameters

— searches in complementary

phase space regions

input

LHﬁC The LHeC at the frontline of particle and nuclear physics - Monica, Uta, Christian - ESPP White Paper Preparation Meeting



Precision of W mass and effective electroweak mixing angle

W mass uncertainty prospects @ HL-LHC

[ ATLAS low-<pu> HL-LHC prospects J

my, Uncertainty [MeV]
o B o o o

—
o

P lllllllllllllllllll

o NN~ OO 0

LH

= | | | |
~ ATLAS Simulation Preliminary

—my frommy &prinf <4 N giat @ PDF 1 1

I POF

CT10 CT14 MMHT2014 HL-L

with LHeC

W-boson mass | |
HL-LHC + LHeC PDFs ¥  Amw=+[2 MeV
Direct measurements
LEP2 °
Tevatron .-
ATLAS °
CDF ——
Indirect determinations
LHeC-50 ——
LHeC-60 e
FCC-eh ——
FCC-eh + LHeC-60 >
arXiv:2203.06237
PDG (2020 | ° |
80.35 80.4
m,, [GeV]

sin26y prospects @ HL-LHC

LEP-1 and SLD: Z-pole average
LEP-1 and SLD: Arg

SLD: A,

Tevatron

LHCb: 7+8 TeV

CMS: 8 TeV

ATLAS: 7 TeV

ATLAS Preliminary: 8 TeV

HL-LHC ATLAS CT14: 14 TeV
HL-LHC ATLAS PDF4LHC15,, . 14 TeV
HL-LHC ATLAS PDFLHeC: 14 TeV

ATLAS Simulation Preliminary

llllllll T

LHeC PDFs will shrink uncertainties in HL-LHC measurements of many
(not only electroweak) parameters dramatically

8 The LHeC at the frontline of particle and nuclear physics
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Complementary searches for new phenomena

8 Searches for Physics Beyond the Standard Model
8.1 Introduction. . . . . . . . . . . ... e
8.2 Extensions of the SM Higgs Sector . . . . . ... .. ... .......
8.2.1 Modifications of the Top-Higgs interaction . . . . . . . . . . ..
8.2.2 Chargedscalars. . . . . . . . . . ... ... .. ... ... ...
8.2.3 Neutralscalars . . ... ... ... ... ... . ... ...,
8.2.4 Modifications of Higgs self-couplings . . . . . . ... ... ...
8.2.5 Exotic Higgs bosondecays. . . . . ... .. ... ........
8.3 Searches for supersymmetry . . . . . .. ..o
8.3.1 Search for the SUSY Electroweak Sector: prompt signatures . .
8.3.2 Search for the SUSY Electroweak Sector: long-lived particles .
8.3.3 R-parity violating signatures . . . .. ... .. ... .. ....
8.4 Feebly Interacting Particles . . . . . . ... ... .. ... .......
8.4.1 Searches for heavy neutrinos . . .. ... ... ... ......
8.4.2 Fermion triplets in type Il seesaw . . . . . . . ... ... ...
8.4.3 Darkphotons . .. ... . ... ... ... ... ... ...
8.4.4 Axion-like particles . . . . . . .. ... ...
8.5 Anomalous Gauge Couplings . . . . . . . ... .. .. ... ......
8.5.1 Radiation Amplitude Zero . . . . . . . .. .. ... ... ...
8.6 Theories with heavy resonances and contact interaction . . .. . . ..
8.6.1 Leptoquarks. . . . . . . . . . ... ...
8.6.2 7’ mediated charged lepton flavour violation . . . . . . . . . ..
8.6.3 Vector-likequarks . . .. ... ... ... ... ... ..
8.6.4 Excited fermions (v*,e*,u*) . . . . . ... Lo
8.6.5 Colour octet leptons . . . . . . ... ... ... ... ...
8.6.6 Quark substructure and Contact interactions . . . . . ... ..

. and much more

LHeC and FCC CDRs: and several dedicated publications
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Search for heavy sterile neutrinos

FCC CDR, Eur. Phys. J. C 79, no. 6, 474 (2019)
arXiv:1612.02728 [hep-ph]

<@
2
> 1072
R
-
2
5
3 107>
FCC-eh
)
50 100 500 1000

M [GeV]

— complementary prospects for discovery in ee, ep and pp
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Determination of Strong CouplingQCD
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Higgs Couplings (k-framework)
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Top Quark Yukawa Coupling and CP Nature

I/o do/d(Ay,,)

. Coleppa
. Kumar
. Kumar
. Mellado

‘ parton level ‘ Phys. Lett. B770 (2017) 335
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Flavor Changing Neutral Current Couplings

H. Khanpou Mangano et al., arXiv:1607.01831
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Search for Anomalous FCNC tuy Coupling

i I. Cakir, Yilmaz, Denizli, Senol,
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Search for Anomalous tty Couplings

tty —
q 6% (Qt’}/’uAu

/

electric dipole moment: K

1

Uz

o Fu (K + i’%%)) t

2 B | | | | | | | I _
D % h\\\“~\\\\/ Ee=6OGeV

| LHeC |

10% and 18% accuracy assumed

\ """"" LHC with

(0)
27% accuracy | | SIA accluracy
(4.59fb-1, 7 TeV) - -1

Bouzas, Larios, magnetic dipole moment: k
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