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DIS and pp colliders: an historical synergy

Resolving Proton Structure Ildea and details already presented and discussed by Paul
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LHeC e-p: E.=60 () GeV, E,=7 TeV /s = 1.3 TeV
- For FCC-eh: 50 TeV protons, /s = 3.5 TeV

LHeC e-lon: E.=60 ) GeV, E,,,=2.76 TeV
- For FCC-eh: increase up to ~20 TeV
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Collision energy above the threshold for EW/Higgs/Top

DIS Higgs Production Cross Section = the real game Change between HERA
and the LHeC/FCC-eh

<
= 3
T .
o 1000 fb
= LHeC
- 200 fb
S

HERA 200,000 H’s

compared to proton collisions, these are
reasonably clean Higgs events with much
5 less backgrounds

assuming unpolarized electron beams at EIC and

5 HERA, versus polarized (P=-0.8) at LHeC and FCC-eh at these energies and luminosities, interactions
0 1 2 3 4 . . .
cms energy /TeV with all SM particles can be measured precisely
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Outline

The eh programmes of LHC and FCC are designed to operate synchronously with hh
Interesting physics programme on its own and synergic:

» PDFs, strong coupling constant, low-x measurements
= W mass, top mass, on other precision measurements in EWK and Top sectors
= Higgs measurements with additional sensitivity - precision higgs facility together with LHC

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

» High-energy and high-density measurements of heavy ion collisions

- the LHeC(FCC-eh) will contribute to the main objectives of the HL-LHC(FCC-hh),
empowering its programme and bringing in more variety

Some key examples in the following

much more in CDR https://arxiv.org/abs/2007.14491, https://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-
Summer2020.pdf, Eur. Phys. J. C (2022) 82:40, FCC CDR: EPJC 79, no. 6, 474 (2019) , Phys Eur. Phys. J. ST 228, no. 4, 755 (2019)
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https://arxiv.org/abs/2007.14491
https://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-Summer2020.pdf
https://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-Summer2020.pdf
https://link.springer.com/content/pdf/10.1140/epjc/s10052-021-09967-z

DIS and EWK measurements

» | HeC/FCC-eh are excellent facilities for testing EW theory

= Polarized e- electron beams also possible (+-80%)

Neutral Current (NC)
e'(k")

Unpolarized e*p cross section
I\ T T IIIIII
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—FCC e*p NC
—FCC e*p CC
---LHeC e*p NC
---LHeC e*p CC

Key observables:
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https://link.springer.com/content/pdf/10.1140/epjc/s10052-020-8367-y
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* W mass
« Effective EWK mixing angle
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Measurements as standalone and in
combination with HL-LHC

p(p)
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DIS and EWK measurements: W mass

= @ HL-LHC W mass precision measurement uses dedicated dataset at low <mu>

> exploit the extended leptonic coverage
- LHeC will provide additional precision through PDF

Amy, = 6 MeV (with reduced PDF unc from HL LHC)
Amy, = £2 MeV (with improved PDF from LHeC)

= My and M; (as well as my,p) Will be measurable
at unprecedent prec1510n independently at the LHeC

— —
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Even more
relevant after
recent CDF
results and
claimed 9 MeV
precision!
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DIS and EWK measurements: sin%0_g

LHeC will contribute to the ffective EWK mixing angle sin0. precision measurements

directly and indirectly
= Direct measurements using higher-order loop corrections

. ff,¢ :
sin? Oy (1%) = knce(p?)sinOw
= Scale dependence of sinZ0.¢ not negligible
= simultaneous fits made with PDFs
= |ndirect: improving precision of HL-LHC studies
= Use F-B Asymmetry measurements

ATLAS Simulation Preliminary

LEP-1 and SLD: Z-pole average —— ' 0.23152 = 0.00016
LEP-1 and SLD: Ay B ——e—— | 0.23221:0.00029
SLD: A, B — | 0.23098 = 0.00026
Tevatron B — | 0.23148 = 0.00033
LHCb: 7+8 TeV B . | 0.23142 = 0.00106
CMS: 8 TeV N —_———— | 0.23101+ 0.00053
ATLAS: 7 TeV N . "] 0.23080 + 0.00120
ATLAS Preliminary: 8 TeV B ———— | 0.23140 + 0.00036
HL-LHC ATLAS CT14: 14 TeV B — | 0.23153 + 0.00018
HL-LHC ATLAS PDF4LHC15,, i 14 TeV | — | 0.23153 + 0.00015
HL-LHC ATLAS PDFLHeC: 14 TeV B - | 0.23153 + 0.00008

023 0.231 0232
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Precisions > 1 - 1075 if
PDF uncertainties are
improved with LHeC
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DIS and EWK measurements: sin%0_g

LHeC will contribute to the effective EWK mixing angle sin%0.4 precision

measurements directly and indirectly
= Direct measurements using higher-order loop corrections

0.25 — —
- 92 eff,é 2N 2 92 [ |*Existing data
S111 QW (M ) - RNC ,E (M ) S111 HW | [+-Future Fixed target projections
. 2 .. 0.045 [~ |® Future EIC/ECCE Preliminary ep Projections %‘
= Scale dependence of sin“O not negligible 2451 |« Future FOC, LHeG Projections
= simultaneous fits made with PDFs - SLAG-ETSS
= |ndirect: improving precision of HL-LHC studies o o2 1 —
= Use F-B Asymmetry measurements g [ lA,,V Qweak .
% 0.235 __ eDIS
ATLAS Simulation Preliminary o
LEP-1 and SLD: Z-pole average ' ' — ' 0.23152 = 0.00016 B
LEP-1 and SLD: Ay B ——e—— | 0.23221:0.00029 -
SLD: A, B —_— " | 0.23098 = 0.00026 023~ I MOLLER
Tevatron — — o | 023148 = 0.00033 C Ip j Sotib  Tevatron
LHCb: 748 TeV B o "] 0.23142 = 0.00106 -
— p— 0.225 1 1 | 1 1 1 1 I 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] 1 1 1 1 | 1 1 1 1 | 1 1
CMS: 8 TeV —_———— 0.23101 + 0.00053 -3 -2 -1 0 1 2 3
ATLAS: 7 TeV — o | 0.23080 = 0.00120 Log, Q[GeV]
ATLAS Preliminary: 8 TeV — —_— | 0.23140 = 0.00036 — probe large range of scale dependence
HL-LHC ATLAS CT14: 14 TeV B — "] 0.23153 + 0.00018
HL-LHC ATLAS PDF4LHC15,, ,c: 14 TeV [ —— "] 0.23153 +0.00015
HL-LHC ATLAS PDFLHeC: 14 TeV B —-— | 0.23153 + 0.00008

023 0.231 0.232
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Higgs physics at ep

= Production of Higgs boson via Vector-Boson-Scattering

Charged Currents

Log(ep>HX)

DIS Higgs Production Cross Section

Total cross section (my=125 GeV)

/c/_?c—;
LHeC 1000 fb

HERA

EIC

di

Higgs o in CC

cms energy /TeV

Neutral Currents Parameter Unit LHeC HE-LHeC FCC-eh FCC-eh
E, TeV 7 13.5 20 50
Vs TeV 1.77 2.2
occo (P =-0.8) b 197 372 516 1038
onc (P=-08) fb 24 48 70 149
occ (P =0) b 110 206 289 577
onc (P =0) fb 20 41 64 127
HH in CC b 0.07 0.13 046
LHeC Higes CC (e-p) | NC (e-p) | CC (e¥p)
Polarisation -0.8 -0.8 0
Luminosity [ab™!] 1 1 0.1
Cross Section [fb] 196 25 58
Decay BrFraction | N8 e p | NNc e p | N&c etp
H — bb 0.577 113 100 13 900 3 350
A_large dataset of H — ce 0.029 5 700 700 170
Higgs events for H— 7t 0003 12 350 1 600 370
precision H— Ju 0.00022 50 5
H — 4l 0.00013 30 3
measurements H—22v  0.0106 2 080 250 60
H > g9 0.086 16 850 2 050 500
H—-WW 0.215 42 100 5 150 1 250
H—->Z7 0.0264 5 200 600 150
H — vy 0.00228 450 60 15
H — Z~ 0.00154 300 40 10

Monica D'Onofrio, ES UK 2024

24/9/24



Higgs to bbar and ccbar

= Higgs to bb or cc signal, -0.8 polarization considered

Can effectively separate

= Detector level analysis with realistic tagger bb and cc final states

= Efficiency 60-75% for b-tagged jets

. . . . \ PR bb signal
» ~ 10% efficiency for charm jets [conservative], x1o lHeC @ L=1000 b § wof MOPENS o
E 2'52_ 4 ¢ ¢ N s Gl +
32500: raem— i Hbb % +++++++++++#+++++ o ;
_g B CCijjj no top . Hbb | -
;—@ 2000 ; CC single top . 151 -
2 - fflccz ++ 1E ) 00 o 25 o
E - Hincz E -
1200| il i 05 1 e
| ----signal  fid F . M
B 90 100 110 120 130 140 150 160 - CCZ—)”
1000~ Min* [GeV] .
E § 100:— #j-» remaining Hbb
so0l- T Hcc #
- 80F |
B L e a = Hccsigna
oL T 60 with BDT>0
o 180 _ 200 -
ij(GeV) 40__
. . 20:—
Signal strength p constraints to -

110 120 130 140 150 160

MEZ™ [GeV]

0.8% (bb) and 7.4% (cc)
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Prospects for Higgs in ep

= Prospects for signal strength measurements of Higgs decays

LHeC: 1abl, 7TeVE
Su/u [%] HE LHeC: 2ab, 13 TeV E,

50 FCC-eh: 2ab, 50 TeV E,

preliminary Neutral Currents: ep > eHX
40

Charged Currents: ep = vHX
30 W LHeC
20 W HE LHeC

™ FCCeh

10

Events

bb WW gg t@ cc ZZ vyy bb WW gg tt cc ZZ vyy

5
4
3
2

1
0

Signal strength p constraints to
0.8% (bb) and 7.4% (cc) TR P " Gov]

BDT in
Search Window

20 40 60 8 0 120 _+40 160 180 200
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Kappa factor framework

= i; . coupling strength modified parameters

= powerful method to parameterise possible
deviations from SM couplings

From the ES Briefing Book: uncertainties on «;
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Note: good potential for
improving on Higgs invisible
with HL+LHeC but more
refined analyses needed

Br(h —invisible) =6 % at 20 level

Electron-jet invariant mass

— Signal (Br=100%) 3
wjv E
w Zje E|
W'je —
= Wije 3

Other

-4
Eppaton=7TeV, ILdt=1 ab

BDT score > 0.25
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Combinations of LHeC + HL-LHC

Determination of SM Higgs couplings jointly from pp + ep

9 A The combined ep+pp at LHC
5 /(y reaches below 1% for
K/ 70 4 dominant channels

LHeC adds charm decays.

5 B HL-LHC Overall, adding
A =iHc(pve)  @]lectrons makes the
- ike230 LHC a Higgs

M |LC 500

precision facility

<« 1%
Boh.EEFEIR. NI More in progress: .g. joint ep-pp
0 -

simulation analysis of the
b WW  gg T cc 2z vy prospects for di-Higgs production
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Indirect Impact of ep on pp Higgs

= (Calculation of all production modes improved by a5 and PDF:

= Even clearer for pp>HX calculated at N3LO in pQCD

Process OH [pb] Aogcales AO—PDF-i-ozs
HL-LHCPDF LHeCPDF
Gluon-fusion 54.7 5.4% 31% 0.4%
Vector-boson-fusion 4.3 2.1% 0.4% 0.3%
pp — WH 1.5 0.5% 1.4% 0.2%
pp — ZH 1.0 3.5% 1.9% 0.3%
pp — ttH 0.6 75% 3.5% 0.4 %
2 1O oot Determination o,

» |ndirect determination

of Higgs mass

14

~ Measurement
—— EWK Fit (2018)

| EWK Fit (Projection HL-LHC + LHeC)

R i

80 90 100 110

Ll
120

Monica D'Onofrio, ES UK 2024

ratio to N°LO

ggH production cross section ---

effect of small-x resummation

N3LO using f.0. PDFs
3 N°LO using res PDFs = =
NLO+LL using res PDFs

F N3LO+LL(,_,_V) using res PDFs —~ —

my = 125 GeV
HE =R =my/2

f.0. PDFs: NNPDF31sx_nnlo_as_0118

| res PDFs: NNPDF31sx_nnlonlix_as_0118

band: PDF uncertainty

. w/s‘_[‘T_eV]

100

increasing impact of resummation on the cross
section with increasing energy - main effect
comes through the modification of the extraction

of parton densities and their extrapolation
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Top physics: Wtb coupling measurements

= Dominated by single top production
= ~ 1.9 pb - e.g. Vtb vertex studies

= |n addition, photoproduction of top-pairs

= Can do precision measurements and
measurements of rare processes

15

Neve nts

600

500

400

TTTT[TTTT[TTTTTIT T T TITTITI]TT
[RRRRN RRRRN ALY RN LR

— Bz
4
+ By

T StBwmze A= A=0.03
T Bwhze

S+Bw

—  Bw

+ Cross sections:
ow=8.611 pb
01=0.074 pb
+ 07=0.617 pb
0:=0.415 pb

TTTTTTTTT|[TTTT
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t
t
p e 110 S——
ATLAS+CMS Preliminary G \oas November 2023
LHCtopWG tfu Vol = Gineo
L AGy,,: scale® PDF (tW) |- —
* Prel total theo
reliminary AG,,,: scale® PDF ® a (t- and s-channel)
Mygp = 172.5 GeV
t-channel: [f,y V| + (Meas)+ (theo)
LHC Comb 7+8 TeV "*’(1.17-20.3 ™) HeeH 1.02+0.04 + 0.02

0.98+ 0.07+ 0.02
PLB 800 (2019) 135042 :
CMS 13 TeV ™' (35.91b™) o 0.988+ 0.024 (stat® syst)
PLB 808 (2020) 135609 :
ATLAS 13 TeV (140 1b™) Kad 1.016+ 0.031 (meas® theo)
ATLAS-CONF-2023-026" l
ATLAS 5.02 TeV (255 pb™) — 0.94+ 0.11 (meas® theo
arXiv:2310.01518 P ( )
“l’.vr:lcc b 748 TeV "™ Yy E. i
omb 7+8 TeV "(2.05-20.3 fb ™) H 1.02+ 0.09 + 0.04
JHEP 05 (2019) 088 :
ATLAS 13 TeV(3.21b™) —_— 1.14+0.24+0.04
JHEP 01 (2018) 63 :
CMS 13 TeV(35.91b™) —+ 0.94+ 0.07+£ 0.04
JHEP 10 (2018) 117 :
s-channel: 12 :
LHC Comb 8 TeV ™(5.1-20.31b™) ¢ 0.97+0.15+ 0.02
JHEP 05 (2019) 088 :
all channels: N :
LHC Comb 7+8 TeV "(1.17-20.3 b ) HH 1.02+0.04 + 0.02
JHEP 05 (2019) 088 :
1.000+0.01
LHeC |100 fb-1! H (expected)
L L L L L L L i I L L | L
0.5 1 15 2

JHEP 05 (2019) 088

CMS 13 TeV’(@5.916)

IfLVth|
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Top physics: Flavour Changing Neutral Current

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

Each limit assumes that
all other processes are zero

95%CL upper limits

[1) JHEP 02 (2017) 079
(3] JHEP 06 (2018) 102
5] EPJC 76 (2016) 55
Theory predictions [7) CMS-PAS-TOP-17-017 8] JHEP 07 (2018) 176
from arXiv:1311.2028 [9) JHEP 07 (2017) 003

<@ ATLAS <® CMS

[2) ATLAS-CONF-2018-049
[4] JHEP 04 (2016) 035
6] JHEP 02 (2017) 028

2HDM(EV) [ 2HDM(FC) IMSSM
CIRPV CRs e HL-LHC
we FCC-e0 wsn1 FCC-eh s FCC-hh
w LHeC
@ (2
| -9 1)
' ]
I ‘_14—. 13
I 4 4
l | @ [4)
«—@ (5]
I ~—9 (6]
<« @ 5)
| O (6]
: —e )
H —@ Y|
E ~—9 (8]
: oo B

107 10°®

/ L coml
-7

10°°

10* _10° 102 10
Branching fraction

16 Monica D'Onofrio, ES UK 2024

Excellent
complementarities with
ee and pp colliders

Shown:
HL-LHC and ILC 250 GeV
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SeafCheS f()f new phySICS https://arxiv.org/abs/2007.14491

8 Searches for Physics Beyond the Standard Model
8.1 Imtroduction. . . . . . . ... . o

o o o 8.2 Extensions of the SM Higgs Sector . . . . ... ... ..........

» p l l d d l dy f f 8.2.1 Modifications of the Top-Higgs interaction . . . . . . ... ...
e CO ] er ]S ] ea to Stu Common eatures O 8.2.2 Chargedscalars. . . .. ... ... .. ... ...........

. 8.2.3 Neutral scalars . . . .. .. ... ... .. ... .. .......

e lect ro n S a n d q u a rkS W] t h 8.2.4 Modifications of Higgs self-couplings . . . . .. ... ... ...

8.2.5 Exotic Higgs boson decays . . . . .. ... ............

8.3 Searches for supersymmetry . . . .. ... Lo

= EW / VBF production, LQ, forward objects, long-lived 553 Sanch o the SUSY Hotsownk St ot e s
° 3.8 -parity viole ,A ts o
particles, DM 64 By e Pt

8.4.1 Searches for heavy neutrinos . . . .. ... ... ... ... ..

. o o . . 8.4.2 Fermion triplets in type Il seesaw . . . . ... ... ... ...

= Differences and complementarities with pp colliders S8 Dark plolons
8.4.4 Axion-like particles . . . . . ... ...

8.5 Anomalous Gauge Couplings . . .. .. ... ..............

.~ 8.5.1 Radiation Amplitude Zero . . . . . . .. ... ... ..

» SO m e p ro m ] S] n g a S pec tS : 8.6 Theories ?Nilt}; lﬁ(lelav;nrz:oﬁ;icezr:?rui contact interaction . . ... ...

8.6.1 Leptoquarks. . . . ... ... ... ... ... . ...,

8.6.2 7’ mediated charged lepton flavour violation. . . . . ... ...

~ small background due to absence of QCD interaction o e
between e and p 366 Quark sbstrucine and Contaet mernctons |

- very low pileup
. +others published afterwords
= Some difficult aspects: leptophilic DM, non-resonant BSM

) di-Higgs, heavy majorana neutrino,
-> low production rate for NP processes due to small s exotics higgs ...

Only a few specific examples given here
17 Monica D'Onofrio, ES UK 2024 24/9/24



https://arxiv.org/abs/2007.14491
https://arxiv.org/abs/2207.01656
https://arxiv.org/abs/2102.12507
https://arxiv.org/abs/2102.12507
https://arxiv.org/abs/2201.12997
https://arxiv.org/abs/2008.09614

Hidden, dark sectors at e-p

= New physics models predicting long-lived particles gained lot of attention in the past few years
= Hidden, dark sector

Portal Coupling
€ / v
= populated by feebly interacting particles Vector (Dark Vector, 4,,) | —gc555, Fu BY
Scalar (Dark Higgs, S) (1S + AgsS?)HTH
= Might be difficult in certain regions at hh Pseudo-scalar (Axion, a) | 4 Fu P, G 1, G1Y, B2ytiaSy
= Large backgrounds and high pileup Fermion (Sterile Neutrino, N) | yynLHN

= detector dimensions and geometrical acceptance

= [e.g. short-distances are hard to cover for hh] e

o

= At LHeC (and FCC-eh), one can reconstruct
displaced vertices and as such be sensitive to €
non-promptly decaying, light new particles

o
neg --//

benchmark value is rp;, = 40um (- 5 nominal detector 6

resolutions); pr threshold for reconstruction of a single / / S
charged particle is chosen as 100 MeV ”

et

18 Monica D'Onofrio, ES UK 2024
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Complementarity of e-p: Dark photons PhysReyD.101.015020

= have masses around the GeV scale and their ———
interactions are QED-like, scaled with the P - /
small mixing parameter €. :

e e . f ANAN, YV 10_2
& e
, 107 |
Y Y
P X P X

NA62-dump, 2024++
SeaQuest, 2021++
SHIP, 20264+

= Belle Il - 50 ab”

e LHCb upgrade - 50 fb™

------ LHCb upgrade Il - 300 fb™

e MATHUSLA-200 - 3 ab”

e FASER - 150 fb""

— FASER2-3nb"

—— HLLHC-3ab"

= = FCC-hh -3 ab’

——— CEP! 16 ab™

. e

Present exclusion

177 Nbkg=0, signal efficiency = 100% . = ' - Eﬁc?e.f’g::!;s'lﬁﬂ"”"
1.x107* . Nbkg=0, signal efficiency = 20% 10 oo ;g'z;“_;’b
50 105 !_-_-i Nbkg=100, signal efficiency = 100% ¢ _ | oo GLKC gl :
Y . Nbkg=100, signal efficiency = 20% 10 " I I —
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https://mmm.cern.ch/owa/redir.aspx?C=ef6Q1WB5D1HHp2o1t9iUS6OBsYxyNsZsl2_ZEaqC6UayfbHtYPfXCA..&URL=https%3a%2f%2fjournals.aps.org%2fprd%2fabstract%2f10.1103%2fPhysRevD.101.015020

Complementarity of e-p: new scalars

= |nterpreting the results for a specific model, where lifetime and production rate of the LLP are
governed by the scalar mixing angle.

= The contours are for 3 events and consider displacements larger than 50 ym to be free of
background.
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1 2 T .g 10 3 European Sltrateg\y)
(IJ'S _|_ HSS )H H 10_ I \ .--_ |"'-'.'- Hh"lFCC-ee,Z‘P
16 J 1 .. veat " TeraZ
10_5 ttebeedia.,. N ![-E-l
-6 A |
10 A CLIC, g1,
. _ S - - @ p— nihs
= 1078 —\ S T \ 2 FL(ih—-Lﬁﬂ'%f"'"" —_ :Ei:c,;at?',hTNP
5 1 0_9 ) I | I | I HE-LHC, 15 ab™, h - NP
2" 10 ‘ : : | —_— smsP-21o”pot
— [— \ : ——— FASER2 - 3 ab”
§ ) 10 . \\ ] i I —— CODEXb - 300 fb"
107" 1= S vt
107 INE[|mr s
10” . \ | - CLIC,q, 1ab", h NP
- J:\}W'\ - e zwiote
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. . -1 2
Covering important regions between pp 10 1 10 G 10
and ee / low-energy experiments mg (GeV)
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Heavy neutral leptons at ep
= Similarly to the case of the Higgs exotics decays, sterile neutrinos
ynLHN N -

Sensitivity of the LFV lepton-trijet

W~ J
‘ )
active-sterile neutrino mixing G searches (at 95 % C.L.) and DV one ) ;
with the electron flavour > 05 N
[Be]2 N
) W
‘ N Coupling to electrons and muons Coupling to _electrons and taus
- Antusch et al., arXiv:1908.02852 Gu et al., arXiv:2210.17050
1g
- T - 20 LHeCL
q J , o E % ----- 26 FCCehL
) (@ — MEG: 0%=|6,6,| 1020 A __
production channel: Wy I s o DELPYE: SAxlo)® . : EWPD 20 LHeCH
e N N — ATLAS: 6%=|6,|? 2 10°E — 20 FCC-eh H/
4 — LHCb: %<6, ? E. T 4
w- — LHeC (LFV): ©2=]6,8, _SE e
— FCC-he (LFV): ©2=]6,6,| - §
y w- - LHeC (displaced): =], |2 10°° e
B FCC-he (displaced): ©=|6, | § 0,,3 C L
production channel: W) v - 102 108
18 5 10 50 100 500 1000
— 0.,0,,0; My [GeV] m [GeV]
N N
N Sk

Different analyses depending on m(N) and m(W) relations
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Conclusions

= |n a snapshot: great potential for a compelling and competitive physics programme

.

nggs physics

400 improvement wrt HL-LHC
8k/%
x3.5 better

I|i| I

BHL-LHC ®LHeC Ipp ep

first
time

~N

EW physics

o Amy down to 2 MeV (today at ~10 MeV)
o Asin20,2f to 0.00015 (same as LEP)

Top quark physics

o |V | precision better than 1% (today ~5%)
o top quark FCNC and y, W, Z couplings

+ BSM physics searches (direct, but also indirectly)

= An electron-proton facility represents a seminal opportunity on its own and in combination of pp

with ep: here presented some of the studies carried out in the past, more could be done
= DIS can sustain HL-LHC and bridge to CERN’s long-term future, empowering the HL-LHC

programme (as, in the future, an FCC-eh would do for FCC-hh)
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50 years Max’s fest
(December 2022)

https://indico.ph.liv.ac.uk/ev
ent/743/timetable/#20221209

23 Monica D'Onofrio, ES UK 2024 24/9/24


https://indico.ph.liv.ac.uk/event/743/timetable/
https://indico.ph.liv.ac.uk/event/743/timetable/

Back up



SUSY EWK production

= Target two kind of EWK mass spectra:

”Classic” compressed spectrum
- “decoupled-slepton scenario”

Slepton mass

Large
gap

pe” = je XX (X =

VBF production

25 Monica D'Onofrio, ES UK 2024

Chargino ~ Neutralino1 masses
Mass difference ~ 1-2 GeV

PhysRevD.101.095015

“compressed-slepton scenario”

Slepton (selectron) mass (Note: as sleptons are

heavier than charginos

:[,.35 GeV and neutralinos, they do

not play a role in the pp
cross sections)

July 2019

ATLAS Preliminary
V/s=13TeV, 139 fb~!
pp = 0t gl g U — 033

m(x3) [GeV]

— Observed limits

LN L s B B B B |

8TeV,20.3tb~' 7€ [&,/i] arXiv:1403.5294 |

2¢ compressed 7 € [&,/i] CONF-2019-014 |

20 7 e[8,ji] CONF-2019-008 ]

27 hadronic /=7 CONF-2019-018 -
LEP jig excluded
4

*\_ Benchmark

1 slepton mass

1 | 1

300 400

“600 700 800
m(l, ) [GeV] 24/9/24

500


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095015

Compressed slepton scenarios: results

= Evaluate significance with stat and syst

uncertainties

Ostat = \/2[(1\75 L N1+ ) - Ny,

Ny

(Vs + No) (N + 03)

Ostat+syst — !2 ((Ns + Nb) In

sz o2 N,
— b1 — s
O'g nl + Nb(Nb—l—O'g

N2 4+ (Ng + Np)o?

D]

= Of course, systematic uncertainties play a

crucial role (0-5% here)
= Comparisons with HL-LHC:

= Not straightforward because
of differences in models but

similar mass range

Mg, - My, [GeV]

CMS Phase-2 Simulation Preliminary 3ab" (14 TeV)

PP — Xk; + pp — XXy, 7 — 205, % — W]
45| ... Expected 95% CL limit
— Expected 5 o discovery

L L L
100 150 200 250 300 350 400 450

Mgy = My, [GeV]
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PhysRevD.101.095015
LHeC [1 ab™']|Signal Background
MR xS (GeV] | 250 je v je lv
m; [GeV]| 285
initial 1231 [2.80 x 10° 2.01 x 10°
Pre-selection | 453 [6.60 x 10* 1.66 x 10°
BDT > 0.172 49 486 278
Ostat+syst 1.0
| compressed-/ LHe(‘: | 1at;", c:V‘s'=0
= Ple)=0 —— 1ab’ o) =5%
0 . discovery E
- Exclusion :

significance
/

v

.
.
<
~
N
| \ ‘

200

|
g
95% CL upper limit on cross section [pb]

50 300
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.095015

SUSY EWK production: Phenomenology

= Mass and hierarchy of the four neutralinos and the two charginos, as well as their production cross

sections and decay modes, depend on the M, M,,

u (bino, wino, higgsino) values and hierarchy

= EWK phenomenology broadly driven by the LSP and Next-LSP nature

= Examples of classifications (cf: arXiVv: 1309.5966)

Case Al Case All
* Scenario A: M; < Moy, |u]
X —_— —_— —_— A
X"“| IX*‘ | v Bino LSP
x —
Case BI Case Bl

x# e Scenario B: M, < M, |u|
xz  Wino LSP

X

x¢ * Scenario C: |u| < My, M,

'z Higgsino LSP

X
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Used as benchmarks:

» Bino LSP, wino-bino cross sections
(1) Mass(y*;) = Mass (x%)
(2) x*x—and y*x% processes

* Higgsino-LSP, higgsino-like cross sections
(1) Small mass splitting x% x* x%
(2) Consider triplets for cross sections
(3) Role of high-multiplicity neutralinos and
charginos also relevant

on(x*1x 2+ X 1+ x4 x")
< or << oyl(x*x%)

[depending on masses!]

24/9/24


https://arxiv.org/pdf/1309.5966.pdf

What if the m(chargino)~m(neutralinol)?
= The decay of chargino is NOT prompt = long-lived particles (LLP)!

Simplest models at FCC-he: four-body process and tiny cross section
« Charginos (Wino or Higgsino)
- y disappearing track

\

degenerate in mass

Cross section enhanced with “co-production”

© Chargino (Wino) with selectron ¢ In this case, only the scenario with heavy
‘ ' (decoupled) sleptons is considered (most

S, conservative)
q q
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Comparisons with other facilities

= Thermal Higgsino/Wino dark matter mass
= Comparisons computed for the European strategy

Indirect Detection Pure HiggSinO ] 90% CL Direct Detection Projection | Pure Wino
FCC-hh | 1 Indirect Detection 1
TE-FCC ] FCC-hh |
< [Fccoen — 1 > 1 LEE = |
HE_LHC ] ([Fcceen D
. . 1 HE-LHC ]
HL-LHC | 20, Disappearing Tracks . .
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffff HL-LHC ] 20, Disappearing Tracks
CLIC3000 | KinematiCLimit:\/EIZ_ (*iI*C***********""""""""I*I""”**"j""j"jj *******
CliCieog ” 20-, Indirect Reach 3000 Kinematic Limit: ‘/;/2 i
CLIC1500 I l 20, Indirect Reach
ILC | | — I l
CLIC3g0 I l CLICsg | l
FCC-ee | | |FCC-ee |
{ ) { \
Th erm al European Strategy; ] CEPC l Th erm al European Strategyj
0.1 0.2 0.5 1 2 5 0.1 0.5 1 5 10
M, [TeV] M, [TeV]

= FCC-eh not directly competitive with FCC-hh but still reasonable reach

= |n all cases FCC-eh sensitivity to short decay lengths, possibly much less than a single micron, improves
with respect to what the FCC-hh can accomplish with disappearing track searches
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Results for disappearing track analysis

= contours of Ny, pand N, p

10 v . v - v - 10'F
102} ———— (1 102
ohz —es | .
1077t = 107
* 1 e
g 10° LHeC 3 E0f
= 1075} fab™’ {2 g e [
10°%} _N‘“Ow E 10
10-7 F Nyue > 14 7
- ® Nyue>100 12 e
10 L 10'8 FTD——
100 120 140 160 180 200 220 100 120
my- (GeV)

green region: 260 sensitivity estimate in the presence of t backgrounds
black curves: projected bounds from disappearing track searches for
HL-LHC (optimistic and pessimistic)

Sensitive to very short lifetimes exceeds that
of hh colliders
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Results for disappearing track analysis @ FCC

= contours of Ny, pand N, p

10°°F : y
2 L .
10 o
10~
£ 107} FCC-eh-60
5 1075} tab™’
104 p>0
107} 0 Ny > 10
a B Ny, > 100
10 . A A

100 200

300
My (GeV)

)

maw N

400 500

green region: 260 sensitivity estimate in the presence of t backgrounds

black curves: projected bounds from disappearing track searches for
HL-LHC (optimistic and pessimistic) and the FCC-hh

Sensitive to very short lifetimes exceeds that
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of hh colliders
Monica D'Onofrio, ES UK 2024
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Compressed slepton scenarios: results

= Evaluate significance with statistical and systematic uncertainties

N FCC-eh [1 ab™']|Signal Background

S

Ostat = \/2[<NS + Nb)ln<1 + Fb) — Ns] micii% %gez} igg je vv je v
mg (§]
initial 4564 [1.08 x 10° 7.96 x 10°

2 Pre-selection | 3000 |3.87 x 10° 5.71 x 10°
Ostattsyst = |2 ((Ns + Np) In (N‘; = No)(Ny + 052) BDT > 0.262 | 149 600 86
Nb + (NS + Nb)o_b Ostat-+syst 3.3
1/2

Nb21 1 UgNS / L L L L L T T T
a a_g mET Nyp(Np + 02) ' 10° . compressed] ~ FCC-eh ~ ------- 25 ab::, GZ,V:'=0 E
o C \\\ ‘\\\ Pe)=0 T 1 ab_1, ngs: =0 ]
. ) ] 3 - — 25 ab_1, Gls)ys.=5:/° ]
= Of course, systematic uncertainties play £ & .. T TabhemeSe ]

O T discovery

a crucial role, as in monojet searches at pp € U3 L Exclusion
- Here we consider 0-5% L :

—> Projections for HL-LHC consider 1-3% I \\ T

&00 300 400 50 600 700
mzi i [GeV]
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Compressed slepton scenarios: the analysis

= Final state: 1 e-+1j+ MET

= Analysis at detector-level using a simple Boost Decision Tree.

= Backgrounds: all processes with one or two neutrinos (to also take into account
mis-identified leptons): pe~ — je vv, pe — je  Ltv

= Pre-selections:

= At least one jet with py> 20 GeV, |n| < 6.0;

= Exactly one electron with pr > 10 GeV, -5.0 < n < 5.2;
= No b-jet with py > 20 GeV;

= No muon or tau with pr > 10 GeV;

= Missing transverse momentum EMss; > 50 GeV
= Use BDT with simple kinematic variables
and angular correlations as input
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Long-lived EWKinos: disappearing tracks

= |ong lived charginos are typically significantly boosted along the proton beam direction,
which increases their lifetime in the laboratory frame. _bcom ~ %m% 5;5

1 [men)

53 B8R

g

-

3

3-4 hits only in the inner-most tracker amissing (disappearing track)
(or a “kink” if the harder daughter d7 is charged)
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Analysis strategy

= One or two charginos are produced at the PV, which is identified by the triggering jet (A).
= A chargino decaying to a single charged particle (B) :

= |f the impact parameter with respect to the PV is \\

greater than a given r,;; we can tag this track as B

o

originating from an LLP decay _’ 3
/// Tracker
= heavily relies on backgrounds due to pile-up being - ot 4
either absent or controllable. .

Backgrounds:

- Taus: proper lifetime of ~ 0.1mm and
beta-decay into the same range of
final states as the charginos.
suppressed considerably with simple

= Estimate probability of detecting 1 or 2 LLP kinematic cuts as it is central in eta
35 - rejection of 10-4(10-3) for 1(2)t

Monica D'Onofrio, ES UK 2024 24/9/24

= benchmark value is rpi, = 40um (-~ 5 nominal detector
resolutions); pr threshold for reconstruction of a single
charged particle is chosen as 100 MeV

= Assume 100% efficiency



alpha_S and Higgs cross section

= Strong coupling constant could be measured to

the permille accuracy (incl. + jets analysis)

Og (MR)

0.2

0.15

| LHeC

LHeC experimental uncertainties only

——7 ————T
— World average [ppG1s]

o LHeC inclusive jets (expcd. exp. uncert.)
A H1 inclusive jets [NNLO)
v HERA inclusive jets [NNLO]
* JADE 3-jet rate [NNLO+NLLA+K]
s OPALYy__ INNLO
GFitter E:W fit (N°Lo)
+ CMS inclusive jets 8TeV [nLO

: L,J[;Hu
) T

Aas(Mz)(incl. DIS) = £0.00022 cxp+PDF)
Aas(Mz)(incl. DIS & jets) = 40.00018 (oxp+PDF)

36

Monica D'Onofrio, ES UK 2024

Cross Section (pb)

= |mprovement in the calculation of pp>HX

calculated at N3LO in pQCD thanks to PDF

Process oy [pb] A(Tsca]es AUPDF+aS
HL-LHCPDF LHeC PDF
Gluon-fusion 54.7 5.4% 3.1% 0.4%
Vector-boson-fusion 4.3 2.1% 04% 0.3%
pp— WH 1.5 0.5% 1.4% 0.2%
pp— ZH 1.0 3.5% 1.9% 0.3%
pp — tTH 0.6 7.5% 3.5% 0.4%
NNNLO pp-Higgs Cross Sections at 14 TeV
52 F
51 iHixs2
50 ; CT14.120 ::§ ABMP.120
= e e Cross sections of Higgs
R production NsLO for
4 - CT14 . o
" s existing PDF sets (left
* side) and for the LHeC
* w114 PDFs (right side)
44 | CTM414 G
I o
s e .
42 L Lo o L b b L Ly | | | P

0 01 02 03 04 05 06

07 08 09 1

arbitrary
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EWK cross section EIC, LHeC, FCC-eh

Polarized e p cross section

—NC —CC LHeC
---NC ---CCEIC
------ NC  CC FCC-eh

do/dQ? [pb/GeV?]

1 -+ CC HERA-H1 (p=0)
107
Fig. 1 Single differential inclusive DIS cross sections for neutral- and 1 0-2 RN 3
charged-current e~ p DIS with longitudinally polarized electrons (P, = 1 0-3
—0.8) atLHeC, EIC, FCC-eh,and HERA. For HERA, unpolarized cross
sections are displayed together with data from the HI experiment 1 0‘4
107
10° }
1 0-7 §
| IIIIIII| | IIIIIII| il IIIIIII| | 11
iel Bri i i 10° 10* 10°
Daniel Britzger, Max Klein & Hubert Spiesberger , ,
https://link.springer.com/article/10.1140/epjc/s10052-020-8367-y Q° [GeV]
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