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Introduction

ep Collider Design

Slide based on [Oliver Brining, FCC week 2017 in Berlin, “FCC-eh Configuration and Performance” ]

Layout & Civil Engineering

[ B. Mellado, C. Cook @ FCC week ] Electron Beam
60 GeV acceleration with Recirculating Linacs:

FCC_.eh Animation from [ A. Bogacz (JLab) @ ERL’15 ]
IP L for geological reasons

Spreader Recombiner 38 Injector

F Compensation Linacl
+ Doglegs + Doglegs
+ Matching 96m + Matching 120m

42m Arc2,4,6

Recombiner 38m Dump Proton beam

+ Matching 20m  Spreader f Bypass

Linac2

FCC-eh run as long as FCC-hh plans to run: 20-25 years;
expect to collect ~1 ab™* / 10 years at /s = 2,/E,E, = 3.5 TeV
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Introduction

LHeC, HE-LHeC, FCC-eh Baselines

[ EDMS 17979910 FCC-ACC-RPT-0012 V1.0, 6 April, 2017, “A Baseline for the FCC-he” ]
[ Oliver Brining, John Jowett, Max Klein, Dario Pellegrini, Daniel Schulte, Frank Zimmermann ]

* ep collider is ideal to study common features of electrons and quarks with
- EW / VBF production, LQ, multi-jet final states, forward objects

* Differences and complementarities with pp colliders

v/ Some promising aspects:
— small background due to absence of QCD interaction between e and p

—> very low pileup

—> polarized electron beam

X Some difficulties:

- low production rate for NP processes due to small /s (but still larger than e-e* colliders)

parameter |[unit] LHeC CDR | ep at HL-LHC | ep at HE-LHC | FCC-he
E, [TeV] 7 7 12.5 50
E. [GeV] 60 60 60 60
/s [TeV] 1.3 1.3 1.7 3.5
expected integrated luminosity 1 ab1 1-2.5 ab!
V\
~1abt/10 years



Introduction Search Strategy Results Summary

Physics Goals at ep Colliders

* Proton PDF measurements
-> reducing PDF uncertainties by ep colliders
—> crucial to improve the discovery power of pp colliders,
especially at 100 TeV

AT Er

o areul /| L
10® 107 10* 10° 10" 103 1072 10"x 1

*  SM Higgs precision measurements N Coupling 300 b 3000 b~
FCC book 2018 Theory unc.: Theory unc.:

3.00 } [ : [ATL-PHYS-PUB-2014-016] All  Half None | All Half None
K /k [%] (@%:CET%; ab: p= 1% 79% 79% |44% 40% [3.8%
6.00 %(h éi.nv)0~ L2% kw 9.0% 8.7% 8.6% |5.1% 45% |4.2%
G ~ 10% with 3 ab- B LHeC. 1 abt ke 2% 21% 20% | 11% 85% |7.6%
400 Rhh ! K 23% 2% 2% | 12% 11% |10%
W HE LHeC, 2 ab? 8 ke 14% 14% 13% | 9.7% 9.0% |8.8%

Ky 21%  21%  21% | 7.5% 7.2% |7.1%

- -1
2.00 FCCeh, 2 ab Ky 14%  12% 11% | 91% 6.5% |5.3%
h L Ky 93% 9.0% 89% | 49% 4.3% |4.1%
0.00 - - | ‘ | kzy 24%  24% 24% | 14% 14% |14%
W g © O @ w

* BSM physics 5 /23



Introduction

Direct BSM Searches at ep Colliders

More details, see [ https://twiki.cern.ch/twiki/bin/viewauth/L HeC/L HeCFCCehBSM ]

¢ BSM Higgs: invisible decay; H->4b, H->multi-j, [H*|, H**

A\

[G. Azuelos, H. Sun, and K. Wang, PRD 97 (2018) 116005]

+|RPC SUSY: pbwm, sleptons

¢ Anomalous gauge couplings: VvV, VWV

¢ | eptoquarks & RPV SUSY squarks: (limits, quantum # & couplings)

¢ Contact interactions: eeqq (very heavy LQ, compositeness)

¢ BSM in the top sector

¢ Sterile neutrinos & more long-lived particles
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Introduction

Current LHC limits on SUSY DM
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Introduction

m(x3) [GeV]

Current LHC limits on SUSY Sleptons

July 2018
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Search Strategy

Signal Production @ ep colliders

Signal scenarios:
Bino: Mﬂ
Wino: MY% ~ Mf(g = MX«({ + 1 GeV

(1) Light slepton scenario
Slepton: My, = M.+ + 35 GeV
1

Sneutrino: My ~ My, — 9 GeV

(2) Heavy slepton scenario
Slepton & Sneutrino heavy and decoupled

Motivations:
(a) Compressed Scenarios:
—> decay products are very soft, challenging @ pp
—> coannihilation arguments
(b) Light sleptons:
- can be motivited by the "muon g-2"
- DM production can be enhanced by the slepton decays.

Production processes:
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Search Strategy

Signal Production Cross Sections

Signal: e™p — XX€¢™J, £ =%9,,%X7% Simulation by "MadGraph + PYTHIA + Delphes*
T 10? T 10— — -
= : FCCeh —s— light] 3 = . LHeC ~ —=— light]
- - Ple)=0 —&— heavy ] - - Ple')=0
=10k . X
= - : R
) 1 [0
- E ~ 4L
(- [
o T [0
o 107: Q
200 300 400 500 600
M. . [GeV] M. . [GeV]
Lo X, Ly Xy
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Search Strategy

Search Strategy

Final state:

: Analysis at detector-level using the BDT method.
le+1j+MET

SM background: _ o Input 17 observables for BDT Training & Test:
(a) 2-neutrino process: P€ — j€ VUV (1) global observables:
MET, H; .

(b) 1-neutrino process: pe- — je v
(contributed when one lepton is mis-detected) (2) observables for the visible objects:
P+(1) » NGy, pr(ey), n(ey);
An(y, 1), Ae(y, €y);
Pre-selection cuts: M(,*ey), pr(stes), nste,).

—

. At least 1 jet with pr > 20 GeV; (3) observables between MET and visible objects:
AQ(MET, j), AQ(MET, e,), AQ(MET, j,+e,);

. Exactly 1 electron with pr > 10 GeV; ; :
M{(MET, j;), M{(MET, e,), M:(MET, j,+e,),

2
3. No b-jet with py > 20 GeV;,
4

4. No muon or tau with pr > 10 GeV:

o

. Missing energy E7 > 50 GeV.
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Results in Light Slepton Scenario

putions of Observables @ FCC-eh
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Results in Light Slepton Scenario

BDT Distributions @ FCC-eh

FCC-eh

M 10= 400 Gev

—je V'V 1
—jelv -

Cut-flow Table:

FCC-eh [L ab™}]

Signal

Background

my [GeV] 400 P iem 1
m; [GeV] 435 Je v Je w
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 86.5
Tstat+syst _ﬁ_

BDT
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significance

Results in Light Slepton Scenario

Limits @ FCC-eh

light | FCC-eh

Ple')=0

25ab", 0" =0 Limits on M _. , @ FCC-eh
1 Eh'1, ﬂ'zﬂ' =0 i Ky Xy
25ab", 6y = 5% 1 2.5ab! |Significance| 2 5
1ab", 6} =5% | 0% sys. | 616 | 517
Mass [GeV]
5% sys. 466 367
i 1ab! |Significance| 2 5
: 0% sys. 567 464
Mass [GeV] i
S 5% sys. 451 355
600
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Fraction / 0.02

Results in Light Slepton Scenario

BDT Distributions @ LHeC

LHeC

M.+ .,=250 GeVv
T

""" 'I.e. XX Cut-flow Table:
'I.e_ Vv - LHeC [1 ab~!]|Signal Background

_le I V T ms [GEV] 250 Lo e
i m; [GeV] 285 | JC MY Je W
- initial 1231 [2.80 x 10° 2.01 x 10°
- Pre-selection | 453 |6.60 x 10* 1.66 x 10°
- BDT > 0.172 | 49.5 486 278
: Tstat+syst 1.03

15/23



significance

—_—
(-

Limits @ LHeC

Results in Light Slepton Scenario

light 7

LHeC

Limits on I\/If . @ LHeC
1 ab-! Significance| 2 5
0% sys. 266 | 227
M GeV
ass [GeV] oo sys. | 224 | 187

B 1ab”, Gzys' =0
Pe)=0 —— 1ab",c)*=5%
I ! \ ! | !
200 290 300
M. o [GeV]
x1’ 2
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Fraction / 0.02

Results in Light Slepton Scenario

BDT Distributions When Varying AM = M; — M =

0.05F

| aM =20 Gev_

IR SN T -
—je 7 i @) L AM = 12 GeV —je 77
—je v v o I —je vv]
—jelv | ~ | —jelv ]

- S 0.05 -
O i
< |
—
J L 0- .
0.5 0.5 0 0.5
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0.1_ T T T T T T T —
SOOBLﬂM:SUGEV ==je 7 7]
© " Mitag = 400 Gev —je v
™~ - —fje I v ]
c [}.(}6E /
-_g 0.04r -
O C ]
© 0.02 -
L :
0.5 0 0.5
BDT
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0.1

0.051
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Results in Light Slepton Scenario

Significances When varying AM

FCC-eh

significance

10

-------
S
-

light 7

P(e' ) =0

------

-
- -
~ .
-

. Gzys. - 0
, Gzys. =0
2.5 ab”, o}’* = 5%

1ab”, 6}’ = 5%

-
-
-
-
-
-

-
-
-
-
il
[ —
-

20

AM [GeV]

Maximal sensitivity @ AM = 20 GeV:

- smaller AM, better separation
between signal and background.

- when AM < 20 GeV, electron from
the slepton or sneutrino decays
become too soft to pass the pre-
selection cuts, pr(e) > 10 GeV

Sys. unc. control — important for large
AM
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Distributions of Observables @ FCC-eh

Fraction / 10 GeV
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Results in Heavy Slepton Scenario
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Results in Heavy Slepton Scenario

BDT Distributions @ FCC-eh

FCC-eh

Mt 53 = 250 GeV

—je vy
—jelv

Cut-flow Table:

FCC-eh [1 ab~']|Signal Background
my [GeV] 250 L L
m; [CeV] i je v je v
initial 909 [1.08 x 10° 7.96 x 10°
Pre-selection 399 [3.87 x 10° 5.71 x 10°
BDT > 0.251 | 13.9 326 357

Crsta.t—ksyst
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significance

—
-

Results in Heavy Slepton Scenario

Limits @ FCC-eh

FCCeh ™ . 2.5ab", 6% =0
Pe')=0 N e 1ab”, Gsys' =0 7
heavy y . b _

I h) ! I I T
A Y

—— 25ab’, o

1r=|b1

S5 2 5%
S - 5o,

200 300
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100

limits @ FCC-eh, 2.5 abt?

Significance 2 )
T e
limits @ FCC-eh, 1 ab!

Significance 2 5
ass (o) Zpe o200 |14
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m(x3) [GeV]

Results in Heavy Slepton Scenario

Comparison to LHC limits

*I‘:BC’-eh, 2.5 abl

7

500 1+ e July 2018 SUSY 2018 ATLAS Proliminary__ (58,13 TeV, 20.3-80.0 5! Alllimits at 95% CL
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Summary

We develop the search strategy for SUSY DM & Sleptons @ ep colliders

Signal scenarios:
- compressed spectrum

> Bino~ ¥¥; Wino~%7, %9
- Both light & heavy slepton cases

Final state: 1 e + 1)+ MET

- Analysis at detector-level using the BDT method.

Limits on M_+ .
5 %9

light slepton case:
- 616 (517) GeV for 2 (5) -o @ FCC-eh, 2.5 ab?
- 266 (227) GeV for 2 (5) -0 @ LHeC, 1 ab’?

heavy slepton case:
- 230 GeV for 2-0 @ FCC-eh, 2.5 ab!

23/23



Backup Slides



More Information

Ogtat = \/2[{¢”\T5 + Np)In(1 + '\,s

) o *"""rs]

(N + No)(Ny +07)
NZ+ (N, + N,)o?

Ostat4syst = 2( ( in"'rs + in"'rb)l

1 2 CTEA',\'T- e
— 2 In(l+ —2—"— ))
G—b P‘-‘b(.‘_"b‘l—gb)
FCC-eh [1 ab™}] Signal Background
my [GeV] 100 100 100 100 100 100 _ ,__
m; [GeV] 405 412 420 435 450 465 Je vv je v
initial 4133 4583 4765 4564 4315 4067 1.08 x 10° 7.96 x 10°
Pre-selection 290 591 2255 3000 2967 2847 3.87 x 10° 5.71 x 10°
BDT > 0.226 35.7 - - - - - 24.8 14.4
BDT > 0.246 - 30.5 - - - - 17.8 5.1
BDT > 0.260 - - 139 - - - 132 59.6
BDT > 0.262 - - - 149 - - 600 86.5
BDT > 0.260 - - - - 102 - H86 34.9
BDT > 0.246 - - - - - 93.3 641 75.4
Ostat+syst 4.78 H.23 7.23 3.28 2.47 2.02




Limits from VBF Process @ LHC

14 TeV, after all cuts, significance @ 3000 fb-1 N

—_ S

S j—
Total SM background: Vst N,

0.0020 fb for “exactly 2-muon final state analysis”,
0.0189 fb for “exactly 1-muon final state analysis”.

CC: “cut and count” approach
Shape: “shape” based approach

AM m; M50 2-muon final state 1-muon final state Combined
Cross-section Significance Significance | Cross-section Significance Significance| Significance

[GeV] [fb] CC Shape [fb] CC Shape CC Shape
25 135 110 0.0014 1.33 1.75 0.0021 0.75 1.26 1.63 2.32
15 135 120 0.0021 2.06 2.60 0.0029 1.03 1.51 2.46  3.16
10 135 125 0.0019 2.06 2.91 0.0044 1.76 2.93 2.94 C4.49
5 135 130 0.0004 0.30 0.49 0.0036 1.45 2.22 1.50 2.08
15 125 110 0.0024 2.44 3.06 0.0035 1.31 1.82 2.98 3.75
10 125 115 0.0023 2.44 3.30 0.0053 2.20 3.49 3.56 5.22
5 125 120 0.0006 0.63 1.02 0.0046 1.89 4.10 2.53 3.94
15 115 100 0.0027 2.83 4.08 0.0043 1.60 1.83 3.50 4.55
10 115 105 0.0026 2.85 4.21 0.0062 2.51 3.90 4.15 6.24
5 115 110 0.0007 0.63 1.10 0.0058 2.38 4.06 2.53 3.97




S/VS+B

Limits from VBF Process @ LHC

L 99% Wino, 1000 fb™', 14 TevV -

e SR 99% Wino, 500 fb™", 14 TeV ~ _|

s 99% Wino, 100 fb™", 14 TeV = |

I_ | | | | | | | | | | | | | | | | | _l
200 400 600 800 1000

m(x.,) [GeV]



FCC-eh Detector Basic Layout

angular acceptance for charged tracks: [ P. Kostka, A. Polini, E. Pilicer @ FCC week 2018 ]
-4.3<n<4.9 All Numbers [em]

1927

*IIIII EEEEESEEEEEESEEENEEEEEEEEESEEEEEEEEEEEEEEEEEE EEESEESEEEEEESEEEEEEEEEEE EEEEEE EEEEEEEEEEEEEEEEESEEEEEEESEEEEEEEEEEEEEEER Illll-llb* 600

= 433

Hadron . . Hadron
Hadronic Calorimeter !  Bwd-Endcap

Fwd-Endcap

Dipole Solenoid | Dipole 154

Fwd-HCalo Fwd Central = o . ' 46

Insert Tracker B Tracker Bwd-HCalo p/A
Tracker Insert
Electromagnetic Calorimeter

N ————— [ i e 2 e 2 —
80 180
Electromagn.- Electromagh.-

Fwd-Endcap Bwd-Endcap
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Improved PDF Measurements @ LHeC & FCC-eh

See also [Max Klein’s talk “FCC-eh — Status and CDR Plan” in FCC week ]

: il Giuon | - low-x: no current data to constrain x < 104;

better but not much after HL-LHC;
- mid-x: need higher precision for Higgs
: > high-x: very poorly constrained;

dxglxg

1.5

limits searches for new, heavy particles
10° 107 10° 10° 107 1||:||*‘*|||:||2 10 x1
2 A mmaan cev: i
[=] c b
B cra i > FCC-eh: access to much smaller x, larger Q2
1.5 . . .
: —> important for the FCC-hh as it will probe

much lower x regions for standard processes

G LA LL Laanu Laaseul  poaaw A1 isal ALl
10° 107 10° 10° 10* 10° 107 1||J"x 1




DM thermal relic density

> ~ ~ ~ ~
'-"_)(,')‘ O.% U After EW symmetry breaking, ,1710~(B, W, Hﬂ,, Hu) ,’{71+~(W+, H:) )?f’“(Wf, H;)
& 102
S 10
o 1075 e e j;;’" Annihilation SM DM composition
a 107 <gv> 1
£ 1077 ¢ —
5 108 = IS= X N _ .
e 10-9 ¢ e N H “Bino
ap 10-10 oo N - ®Wino
g 10-1 |
S 10-12 Sl 5 Higgsino
O 10-183 ~0
E 10—14 1 Illlllll | llllllll I LIl Zl SM
8 i 10* 107 103
time——
m /T
Composition To satisfy Generic case Comments
relic density O ann Relic density | Possible mechanism
Bino 20 - 100 GeV, small large Non-thermal, Dominant: t-channel
depending on a resonance, slepton exchange
slepton mass coannihilation,
Wino ~ 24 TeV large small Non-thermal,
Higgsino ~ 1TeV large small multl-comp(_)nent, Strong bound from direct
well-tempering .
. production
mixture, etc.

~ ~ ~

VBE DM search: 7' ~W,H,(B+H)



