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Electron-proton colliders in hystoty

H1 and ZEUS HERA I+II PDF Fit
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= At HERA, extensive tests of QCD,
measurements of ag and base for
PDF fits in x range relevant for
hadron colliders

Q*=10 GeV?

March 2011
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= PBut also:
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= New limits for leptoquarks,
excited electrons and neutrinos,
quark substructure and
compositness, RPV SUSY etc.
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HERAPDF Structure Function Working Group
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The idea of an e-p collider at CERN, the LHeC, proposed in 2005,
has been developed in the last years: http://cern.ch/LHeC

Tevatron/HERA/LEP - HL-LHC/LHeC/(CepC?)

(Terascale)

(fermiscale)
(or, the complimenatarity pattern)
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Resolving Proton Structure
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http://cern.ch/LHeC

LHeC: Conceptual Design Report (July 2012) and its updates

T CDR 2012: 5 years of studies
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Journal of Physics G commissioned by CERN, ECFA and NuPECC
Nuclearand Particle Physics = About 200 participants, 69 institutes

= Several further updates
= ‘A Large Hadron Electron Collider at CERN’

Volume 39 Nurber7 July 2012 Article 075001 arXiv:1211.4831

A Large Hadron Electron Collider at CERN

Sl o Pl Kl oy et = ‘On the relation of the LHeC and the LHC’
e arXziv:1211.5102

= ‘The Large Hadron Electron Collider’ arXiV:1305.2090
= ‘Dig Deeper’ Nature Physics 9 (2013) 448

®» Most recent:
https://cds.cern.ch/record/2706220

300+ pages document, ~300 authors
e among experimentalists and theorists,

BOP Publishing

+ documents submitted for the European
Strategy

CERN-ACC-Note- 2000-0002 P [
Veslos v1.01 E

LH.C

The Large Hadron-Electron Collider at the HL-LHC

LHeC Study Group

Final version expected end Feb

Annual workshops (e.g. https://indico.cern.ch/event/835947) and presentations in Conferences
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https://cds.cern.ch/record/2706220
https://indico.cern.ch/event/835947

Organisation

International Advisory Committee
Mandate by CERN (2014+17) to define
“..Direction for ep/A both at LHC+FCC”

Sergio Bertolucci (CERN/Bologna)
Nichola Bianchi (Frascati)
Frederick Bordry (CERN)

Stan Brodsky (SLAC)

Hesheng Chen (IHEP Beijing)
Eckhard Elsen (CERN)

Stefano Forte (Milano)

Andrew Hutton (Jefferson Lab)
Young-Kee Kim (Chicago)

Victor A Matveev (JINR Dubna)
Shin-Ichi Kurokawa (Tsukuba)
Leandro Nisati (Rome)

Leonid Rivkin (Lausanne)

Herwig Schopper (CERN) - Chair
Juergen Schukraft (CERN)
Achille Stocchi (LAL Orsay)

John Womersley (ESS)

prev, Guido Altarelli.

Coordination Group

Accelerator+Detector+Physics

Gianluigi Arduini
Nestor Armesto
Oliver Bruning - Co-Chair
Andrea Gaddi

Erk Jensen

Walid Kaabi

Max Klein - Co-Chair
Peter Kostka

Bruce Mellado

Paul Newman

Daniel Schulte
Frank Zimmermann

5(12) are members of the
FCC coordination team

OB+MK: co-coordinate FCCeh
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The LHeC as e-p and e-Ion collider and its update — the FCCeh

= Unique opportunity to take lepton-hadron physics to the TeV centre-of-mass scale at high Lumi

LHeC e-p: E.=60 () GeV, E,=7 TeV /s =1.3 TeV LHeC e-lon: E.=60 ) GeV, Eion=2.76 TeV
- For FCC-eh: 50 TeV protons - For FCC-eh: increase up to ~20 TeV <
— 6 —
L S N> 10 ; nuclear DIS - F, ,(x,Q7) -
3 10 © _ [HeC Experiment RPV SUSY, LQ (i (3 - Proposed facilities: -I-S
o F XX L1 5 ~ 105 or=
& HERA Experiments: SubStl'llCtli ’ ; o b S :] Hhee ;
105 | 0 H1 and zEUS 5 - Fixed-target data:
: Fixed Target Experiments: 04 —_ |:] NMC S
B [ = mMc : 2 L - o=
§ 104 BCDMS ?lgl% ) :: < 25 - ‘If-U'
E recision - . e ] —
7 OO0 Eees QCD & [ glggs : = 10°E -Pb (LHeC) E
9 - [ sLac =9 Boson s 3
210°- q Elweak b~ - - (70 GeV - 2.75 TeV) o
g - A~ Physics == o _ (@)
g 10° 3 Nuclear T2 7 F ‘ o
£ u <~ Structu < B O: (Pb, b=0 fm)
E o | : -A{(j o 10 +
5 10 3 High Density Matter | 21 S E o
2 i A QGPlasma R _ perturbative )
L : %;("; ,,,,, S S 1;__ ______ 3=
: %non-perturbative n 5
-1 s o L {1‘:,7‘}, o
10 3 g 10-1 -;7.’_“ -
:_7 ol "3 i) 3 ol a ol 3 . 2 ] S Enuul ERTTIT R ERRRNET vt R AT IRRRRTTT RRRNTTT IRNRRTITT 3
H C 10 10 10 10 10 10 10 Bjorken xl 10-6 10-5 10-4 10-3 10-2 10-1 x1 S
O

Designed to exploit intense hadron beams in high luminosity phase of LHC running from ~2030+:
- Use 7 TeV protons/2.75 TeV Heavy lons Add an electron beam © to the LHC
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Energy Recovery Linac

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

60 GeV ERL p

Linac 1 (1008m) I
Injector

Linac 1 —

. ) Injector
Matching/splitter

Matching/combiner

Arc 1,35 Arc 2.4.6

50 GeV ERL Arc2.46

(3142m)

Bypass

N

Linac 2

Linac 2 (1008m)

VAN

IP line Detector

Matching/combiner (31m)

Matching/splitter (30m)

for two electron beam energies [CERN, BNL, Jlab for CDR]

3-turn energy recovery racetrack configuration. Modular for LHeC/FCC-eh

() Electron E depends on the linac!

« ERL: 20mA I

* Allow inst lumi 1034 cm2s! and
integrated lumi in ep up to O(1) ab!

« U(ep) = 1/n U(LHC), with n=3 (for
CDR) > now more n=4
This gains 20-30% cost but E< 60 GeV

Higgs, BSM, top, low x. physics require
E > 50 GeV

Frequency set to 802 MHz, commensurate
with LHC and 401/802 at CERN+FCC,
beam-beam stability

PERLE Test Facility being
built in Orsay
[phase 1 start 2025]

(see back up)
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Possible locations

|
LHeC

Cwil Engincering
Different Options  ©
Fraction 1/3-1/31/5 ¢
Pt2 and Pt2 '

o

d - \.:',4 Fire

Figure 2: Possible locations of the ERL racetrack electron accelerator for the LHeC (left) and the
FCC-he (right). The LHeC is shown to be tangential to Point 2 and Point 8. For Point 2 three sizes are
drawn corresponding to a fraction of the LHC circumference of 1/3 (outer, default with E, = 60 GeV),
1/4 (the size of the SPS, E, = 56 GeV) and 1/5 (most inner track, E, = 52 GeV). To the right one sees
that the 8.9 km default racetrack configuration appears to be rather small as compared to the 100 km
ring of the FCC. Present considerations suggest that Point L. may be preferred as the position of the

ERL, while twpoGPDp wasldibe Insatedont o fadte accelerators, Rome

FCC-eh
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The LHeC faCility Aim is to accumulate up to

et beam main option: Linac-Ring 500/fb - 1/ab in 10+ yrs of
CMS operations

LHC

SPS

o y neutrinos
ATLAS /\‘\4
LR LHeC: CS Gran Sasso
recirculating
linac with

BOOSTER

energy recovery

p ISOLDE

T
baseline n-ToF 959 MR
° ° [ 1 m b
Conf’gura t’on l‘vi_.‘l_l'LPOf“.S LINAC 2 ' [ )O ‘ e(A I [ )
LINAC 3

lons
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Scope of FCC-eh Structures (G2

Junction Caverns
-+ 168mx15mx100m
'+ 25 mx15mx50m

e 168mx15mx90 m

=== Small Experimental Caverns
30 m x 35 mx 66m

l \_47 "~ Tunnels:

* 9.091 km of 5.5m dia.
machine tunnel.

PAT L LR [N

Shafts: E ’ AR : * 2x1.04 km of 5.5m dia
2 x Service shafts: L. {@3 RF tunnel.
9mdia.x 175 m
depth | [ | -
. é . ! ) ~ " Service Caverns

= + 25mx15mx50m

i T
‘ Aim is to accumulate up
to 3/ab in 10+ yrs of

operations

i

FCC week Amsterdam
J. Osborne 12" April 2018



Physics with Energy Frontier DIS

= e-p colliders can be seen as the cleanest
High Resolution Microscope:

= QCD Discovery

= Study of EW / VBF production, LQ, multi-jet
final states, forward objects

= Can empower the LHC Search Programme
(e.g. PDF, EWK measurements)

= Can transform the LHC into high precision
Higgs facility

= Can contribute to possible discoveries of
BSM particles (prompt and long-lived)

Overall: A Unique Particle Physics Facility

ol

JNDEMNE

105—

~ Precision
~ QCD,a,

"
10”5—

IOE—
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Physics with Energy Frontier DIS

= e-p colliders can be seen as the cleanest High

Resolution Microscope: - PDF, physics at small x, alphaS
= QCD Discovery * Impact of LHeC on W mass and more

= Study of EW / VBF production, LQ, multi-jet final * Top measurements, FCNC

. « Higgs physics
states, forward objects , :
J « Higgs in bb and cc

= Can empower the LHC Search Programme « LHeC and HL-LHC combinations
(e.g. PDF, EWK measurements) « BSM studies (some examples):

« New scalars from Higgs, SUSY

* Heavy neutrinos

« Dark photons

= Can transform the LHC into high precision
Higgs facility

= Can contribute to possible discoveries of BSM
particles (prompt and long-lived) | will mostly discuss LHeC physics reach with

= QOverall: A Unique Nuclear Physics Facility some of the prospects for FCC-eh
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Strong interactions: PDF

= Complete unfolding of parton contents in unprecedented kinematic range: u,d,s,c,b,t, xg

PDFs at the HL-LHC (Q = 10 GeV ) gluon distribution at Q% = 1.9 GeV? gluon distribution at Q% = 1.9 GeV?
115 |||||||| ; SE— i I ||||||| ; ; E |||||I'I'I'||||||I11]|||||I11]|||| gll|||||||||||||||||||||||||||||||||||||||||§
- PDF4LHC15 5 PDF (8% L) i E lﬁ (2:/;0.L.) ]
o e i o
— 1.1 S - 57 NNPDF30 | = N Q : HERAPDF2.0_EIG —
13 \\\\\\\\\\\ +HL-LHC .9 S MMHT2014 i o N LHeC 50fb-1 e-, P=-0.8 3
= ""“' HERAPDF2.0_EIG E : Il LHeC full inclusive
- +LHeC +HL-LHC oc LHeC 50fb-1 e-, P=-0.8
q 1.05 Il LHec tullinclusive
X E
(@]
- 1
o L
x‘ =
2 0.95
i =
|||||I 1 1 ||||||I 1 1 ||||||I 1 1 ||||||I 1 ?;
107° 107 107° 1072 107" S ; :
X :‘:‘4»’::04.:: 4»“><‘<I:l 454.0:»"1: A Il |||||_|,|] Il |||||_|,|] L 111 ; =4 0111 | | | | | L1l | L1l | | | 111 /’E
. 107 10-6 10° 10* 10-3 102 10" 01 02 03 04 05 06 0.7 0.8 0.9
Crucial for HL-LHC: X X
high precision electro-weak, Higgs measurements (e.g. —

remove essential party of QCD uncertainties of gg-> H)
Extension of high mass search range

Non-linear low x parton evolution; saturation?

Range relevant for new heavy
particles (e.g. gluinos in SUSY)
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Strong interactions: PDF and alphaS

= Complete unfolding of parton contents in unprecedented kinematic range: u,d,s,c,b,t, xg

PDFs at the HL-LHC (Q = 10 GeV ) Strong coupling to permille accuracy (incl + jets):
115 T IIIIII| T L T T T TITTT T IIIIII| T T
- PDFALHCIS o T T T T DWorld average pocser
/ ~ e LHeC inclusive jets (expcd. exp. uncert)
///// 9 H1 inclusive j NNL —
< ' 23355 4+ HL-LHC s 02 v H1EII:?X ;iﬁjesfvefjéts o
— RN | + LHeC + HL-LHC . JOPI‘DI?AIIE_?/-]GIN?:; oA
g 1.05 GFitter E\Nfit IN°LO]
i 0.15+ + CMS inclusive jets 8TeV [nLO]
(@]
- 1
@)
>
o 0.1
© 0.95 II__HI:g E:xperimental uncertainties only
0.125F | : | -+ —
IIIIII 1 1 IIIIIII L1 1 1111 1 L1 1 1111 1 N
10°° 107 10°° 1072 107" 2 012 ‘ ‘ | —
X 5"’
| T
Crucial for HL-LHC:
. s . 011k et L 1
high precision glectro weak, Higgs mea;urements (e.g. 5 10 20 100 200 1000
remove essential party of QCD uncertainties of gg-> H) u_ [GeV]

Extension of high mass search range

ACVS(MZ)(iIlCl. DIS) == :l:O.OOOZQ(eXp+PDF)
Non-linear low x parton evolution; saturation?

AO&S<Mz)(iHC1. DIS & jets) = iO.OOOlS(eXp+PDF)
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Strong interactions: eA and nuclear structure

= Extraction of Pb-only PDFs by fitting NC+CC

pseudodata, using xFitter

parameter [unit| LHeC (HL-LHC) | eA at HE-LHC | FCC-he
Epy, [PeV] 0.574 1.03 4.1
E. [GeV] 60 60 60
V/Sen electron-nucleon [TeV] 0.8 1.1 2.2
107;?I ||II|II| |||II|II| |IIII|II| |III|III‘ III||I|I| I|I||I|I| T TTTTT ||||n-?
- 197 .
10 Au(100)+e(20) / .
- 208pp(2750)+e(50) ~ Large improvements at all x
5L —
10°E 208ppy(7885)+e(60)
1ot 1 Fit to a single nucleus possible
<
8 103:— . .
5 g Extension of fixed target
mg“\ range by 10 34
105 . :
- de-confinement, saturation
e
10—1:J='I 1l IIIIIII| LI 11 IIIIIIII| IIIIIIII| IIIIH—@ nPDFS independent Of p PDFS
10° 107 10° 10° 10* 10° 102 10" 1

XA
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Relative uncertainties of gluon density
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X
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EWK measurements: W mass

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

. . o 20 ]
> exploit the extended leptonic coverage § g ATLAS Siuiaion F';enmmar; R IS
. . .. .. = <H> Stat. ® PDF 200 pb' § =
- LHeC will provide additional precision through PDF £ 16 m, from m; &pl, | <4 — T Ry
14 I POF 4 =
12 4 @
Amuw= 16 MeV (with reduced PDF unc from HL LHC) 10f 1e
8 =
Amy, = £2 MeV (with improved PDF from LHeC) of El-
= My, and M; (as well as my,,) will be measurable 2 I
at unprecedent precision independently at the LHeC erio. o MR ARG Lhee
W-boson mass > @'Lgeb 60 3 EtHGS 60
G 060 5,... 025% O, . | 0 LHEC-60 (5,10, =025%) ]
LEP2 - n 91.3f = t::c gg( ) - 580.5_ tElS? SSOLD ]
Tevatron — DLHGC -60 (with G_as additional constralm) A GIobaT EW fit
ATLAS ———— -~ PDG - —— PDG

LHeC (E 60GeV, 5,,,=05%)  —— 91.0- R 80.4-
LHeC (E 60Gev, 5,,,=0.25%)  —< ) L ]
LHeC E =s0GeV, 5,,,=0.5%) —— P L

LHeC (E 50GeV, ,,,=025%) ~——

e A . 2 i ]
PDG [2019] N ¥ 9117'||‘||‘||(‘3F||s‘m|®\/|V_ g3~
80.35 80.4 80.3 80.35 80.4 80.45 160 170 180 190
m,, [GeV] m,, [GeV] M, [GeV]
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EWK measurements: sin0_

LHeC will contribute to sin20. precision measurements directly and indirectly

= Direct measurements using higher-order loop corrections

. ft,¢ .
sin? 0%, (u?) = ke e(p?)sin®Ow

= Scale dependence of sin%0.4 not negligible
= simultaneous fits made with PDFs

= [ndirect: improving precision of HL-LHC studies

= Use F-B Asymmetry measurements

LEP-1 and SLD: Z-pole average
LEP-1 and SLD: A%

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

16

ATLAS Simulation Preliminary

——
[ —_——
| L

— e

-@-

B L ]
E—— 4=
0.23 0.231 0232
. 2
sin e;,,

0.23152 + 0.00016
0.23221 = 0.00029
0.23098 = 0.00026
0.23148 = 0.00033
0.23142 + 0.00106
0.23101 + 0.00053
0.23080 = 0.00120
0.23140 = 0.00036
0.23153 + 0.00018
0.23153 = 0.00015
0.23153 = 0.00008

. o efflept. ' | | | T
sin“6,,

LEP+SLC B
Tevatron n B
LHC |

LHeC (E =s0Gev, 5,,,=0.25%) ——
LHeC ( =50GeV, 8,,,=05%) ———

World Average [2019] —*
| | | | | |

0'2321eff|ept 0.232
sin0,,

W

Precisions = 1 - 105 if
PDF uncertainties are
improved with LHeC
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Top physics: e.g. FCNC

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

= |n addition, photoproduction of top-pairs

Each limit assumes that

Theory predictions

all other processes are zero

95%CL upper limits <&
[1] JHEP 02 (2017) 079

[3] JHEP 06 (2018) 102

[5] EPJC 76 (2016) 55

[7] CMS-PAS-TOP-17-017

from arXiv:1311.2028 [9] JHEP 07 (2017) 003
2HDM(FV) ] 2HDM(FC) 7771 MSSM
3] RPV M rs HL-LHC

m |LC/CLIC 250 GeV

ATLAS <@ CMs
[2] ATLAS-CONF-2018-049
[4] JHEP 04 (2016) 035
(6] JHEP 02 (2017) 028
(8] JHEP 07 (2018) 176

= Can do precision measurements and
measurements of rare processes: FCNC

= Excellent complementarities with ee
and pp colliders

= Shown: HL-LHC and ILC 250 GeV

Branching fraction
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Higgs physics at ep

= Production of Higgs boson via Vector-Boson-Scattering Total tion (mH=125 GeV)
Otal Cross section (mm= e

E, TeV 7 13.5 20 50
NE TeV 130  1.77 2.2 346
occ (P=-08) fb 197 372 516 1038
onc (P=-08) fb 24 48 70 149
occ (P =0) fb 110 206 289 577
onc (P=0) fb 20 41 64 127
HH in CC fb 6627  0.07 0.13 046
Channel Fraction No. of events at FCC-eh
Charged Current Neutral Current
N events here shown for FCC-eh %5/ - 8-;?; 122? 888 122 888
~ 1/5-10 less predicted for LHeC 49 0.082 171 000 9% 000
Tt 0.063 131000 20 000
A large dataset of Higgs events for precision CZEZ 0.029 60 000 9000
0.026 54 000 7900
|
measurements ! - 0.0023 £ 000 =00
Z~ 0.0015 3000 450
ptp 0.0002 400 70

18 Monica D'Onofrio, Workshop on Future gr[P]Bmemrq, Rome 1.04 0.15 29/1/2020




Prospects for Higgs in ep

= Prospects for signal strength measurements of Higgs decays

LHeC: 1ab', 7TeVE,
Su/u [%] HE LHeC: 2ab', 13 TeV E,
FCC-eh: 2ab', 50 TeV E,

50
preliminary Neutral Currents: ep = eHX
40
Charged Currents: ep = vHX
30 W LHeC
20 " HE LHeC
' FCCeh
10
0

bb WW gg 1t cc ZZ vy bb WW gg 1t cc ZZ vy
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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

0 o o . . s L g 90 Hbb signal .
= ~ 10% efficiency for charm jets [conservative], 0 Hec@ L1000 67 §  wof MoP o€ o
5L *
%: 2500— —e— higgs+bkg r 2:— *
§ " [ cGiji no top Hbb Hbb *
"-3 2000 " ["|ccsingle top . 1.5 o -
3 [ Mlccz s I o
& [ ez g CC h— bb
- - sy -
- 8090 700 110 120 130140 150 ‘60 | CCZ—I]
o] V3T GV Yp i
B 5 - " CC ljj
- b 100 ¢ ini CCt
00 > 805_ @ ﬁ-)remammg Hbb NG Z o jj
B - 40 Hcc signal
° M(GeV) a0f- 2
: : 20f- . E
Signal strength p constraints to g
0.8% (bb) and 7.4% (cc) 80 100 40 150 160

M2 [GeV]
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Higgs physics eh and hh

= At the end of HL-LHC, rate measurements will reach percent level precision for
most couplings - no real sensitivity expected for charm couplings

2 — ; ] Source: Briefing book ES
L L ATLAS Preliminary 4 =3 ] ]
= = Projection from Run 2 data ZT 3 i_. [ ]
g [ Vs=14TeV, 3000 fo o S ] ) .
g0t T SMHggsboson . = 82 — = 1 Results of a fit corresponding on the
B ’,,.-—"' i "1 . ) ) 1 Effective Field Theory benchmark,
102 e b = - E . .
= P - : ] expressed in terms of effective
w0 | f couplings
=t Charm? - Fhice
E 10.7.._?-“! ] _% Future colliders combined with HL-LHC HCC not eStimated fOI‘ HL'LHC
1.05 - —
5 o) S SO + ..... + .................... ,....+.; . HL+HELHC . HL+LHeC
& oesf . . . HL-LHC+LHeC and HL+FCC ee/eh/hh
09 . g HL+ILC 50 HL+CLIC 1500 (dominated by eh) will be as
0.85 L ; L L '2 1000 3000 . )
o 1 10 10 e T effective as e+e- colliders
Particle mass [GeV] - ee/eh/hh
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Higgs physics at eh and hh

= At the end of HL-LHC, rate measurements will reach percent level precision for
most couplings - no real sensitivity expected for charm couplings = LHeC!

6gil/gi[%]

= NW OO

eff
GHbb

649il/gi[%]
O=_=DNDMhLOW
($, =N =N N=Ns, |

§|> _""I T T T LR
E 1 ATLAS Preliminary "
z = Projection from Run 2 data z_.* 3
o C _q ot
& ~ Vs=14TeV, 3000 fb W
1o SM Higgs boson _
- - ]
1072 = ,T’ b E
107 . =
Charm? E
1074 & E
B
Cai
o I SURRRRRNRY SUNNY P PR -
> fp -t
¥ 0951
0.9 - -
085 1 1 1 1
107! 1 10 102

Particle mass [GeV]

Future colliders combined with HL-LHC

| GECEGC SRS

250 380

HL+ILC 500 HL+CLIC1500

_— 1000 H 3000
ee - 240
HL+FCC ee-365
ee/eh/hh
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eff
gH 1T

Significant improvements from
LHeC also for Hbb and Htt =
better than HL+HE

H to WW to be better
investigated at LHeC
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Kappa factor framework

= . : coupling strength modified parameters 8.00
Sk/Kk [%]
. . 6.00
= powerful method to parameterise possible . LHec
. . . 4.00
deviations from SM couplings = HE LHeC
2.00 H FCC-eh
. . . . 0.00 -
From the briefing book: uncertainties on x; bb  WW gz 7z w
m _— — n b2 .
. Kiy " . K; A ——— — 1 Ky | Br;,, Note: good potent]a[ for
=-:: fee —— | I | improving on Higgs invisible
< R | I E— i
—— —— — — — W‘t.h HL+LHeC but more
refined analyses needed
00 04 08 12 1.6 20 00 04 08 12 16 20 00 08 16 24 32 0 1 2 3 4 5 00 06 12 1.8
] B . ] - Br(h %anISlb].e) =6 % at 20 ].eve].
u Ky — . K —— 1 K. S — ) : - - :
E free kv I O ] 1 Electron'jet Invariant mass
| I ] I (00, 7o Lot — Sara @e100%) |
= v =
00 04 08 12 1.6 20 00 06 12 1.8 24 3.0 0 1 2 3 4 00 25 50 75 100 0 1 2 3 4 zzgg -%ﬁje E
-_ » -_—‘ . BN FCC-ce/eh/hh  EEEM CLIC300  MEEM TLCio0 MMM LHeC |xy|<1 250;: -g;{; :
Y 8 o FCC-eeses pm CLIC509 ILCs500 B HE-LHC [ky| <1 200} g
I || e FCC-cea0 CLICs50 ILCaso HL-LHC |xy| < 1 1505 BOT soore> 025 3
I - 100 3
] I CEPC sol-
— I . . o 3 E
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00 04 08 12 16 20 00 06 12 18 24 30 Kappa-3, 2019 Limits on Br (%) at 95% CL. m,; [GeV]

23 Monica D'Onofrio, Workshop on Future accelerators, Rome 29/1/2020




Combinations of LHeC + HL-LHC

Determination of SM Higgs couplings jointly from pp + ep

4.00
0K/%

3.50

The combined ep+pp at
LHC reaches below 1% for
dominant channels

ep adds charm.

3.00

2.50

2.00

Analysis in EFT framework
% work in progress

1.50

1.00

0.50

0.00

bb W

1
W g8 T cc 2z

B HL-LHC mLHeC M pp+ep
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Indirect impact of LHeC on pp: Higgs cross section

= Calculation of all production modes improved by PDF
» Even clearer for pp=>HX recently calculated at N3LO in pQCD

NNNLO pp-Higgs Cross Sections at 14 TeV

= 52
2 B
s 51 | iHixs2
Process or [Pb]  Aoscales AOCPDF ta, ° 50 7 ABMP.120
@ - CT14.120
HL-LHCPDF LHeCPDF @
o] |
Gluon-fusion 54.7 5.4% 3.1% 0.4% o 49 i e
Vector-boson-fusion 4.3 2.1% 0.4% 0.3% 48 ABMP“S- HERA2.0 LeE
pp — WH 1.5 0.5% 1.4% 0.2%
pp — ZH 1.0 3.5% 1.9% 0.3% 47 MMHT14
pp — ttH 0.6 75% 3.5% 0.4% i
46 |
s |
: ABMP.114
44 | CT14.114
Cross sections of Higgs production calculated to NsLO using the 3 i
iHix program for existing PDF parameterisation sets (left side) i I R4 .
and for the LHeC PDFs (right side) 7y Y S S S RSV AUV AUV IS IS B

0 01 02 03 04 05 06 07 08 09 1
arbitrary
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Searches for new physics

= ep collider is ideal to study common features of electrons and quarks with
= EW / VBF production, LQ, forward objects, long-lived particles

= BSM programme at e-p aims to
» Explore new and/or challenging scenarios

» Characterize hints for new physics if some excess or deviations from the SM are found at pp
colliders

= Differences and complementarities with pp colliders
= Some promising aspects:
- small background due to absence of QCD interaction between e and p
- very low pileup
= Some difficult aspects:

> low production rate for NP processes due to small s Only a few specific
examples given here
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Exotics higgs decays in LLP

= New exotics scalars (X) could arise from Higgs decay

= |f long-lived, scalars could leave a very interesting displaced signature

= X decays to at least two charged particles with energies above pr detection threshold to uniquely identify a
DV for the LLP decay.

= |f the impact parameter with respect to the PV is greater than a given r.;, we can tag this track as
originating from an LLP decay

. myp = 20 GeV

; LHeC

----- FCC-eh (60)
(T FCC-eh (240)
© /+ DV, (fmin = 50 pm):

] HL-LHC
FCC-hh

* VBF + DV (fmin = 4cm):
HL-LHC

L

Excluded Br(h—>XX)

Tracker

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

ct (m)

Large improvements wrt HL-LHC
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Complementarity of e-p for 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 pm to be free of
background.

e 10 I
-2 1~
S T £ 100 L) TR e c.zo
B .sr=2,. CEPC, Z
(US+AygST)H'H 10° rser CEICZY.
10= ‘_"."' Tera Z
1 0_5 il ST TP -
10—: % ss
10~ hs
10—8 o VAT p— J——tHCRun1-h NP
s Ny e /7 = == HL-LHC, 6 ab"", h —> NP
£ T ) WU = I - - B | K ::;:mz:,:or;o ab"t, h—NP
E —— SHiP- po
g 10_10 — — FASER2 -_3 ab’ .
10712 — — CEPC, 5.6 ab", h NP
| FCC-ee, 5.0 ab", h — NP
‘ . w w s s 1 0_ 13 » LR CLIC,g, 1 ab™, h - NP
5 10 15 20 25 30 35 12 — = CLIC\gy 25 ab,h NP
my, [GeV] p— ﬁ.o ab ,h|—> NP
10—15 r ool 1 1 Lol 1 1 [ —" [ L1
. . . -1 2
Coverlng lmportant regions between PP 10 1 10 10
and ee / low-energy experiments mg (GeV)
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Higgsino production in disappearing tracks

» https://arxiv.org/abs/1712.07135

ct (m)
¢ oo 8-“_*,10‘3 10° 10 107 107 , m,- =400 GeV
+ i 1 0
v X 0.6 ] Lr:1:—>0.5 GeV
0.5 0’
XX o | —— %7 a°
v § 0.4 1 10 7t 70 70

2 | o
£ 03 | X Jets

g | —— e

10 |  EELSEASELSNE SELSELSELSN A S SR 30.2;- ] _X10/~‘+

I - LHe o)) TS T o
& : A I Yo ©
~: !‘ Fcc-eh (60) 0.0_‘\ _____ XZO ,“+

2 0-1001% _ — FCC-eh(240) | Am (GeV)
; 0010 "‘\ o S 1 o . . o o

» OUT0F N\ Minimal mass splitting is given by A, and larger mass

b% a0t ' | splittings are possible when the MSSM M. is closer to y,
. |
<l N N b ] ; ] .
200 400 600 800 1000 1200 Higgsino cross sections lower than wino ones
m, (GeV)
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https://arxiv.org/abs/1712.07135

Results for disappearing track analysis

= contours of N, pand N, p

107 107 EEEEEEEEE A
2| 03 102 | I 03
10 05 0 ' — 05
1073 _ 107% -
] T
£ 107 LHeC 1 g € 10 LHeC 1 3
5 1075 1ab' 5, T 5105 fab™ o ¢
10—6, [.I>0 3 < 10—6, IJ>0 -3 <
W Nyp>10 24 _7 W Noyp>10 4
-7 10 1
108 ® Nip>100 0 108 m Npyp>100 O
08 T
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m,- (GeV) my: (GeV)
green region: 20 sensitivity estimate in the presence of t backgrounds :2 —F -
black curves: projected bounds from disappearing track searches for 105} | yiAnCOT ReChOr0S
HL-LHC (optimistic and pessimistic) £ 107} TR 1
o 107} moeno-j
og e . . . 3 ab™"' 12
Sensitive to very short lifetimes exceeds that 10 " o L
of hh colliders | | e
2 200 400 600 800 1000 1200
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Sterile neutrinos

= |n general weakly produced and/or non-promptly decaying particles very
challenging at pp and ee colliders - good complementarity with e-p colliders

= Similarly to the case of the Higgs exotics decays, sterile neutrinos
active-sterile neutrino mixing with 0% e s . ? J
the electron flavour <> [Be|2 9 Sensitivity of the LFV lepton-trijet | § |
- v p searches (at 95 % C.L.) and DV one ] y J
> N W
W
| — MEG: ©%=]6,6,,
q L i W B DELPHI: ©2=|6]2
prOdUCtiOH channel: Wt (@) 4 ATLAS: 02_|a |2
_ : 0%=16,
e N ﬁez " | — LHCb: 0%(6,|*
7 — LHeC (LFV): ©%=|6.6,|
W | — FCC-he (LFV): @°=|6,6,)
1o LHeC (displaced): ©2=|0, |2
v w-— NS FCC-he (displaced): ©*=|6, | >
production channel: Wy g 10,0 50 100 500 1000
4/\0(%7 0;1,, 67' My [GeV]
N o Different analyses depending on

m(N) and m(W) relations
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Dark photons

= additional gauge boson that naturally mixes with the U(1)Y
factor of the SM kinetically

= have masses around the GeV scale and their interactions

X
InteractioiM
P ﬁ ; g—c

are QED-like, scaled with the small mixing parameter €. e 'F
£ £
. decay to pairs of leptons, hadrons, or quarks,
. : § which can give rise to a displaced vertex
o X p . X
103 — v
...................... Present exclusion
-,‘ — LHeC, Pt(X)>10 GeV | 5.x 104
L LHeC, Pt(X)>5 GeV |
5' — FCC-he, Pt(X)>10 GeV/
N FCC-he, Pt(X)>5 GeV |
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Nbkg=100, signal efficiency = 100%
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w 1.x1074}]
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1_)(10_5 CooN L ]
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Complementarity of e-p for dark photons

= Preliminary contours under assumptions considered for the European Strategy:

€ / Uy w
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How-to: the LHeC Detector

R=4.6 m
[6.2 FCCeh]

L=13.6 m [FCCeh:19.3 about CMS size]

1315

FCC-eh Detector

cccccccccc

FFFFFFFF

uuuuuuuuuu

sssssss

All Numbers [cm]

HCAL-

Endcap-Fwd

Dipole

FHC-Plug-Fwd

34

Muon Detector

HCAL-Barrel

Solenoid
EMC-Barrel

Tracker Fwd Tracker Tracker
Bwd

BEC.-Plug-Bwd

FEC-Plug-Fwd
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“— 475

Study of installation (sequence)
of LHeC detector in IP2 cavern

using L3 magnet support structure
[commensurate with 2 year shutdown]

<« 335

<« 160

p/A

Arrangement of the inner barrel tracker
layers around the beam pipe
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How-to: the LHeC Detector

R=4.6 m
[6.2 FCCeh]

L=13.6 m [FCCeh:19.3 about CMS size]
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Study of installation (sequence)
of LHeC detector in IP2 cavern
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B Proton collider

Possible scenarios of future colliders B Electron collider
[l Electron-Proton collider
mmm= Construction/Transformation

= tvears _9vears [IIGPLIYCY 500 GeV Preparation
% 20km tunnel
R
8 years .
g 1C;51C6/59(;/1$/240 oV SppC aim similar to FCC-hh
5 100km tunnel e fbed
CCCon. 350.365 GaV FCC hh: 150 TeV =20-30 ab!
8 years 10 years 90/16;;0 — 1.7 abt
100km t | 150/10/5 ab 11 years
mtnne FCC hh: 100 TeV 20-30 ab-!
8 years 15 years
T FCC hh: 100 TeV 20-30 ab-!
m tunne
= 8 years
5 HL-LHC: 13 TeV 3-4 ab! HE-LHC: 27 TeV 10 ab!
O

2years 6years |LHeC: 1.2TeV
0.25-1 ab1® FCC-eh: 3.5 TeV 2 ab!

5 years 7 years ] 3 TeV
—
11 km tunnel - " 5 ab?

2030 2040 2050 2060 2070 2080 2090




conclusions

= An electron-proton facility represents a seminal opportunity to develop and explore QCD, to
study high precision Higgs and electroweak physics and to substantially extend the range and
prospects for accessing BSM physics, on its own and in combination of pp with ep.

= sustains HL-LHC and bridges to CERN’s long term future

= |n eA scattering mode it has a unique discovery potential on nuclear structure, dynamics and
QGP physics.

= On the technology side, it leads to novel accelerator studies:

= Energy Recovery Linacs are a green power facility nowdays very interesting

= An international collaboration has been formed to realise the first multi-turn 10 MW ERL facility, PERLE

at Orsay, with its main parameters set by the LHeC and producing the first encouraging results on 802
MHz cavity technology

= Detectors could also benefit of novel high tech (eg. CMOS..)

Overall, the LHeC would keep accelerator and detector developments up to date while preparing
for colliders that cost O(10)BSF

= _ Without mentioning that LHeC paves the way to the FCC complex in its full hh-eh capacity
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Recommendations

i) It is recommended to further develop the ERL based ep/A scattering plans, both at LHC
and FCC, as attractive options for the mid and long term programme of CERN, resp. Before
a decision on such a project can be taken, further development work is necessary, and should

be supported, possibly within existing CERN frameworks (e.g. development of SC cavities and
high field IR magnets).

ii) The development of the promising high-power beam-recovery technology ERL should be in-
tensified in Europe. This could be done mainly in national laboratories, in particular with the
PERLE project at Orsay. To facilitate such a collaboration, CERN should express its interest
and continue to take part.

iii) It is recommended to keep the LHeC option open until further decisions have been taken.
An investigation should be started on the compatibility between the LHeC and a new heavy ion
experiment in Interaction Point 2, which is currently under discussion.

After the final results of the European Strategy Process will be made known, the IAC considers
its task to be completed. A new decision will then have to be taken for how to continue these
activities.

Herwig Schopper, Chair of the Committee, Geneva, November 4, 2019

Monica D'Onofrio, Workshop on Future accelerators, Rome
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Test facility: PERLE

= | ow energy ERL facility in Orsay

= 2 Linacs (Four 5-Cell 801.58 MHz SC cavities)
= 3 turns (160 MeV/turn)
= Max. beam energy 500 MeV

= (Collaboration involving CERN, Jefferson
Laboratory, STFC-Daresbury, University of
Liverpool, BINP-Novosibirsk and the Irene Curie wiector 7Mev 4%
Lab at Orsay. =7

= Major parameters taken from LHeC:

= 3-turn configuration, source

AC = Ael2

= 802MHz frequency Footprint: 24 x 5.5 x 0.8 m3

= cavity-cryomodule technology

. o Target parameter Unit Value
= suitable facility for the development of LHeC —
. Injection energy MeV 7
ERL technology and the accumulation of Electron beam energy ~ MeV 500
operating experience prior to and later in fﬁgf;g omittance ey mmmrad 5 Phase | operation
parallel with the LHeC Bunch charge pC 500 by 2025
Bunch length mm 3
1 ; Bunch spacing ns 25
» |t ha§ its own low energy physics programme O st
and industrial applications Duty factor W
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Qo(2K)
1:11., [o Five-Cell Cavity ] Recent ERL
Q, | | sesesssss _ achievements
| W Cavity 2
EaraTeter 0 lI\J/Ir\I/I/t g:1~5 7? quench field limit g
acc @t quenc m : § - 5t
E,. at quench MV/m 68.1 [tPERLE c ER
B, at quench mT 126.3 [nance requirement %
FE onset field MV/m ~25 S
FE-induced radiation(max) [ mR/hr. 0.06 8 Of
Max. Q,-value /1e10 4.72 -
Qq-value at 25 MV/m /1e10 3.12 8 '
Lorentz Force Detuning Hz/(MV/m)2 | -1.5 -
0 5 10 15 20 25 30 35 -9 | without ER
Gradient MV/m
0 0.5 1
F Marhauser et al.
Jlab, CERN Current (pA)

Demonstration of energy recovery in

First 5 cell Niobium new cBETA facility at Cornell, with BNL

Cavity, 802 MHz
G Hoffstaetter et al 19.6.2019

High Qo, high stability

A N
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»
Project staging strategy: o
0O PERLE

The PERLE configuration entails the possibility to construct PERLE in stages. We propose in the following two
main phases to attend the final configuration.

Phase 1: Installation of a single cryomodule in the first straight and three beam

_—2
lines in the second (consideration motivated by the SPL cryomodule availability) 7 "'"E’i

BTl

PERLE Phase 1 layout

- To allow a rather rapid realisation of a 250 MeV machine.

- To test with beam the various SRF components.
- To prove the multi-turn ERL operation.

- to gain essential operation experience.

Phase 2 : Realisation of PERLE at its design parameters as a 10MW machine: e ""&i
- Upgrade of the e- gun =i | //'é
- Installation of the 2"d Spreader and recombinar a;'-.-‘.sr‘/

PERLE Phase 2 layout
- Installation of the second cryomodule in the second straight. ase 2

WaligiKaabi (Orsay) Monica D'Onofrio, Wot#sWeps $HFatitrelseidceretdtors, Rome 29/1/2620




Recent PERLE Progress

o’ - } - }

| — Homogenesty ::‘::m 0 888em, Bomogeneity = £79 10’]@.30.“
w4 Mm
) —— Hemogeneity_skim|ms
S' " — Homogensty shim(ms
Pl
g ./7} ‘4(

Bending magnets: field homogeneity with
optimized shim of 8.8 10°at + 20 mm (GFR).

better than expected (5 104).

LAL/IPNO and BINP-Novosibirsk applied for the H2020 10.5.19
European program (CRIMLINplus) and ask for fund for
dipole design & prototyping and for a post-doc position.

Transfer of ALICE (Daresbury) gun + equipment to LAL (5/19)
Hiring of personell at Orsay
Design of source/booster/injector at Daresbury/Liverpool

Encouraging radiation protection survey at Orsay

arrival of the
ALICE gun in
the PERLE hall g

cf Walid Kaabi
27.6. in FCCeh
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Costs

= Costs are partially driven by the ERL size

High Electron Energy beams achievable with
longer linacs

[T
XL
()
wn
=
o
-
2
=

Parameter Unit LHeC option
1/3LHC 1/4LHC 1/5LHC 1/6 LHC
Circumference m 9000 6750 5332 4500
Arc radius m- 27 1058 737 536 427
Linac length m -2 1025 909 829 758
LHeC 1/5 LHeC 1/3 Spreader and recombiner length m-4 76 76 76 76
Electron energy GeV 61.1 54.2 49.1 45.2

m ehtunnel = RF galleries = Shafts

Figure 2.1: Cost estimate for the civil engineering work for the tunnel, rf galleries and shafts for the
LHeC at 1/5 of the LHC circumference (left), at 1/3 (middle) and the FCC-eh (right). The unit costs
and percentages are consistent with FCC and CLIC unit prices. The estimate is considered reliable to
30%. The cost estimates include: Site investigations: 2%, Preliminary design, tender documents and
project changes: 12 % and the Contractors profit: 3 %. Surface site work is not included, which for LHeC
exists with IP2.
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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: arXiV: 1309.5966)

Case Al Case All .
* Scenario A: M < M, |y

Xt*

X3°
X2 —

X“’“| |""Z v X"“| X2/ o Bino LSP
X —

Case Bl Case Bll

* | o Scenario B: M, < M, |u|

Wino LSP

Case Cl Case ClI

Xth| X2 Higgsino LSP

X1,2° W3
x12°h| |x1.2°2
1t F

x2°
x1°

x¢ * Scenario C: |u| < My, M,
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Used as benchmarks:

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

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

on(x % +x 11+ 11’ )
< or << ow(x*ix%)

[depending on masses!]
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https://arxiv.org/pdf/1309.5966.pdf

Prompt SUSY EWK production

= Target two kind of EWK mass spectra:

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

Large
gap

Slepton mass

Chargino ~ Neutralino1 masses

Mass difference ~ 1-2 GeV

“compressed-slepton scenario”

Slepton (selectron) mass

1~35 GeV

—'

Higher order corrections
might be as high as 20%
as for pp collisions - not
taken into account
(conservative!)

- — oo (o — <0 o0 o
pe — ]67 XX (X — X15X25 X1 ) cross-sections [LO] P(e)=0
[r— wl LI I T LI | I 1 1 7T I L I L B B | I T T T ] 1T =
e e € ;9 - 7=7 720 710 == FCC-eh compressed-slepton -|
. g 107 ion g0 U g—
VBF production y =~ Az’ 7)1 Ge ' -
W i 1 mmms FCC-eh decoupled-slepton
, . 106 m; ~multi-TeV _
q j ’ q q.) ; §
_ o~ ~— o~ ~ e o~ ~ ~ C ]
+ pe” — JXEr, JXV — jeT XX 1 - i
i B pe1 1 = =
€ e e 1 = =
L < : > N f
i S 107" — ~~~~~~~~~~~~~~~~ —
* * b : | 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 | 1 1 1 I~T~~I~T~~ 1 | 1 1 1 1 ] 1 1 1 :
. /7/\], . /\\j 150 200 250 300 350 400 450 500 550 600
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Compressed slepton scenarios: results

= Evaluate significance with statistical and systematic uncertainties

Ostat = \/2[(.7\73 +N)In(1 4 22y N,

Ny,

(Ns +Nb)(Nb ‘I’O_g)

Ostat+syst = [2 ((NS + Np) In

0%]\73

= Of course, systematic uncertainties play

Nb(Nb + O'g)

N7 + (Ng + Np)o?

1/2

)

significance

I IIIII:III

P(e’) =0

FCC-eh [1 ab™']|Signal Background
Mgt 19 (GeV] 400 je  vv je ftv
mg [GeV] 435
initial 4564 [1.08 x 10° 7.96 x 10°
Pre-selection | 3000 |3.87 x 10° 5.71 x 10°
BDT > 0.262 149 600 86
Ostat+syst 3.3
2 T T T T T Tt L L L
10 compressed-/ ~ FCC-eh ~ -------- 25ab", 6, =0

-------- 1ab™, 6*=0
—— 25ab", 6} =5%
—— tabl 6 =5%

discovery

1 IIIIIIII

a crucial role, as in monojet searches at pp 10E l Exclusion °
> Here we consider 0-5% : \\\\ e 1 _
—> Projections for HL-LHC consider 1-3% R \\ T
%OO 300 400 50 600 700
mzi 5! [GeV]
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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)
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

q

>

> .

WG 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 I |  fndecDetecton 11 |
LE-FCC I FCC-hh I
<_|Fcc-eh | > LE-F = |
HE_LHC | C[Fccoen )
HL-LHC | 20 Di ing Tracks 1 HELPC |
- o, Disappearing Tracks _ _
————————————————————————————————————————————— ppearing face | HL-LHC | 20, Disappearing Tracks
CLIC3000 |  Kinematic Limit: \/E/Z_ (_ZLI_C____“““_“__““___““_|_|“_“““—T—““-“-“-“\_/:“
A T 20, Indirect Reach 3000 Kinematic Limit: v s /2 |
CLIC1500 | | 20, Indirect Reach
L || ILC | |
ClLiCsso | | CLICag0 | |
FCC-ee | | A\ |FCC-ee |
{ \
CEPC I The rmal European Strateg) ] CEPC I Thel’mal European Strateg)
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 (@ FCC

= contours of N, pand N, p

107" ' X J : j
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black curves: projected bounds from disappearing track searches for N RecmS
HL-LHC (optimistic and pessimistic) and the FCC-hh i FeC-bh "
G 10°LE Moro-j ‘
Sensitive to very short lifetimes exceeds that 10545 e I
of hh colliders il | | bownss e
ki 200 400 600 800 1000 1200
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SUSY EWK production

= Target two kind of EWK mass spectra:

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

Slepton mass
Large
gap

Mass difference ~ 1-2 GeV

pe” — je XX (X = X3, X3, X7)

e o e

50
Ly W 12

VBF production

w* 7t

q joa
+ pe” = JXer, JXV — jem XX

. X2
e, eL_ < e
~| e7
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“compressed-slepton scenario”

Chargino ~ Neutralino1 masses

Slepton (selectron) mass

(Note: as sleptons are
heavier than charginos
and neutralinos, they do
not play a role in the pp
cross sections)

1 slepton mass

1~35 GeV
July 2019
600 [ T l T T T T l T T T T l T T T T l T T T T ] T T T T ] T T T ]
[ ATLAS Preliminary 8TeV,20.3fb~" 7 €[&, /] arXiv:1403.5294 |
L B 2(¢ compressed / € [é,/i]] CONF-2019-014 A
500 - Vs=13TeV, 139 b 1 2 7€ [8,/i] CONF-2019-008 ]
P oo T — 050 2r hadronic /=7  CONF-2019-018 -
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400 & Aulimits at 95% CL ]
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i - Expected limits P ‘\‘ BenChmark
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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:

- : : : q\ S | R
At least one jet with pr> 20 GeV, [n| < 6.0; O 0.08F FCC-eh e !.e. 7 Z—_
= Exactly one electron with pr> 10 GeV, -5.0 < n < 5.2; (@) - —J€ V V-
= No b-jet with pr > 20 GeV: = 0.06F —jelv ]
= No muon or tau with pr > 10 GeV; _g 0.04F -
= Missing transverse momentum E™ss; > 50 GeV 8 0.02k _
L . - -

= Use BDT with simple kinematic variables L . L

-0.5 0 0.5
and angular correlations as input BDT
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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. \/E /E
Com ~
di
00 ,.1 10
1l V. Z
£ : - = = -
- T — = = =
- ¥ = — - =
= 2 T = - 20
e — - o =
e —
= 11Lcp. T 30
100 E="=EET L
0 0 ——st w50 T o
0to 0 e B

3-4 hits only in the inner-most tracker amissing (disappearing track)
(or a “kink” if the harder daughter d1 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

( Py <+
originating from an LLP decay e '
-/// Tracker
= heavily relies on backgrounds due to pile-up being =~ 7=~
either absent or controllable. |
Backgrounds:

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

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
54 - rejection of 10-4(10-°) for 1(2)z
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= Assume 100% efficiency




