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SUSY searches at the LHC : Nothing found
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Muon g-2 anomaly?
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Classes of Long-Lived Charged Particles (in Collider Experiments)

: 0(100)GeV
m Particle proper m > 0(100)Ge

» Heavy colored - hadronize > {

> Heavy non-colored

R-hadron /
stopping particles

» Light non-colored, milli-charged - dedicated searches

m Lifetime

> “stable” > “in-flight decay”

CT~Tmm-Tm
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Why should we search for LLCP? — three viewpoints

B experimental
> ..why not?

c\l'_.1d—\$5
5‘104‘0
= 104
K]

S 10742
B 104

From a talk by Phil Harris at FCC WEEK 2017

\I;Ii'g gs invisible bound

30 ab™ (100 TeV)

(H — inv.) < 0.0001

Taking optimistic bound

B 1044
010 -

> relevant for detector design S 10

B phenomenology o

1 10

102 103
DM mass [GeV]

long lifetime FCC-hh willz) cover most of the
—> an actor in early Universe I standard thermal-WIMP scenario
non-standard DM/cosmology with LLCP
-> next slides

od
m theoretical ... SUSY? o*

» GMSB scenario: light gravitino - long-lived sleptons
> split-SUSY: extremely heavy squarks - long-lived gluino

23 s


https://indico.cern.ch/event/556692/timetable/#20170601.detailed

Stable LLCPs in Cosmology

m Dark Matter (especially to ameliorate DM over-abundance)

Collider Limits
) 100 Tev

» co-annihilation wino

® (g- ;E) S 700 GeV niggsine 0 14Tev
— mixed (B/H)
® (W'g) S 6—7 TeV mixed (B/W)
P (B _g) or (B _ ) s 8TeV gluino coan.
Harigaya, Kaneta, Matsumoto [1403.0715], stop coan.
Ellis, Olive, Zheng [1404.5571], etc. squark coan.
> super-WIMP scenario o1 e mfnw] s
2 (> 0(1)TeV ‘Physics at the FOC-hh' Report [1606.00947]
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Super-WIMP scenario Feng, Rajaraman, Takayama [ph/0306024|

1 SM
m Super-WIMP: N;m
~ [ SM

> NLSP slepton [ + LSP gravitino G

4o’ 167ra2m%

m= cos? Oy (m%R +m%)?

frozen-out <

— thermal relic with (Qh?);>> 0.12

late-time decay| | [ - G + [

oM (&) = — (Qh%);

Qh?
(ah?) -

~ ~ _ - . m»lv )—5( mé )2
7(l = IG) = 5.7 x10™ ' sec (1TeV MoV
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Super-WIMP scenario
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Stable LLCPs in Cosmology

m Dark Matter (especially to ameliorate DM over-abundance)

> co-annihilation o Collider Limits
~ @) 100 Tev
® (B - ;E) S 700 GeV niggsine 0 14Tev
— mixed (B/H)
® (W'g) S 6—7 TeV mixed (B/W)
P (B _ g) or (B _N) S 8 TeV gluino coan.
Harigaya, Kaneta, Matsumoto [1403.0715], stop coan.
Ellis, Olive, Zheng [1404.5571], etc. squark coan.
> super-WIMP scenario o mfnw] ¢ 5 e
2 (> 0(1)TeV ‘Physics at the FCC-hh" Report [1606.00947]
m Liproblem
> MSSM T with
m= ~ 400 GeV

A(mf— m|_5p-[)|v|) ~ 100 MeV
Sato, Shimomura, Yamanaka [1604.04769|
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Stable LLCPs in Cosmology

B Dark Matter (especially to am
non-colored LLCP

» co-annihilation
*[(B-7) 700 GeVJ[ ... covered in this talk

(W-3) < 6-7TeV

— (slepton [ / stau T as benchmarks)
[(B’ §) or (B t) <8Te

colored LLCP

(= hadronize: “R-hadron”)

m Liproblem

> MSSM T with
[mf ~ 400 Gev]
A(m;— mLsp-DM) ~ 100 MeV

"Li("He)

XY
Sato, Shimomura, Yamanaka [1604.04769|

28 s


https://arxiv.org/abs/1604.04769
https://arxiv.org/abs/1403.0715
https://arxiv.org/abs/1404.5571
https://arxiv.org/abs/1606.00947

Models for “in-flight decay” LLCPs

Mass
10 TeV A ;
—— all ot
1 TeV
W:I:
— WO

CT~Tmm-Tm

o

om = M= — My,
m,:',i - m,;,o

Ners

B Simple MSSM models

» Pure-Wino dark matter
» Pure-Higgsino dark matter

U

Xi long-lived because of small 6m
(6m > 0)

Ot | e Same SU(2) multiplet > mass degenerate
(6m = mg. — myp,

My« — Mo from EW loop corrections)
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Models for “in-flight decay” LLCPs

B Simple MSSM models

> Pure-Wino dark matter 60mm

» Pure-Higgsino dark matter

cT~Tmm-Tm @ 7mm
Om =Mg+ — Mgp, | =+ ,
W Y% long-lived because of small 6m
Mg+ = Mpo (6m > 0)

my, [GeV] | 200 250 300 350 400 450 500 550 600 700 800 900
dm [MeV] | 159 160 161 162 162 163 163 163 163 164 164 164
crmm] | 71 67 64 63 62 61 60 60 59 59 59 59
mz [GeV] | 200 250 300 350 400 450 500 550 600 700 800 900
dm [MeV] | 297 306 313 319 323 326 329 331 333 336 338 340
crmm) | 11 10 94 89 85 82 80 78 77 74 72 7.1
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Models for “in-flight decay” LLCPs

B Simple MSSM models
> Pure-Wino dark matter 60mm

» Pure-Higgsino dark matter

7
CT~Tmm-Tm @ 7mm
a0 = 500 GeV, Meemion =9 TeV, tan § = 13 X long-lived because of small ém
| (6m > 0)
oo || | e (but DM underabundant
4 P for “observable” region)
3000~ % | | ’
:§J2500§
2000t E
1500¢ 5 -
—— QW =01187
--------- Qn* = 0.095
1000+

1000 1500 2000 2500 3000 3500

Beneke, Hellmann, Ruiz-Femenia [1411.6930]
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Models for “in-flight decay” LLCPs

CT~1mm-

Tm

B Simple MSSM models
> Pure-Wino dark matter 60mm
» Pure-Higgsino dark matter

@ 7mm

Xi long-lived because of small 6m
(6m > 0)
(but DM underabundant
for “observable” region)

m Other MSSM models
> Gauge-Mediation (keV G)
» R-parity violation
with T-LSP
—> [ long-lived

because of tiny couplings.
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Models for “in-flight decay” LLCPs

CT~1mm Tm

N -5 N2
et ~ 1.8 x107°m o e
100 GeV 1eV

for Gauge-Mediation: “gravity is weak”,

my - A ik 2
l (]
0-50m ( 100 GeV) (10—8) |

for R-parity violation: “if RpV is tiny”.

B Simple MSSM models
> Pure-Wino dark matter 60mm

» Pure-Higgsino dark matter

@ 7mm

Xi long-lived because of small 6m

(6m > 0)
(but DM underabundant
for “observable” region)

m Other MSSM models
> Gauge-Mediation (keV G)
» R-parity violation
with T-LSP
—> [ long-lived

because of tiny couplings.
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Summary of motivations

B Dark Mattter

» co-annihilation

® (B-T) <700GeV

> super-WIMP scenario
-2 (> 0(1)TeV

[-LLCcP
m Liproblem

> MSSM T with
mz ~ 400 GeV
A(m;— mLsp-DM) ~ 100 MeV

T-LLCP

m Simple MSSM models S
> Pure-Wino dark matter 60mm
» Pure-Higgsino dark matter

@ 7mm

Xi long-lived because of small 6m
(6m > 0)
(but DM underabundant
for “observable” region)

m Other MSSM models
> Gauge-Mediation (keV G)
» R-parity violation
with T-LSP
—> [ long-lived

because of tiny couplings.
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Contents

LLCPs
> Introduction & Motivations
>

Future colliders (FCC-hh and FCC-he)
LLCP searches at FCC-hh
LLCP searches at FCC-he

Based on

hh: Jonathan L. Feng, SI, Yael Shadmi, Shlomit Tarem [1505.02996]
(collected in FCC-hh report [1606.00947])

he: Kechen Wang, SI, Monica D’Onofrio, Georges Azuelos [17?7?.27777]
(subgroup in BSM@ep collaboration)
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How to search for non-colored LLCP?

m (1) “stable” non-colored LLCPs
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How to search for non-colored LLCP?

. oel
inner
(trackers)

s/ S L]
' /,/\ // _“.\1 ' l;, ' !

|‘. / /" Torold magnets / l '1| LAr electromagnetic calorimeters
J I

Muon chambers Solenold magnet | Transition radiation tracker

Semiconductor fracker

\ Tile calorimeters
"\ lAr hadronic end-cap and

| \ \\, forward calorimeters
\ Pixel detector \
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How to search for non-colored LLCP?

p 25m M,

(

Muon chambers Soleno

trackers LR
b VAN ‘ i :
/"/ <\ Y | ‘.l Pixel detector

‘ J
||/_’ Torold magnets |

\ \

Semiconductor tracker
"~

l

Tile calorimeters

LAr hadronic end-cap and

"\, forward calorimeters

\ LAr electromagnetic calorimeters
agnet | Transition radiation tracker
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inner detectors calorimeters muon spectrometer
(trackers) Ecal Heal

Y

e
light
u
hadron
—~ .but heavy

0 1 2 3 4 5 10 [m]
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“Stable” LLCPs = muon detection + mass measurement

p
m= —

- D
By B//1- 32

momentum & velocity

®m IMASS measurement = P &ﬂ measurements (8 = v/c)

» momentum » velocity

* TOF [time-of-flight]
b= AL/At

» dE/dX [ionization energy loss]
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“"Mass measurement” to distinguish long-lived sleptons

Muons / 0.004

m = ——

- D
By B//1- 32

momentum & velocity

®m IMASS measurement = P &ﬁ measurements (8 = v/c)

80
70
60
50
40
30
20
10

ATLAS muon data: AB =2.4%

x10°

ATLAS
s=8TeV, 19.1 fb’

¢+ Data 2012
B = 0.999
o, = 0.024
—— MC, Z—pnp
B=0.999
o, =0.024

o)) Il\ll[llll\lll||||\|I|II|[III|WII[|IIIW|III

07 08 09 1 11

» velocity

* TOF [time-of-flight]

¢ 5= AL/At

» dE/dX [ionization energy loss]

1.2

B> =:p 41



LLCP searches at LHC Run 2

CMS-PAS-EX0O-16-036 / 1606.05129

—
CD

95% CL limit on & (pb)
o
[ —_

—
<
]

<

10

12.9 fb (13 Tev)

| == |q|=2e(LO)

=CMS
- Prefzmma

Theoretical Prediction
gluino (NLO+NLL)
------- stop (NLO+NLL)

....... stau, dir. prod. (NLO) —s— stau; dir. prod.
—— stau

—— |Q| =1e
——|Q| = 2e

------------- stau (NLO)
S Q) =1e (LO)

—— gluino; 50% gg
—— gluino; 10% gg
—a— stop

Tracker + TOF

| | |
2000
Mass (GeV)

10*

Cross section [fb]

10°

T IIIII._I_|-‘

10?

10

L=y

| | | | |

- ATLAS
Vs=13TeV,3.2fb"

I | | | [ | | | | |

&= theory prediction
#== expected 1o limit

-- expected £2c limit
-*- observed limit

- \s = 8 TeV theory prediction
- Vs =8TeV, 19.1 b observed

600

800

1000

1200

1400

1600

1800 2000
[GeV]

glumo
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95% CL limit on «

gluino; 50% gg

gluino; 10% gg  —
Drell-Yan only: stop .
stau; dir. prod. -
_1 ::. ............. siau (NLU)] —— stﬂu B
10 = . Bl incl. cascade decay }|Q|=1e =
L. (assuming some GMSB model) } |Q| = 2e -
1072 By -
3L —
107 R E

1 0—4 | | | r | | |

. I
360 660 100017200 170, 2000 43,

e



HL-LHC

CMS-PAS-EXO-14-007 (sept. 2016)

10

1

CMS Projection for 3000 fo'at \s = 14 TeV

T T | T T T T | T T T T | T T T T | T T T T | —_
Gluino (f=10%) -8_
Th pred. (NLO+NLL) \b/

—a—— TOF only
— % Tk Phase2 (4+3) dE/dx+TOF
—=e— Tk Phase1 (300 fb'), dE/dx+TOF

T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T TTTTTH

N R R B B 6
500 1000 1500 2000 2500 10

Mass (GeV/c?)

gluino:

stop:

stau (GMSB):
stau (DY):

CMS  Projection for 3000 fbo' at \s = 14 TeV

Stau (Pair Prod.)
Th pred. (NLO+NLL)
—a—— TOF only
— v Tk Phase2 (4+3) dE/dx+TOF
—e—— Tk Phasel (300 fb™), dE/dx+TOF

current
1.7 TeV
1.2 TeV
660 GeV
360 GeV

A TN B
500 1000

Mass (GeV/c?)
HL-LHC
2> 2.2 TeV?
2> 1.7 TeV?
2> 1.2 TeV?
(or discovery?)
- 1.0 TeV?
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How to search for non-colored LLCP?

m (2) “in-flight decay” non-colored LLCPs

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor fracker
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How to search for non-colored LLCP?

\ Tile calorimeters
' '\.E-.\ LAr hadronic end-cap and

) . forward calorimeters
0 Pixel derecto« \
|‘. / / Torold moqnots l 1 LAr electromagnetic calorimeters
J I
Muon chambers Solenold magnet | Tronsmon radiation fracker
Semiconductor fracker
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How to search for non-colored LLCP?

mm—

-~
Tile calorimeters

y Ve u VAN . " \\| Wr hadronic end-cap and
/ N/ ' \ \ Y, forward calorimeters

/ [/ ' \ Pixel detector

/ |
|'. ,,"/Torold magnets | | 'u. lAr electromagnetic calorimeters
/ .

N chiombam Solenoid magnet | T .1 on radiation tracker
Semicondux. ker
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How to search for non-colored LLCP?

m (2) “in-flight decay” non-colored 1= .
A spectrometet

Tile calorimeters
ind-cap and

“in-flight decay” LLCPs
= disappearing tracks
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Current LHC bounds

(W* as the LLCP)

Lower limit on m & [GeV]

C[-W® p* EO[~V~\/O] Status: March 2017
1000 — . -
- 1 18.4-20.3 fb™, Vs=8 TeV - o= = Expected limits
[ Pixel dE/dx Eur. Phys. J. C (2015) 75:407 . .
900 — Disappearing track Phys. Rev. D 88, 112006 (2013) —e— Observed limits
- — o Stable charged JHEP 01 (2015) 068 959% CL limits.
— -1 —
800 - 36 fb™, Vs=13 TeV S§uSY not included
~ = Disappearing track (pixel-only) ATLAS-CONF-2017-017 . . . :
700 ATLAS Preliminary . . . O
600 :_ i i i ! ®
E i i
500 — ! !
Z 1 I
400 — i i
E | |
300 — i i
E | | P o
200 — i i P S
= : : : i ©
— | | | | )
100 — Tl IR : T NN
] 1 1 1
107 1 ; 10 | ;
(r for h=0, bg=1) ; Inner Detector i Calo P MS ;. t[ns]
ENIEEEL | TR | ool | Lo il |
1077 10t 1 10
ct [m]
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Contents

1. LLCPs

> Introduction & Motivations
> How to search? & Current bounds

2. Future colliders (FCC-hh and FCC-he)
3. LLCP searches at FCC-hh
4. LLCP searches at FCC-he

Based on

hh: Jonathan L. Feng, SI, Yael Shadmi, Shlomit Tarem [1505.02996]
(collected in FCC-hh report [1606.00947])

he: Kechen Wang, SI, Monica D’Onofrio, Georges Azuelos [17?7?.27777]
(subgroup in BSM@ep collaboration)
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FCC-hh

27 km, 8.3 T,beam=7TeV

*HE-LHC
27 km,16 T
beam =13.5TeV

oot fecnh
s long tunnel 80-100 km ~16 T, beam = 50 TeV

([ £=5-10ab7")

FCC-ee as a potential first step)

- CDRin 2018

[conceptual design report]
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FCC-hh

Magnet R&D: 20+ years

Draft Schedule Considerations

1 (] 1 1 (] 1 (] 1 1 1
L4 Technical Design Phase Strategy Update 2026 — assumed project decision
~1 S N 'S NS A A S— S— — S— S— S— S—— S
' ! '
P 3
4 {
©
= 1
% !
22 1 4 1 4 4 I 1
= |
3]
- [
—4 4 4+ 4 4 4 + - -
3
o
)
[
—a 3 ] + + + + + + + +
(&)
3
[11]
= =

iz~ FCC Study Status and Plans
\ Michael Benedikt
N 744 3'd FCC Week, Berlin, 29 May 2017

From M. Benedikt's talk @ 3@ FCC Week, 29 May 2017
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FCC-he

LHC + e beam = LHeC

FCC-hh + e beam
= FCC-he

Ec =60GeV (140GeV?)

[
[ ] from “Energy Recovery
: Schematic of an e
4 80-100 km |
3 long tunnel N
s V'S Hec =2 x 0.65TeV

V'SFcohe =2 x 1.73TeV

([ Lroche ~ 1ab™")
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Active toward CDR

Mar 2015 :
Apr 2016
Jan 2017
May 2017 :
Sep 2017
Jan 2018 :
Apr 2018

FCC week 2015 @ Washington D.C.
. FCC week 2016 @ Rome

FCC physics workshop @ CERN
FCC week 2017 @ Berlin
LHeC/FCC-eh workshop @ CERN
FCC physics workshop @ CERN

. FCC week 2018 @ Amsterdam
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1. LLCPs

> Introduction & Motivations
> How to search? & Current bounds

2. Future colliders (FCC-hh and FCC-he)
3. LLCP searches at FCC-hh
4. LLCP searches at FCC-he

Based on

hh: Jonathan L. Feng, SI, Yael Shadmi, Shlomit Tarem [1505.02996]
(collected in FCC-hh report [1606.00947])

he: Kechen Wang, SI, Monica D’Onofrio, Georges Azuelos [17?7?.27777]
(subgroup in BSM@ep collaboration)
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LLCPs at FCC-hh

m LLCPs at FCC-hh 2 LLCPs at LHC

» same production mechanism; just with a higher energy.

® eg, T - Drell-Yan process (or from cascade decay)

-
o
T

p 7

Y. Z

p l ;
» same detection method.
IJ:> i6 18 2 22 24 26 28 03harging'r2nass (3T:V)
e “in-flight decay” - disappearing track. R.Sawada's talk in FCC week 2017]

e “stable” [ > muon-like track + B measurement (heavy = slow)
 dE/dx (ionization energy loss)

« AL/At (time-of-flight)
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LLCPs at FCC-hh

m LLCPs at FCC-hh 2 LLCPs at LHC

» same production mechanism; just with a higher energy.

® eg, T - Drell-Yan process (or from cascade decay)

-
o
T

P T é °E
Y, Z i
p l 4
. " 50 @2.6 TeV Win
» same detection method. F
16 1.8 2 22 24 26 28 03harging'r2nass (3T:V)
e “in-flight decay” - disappearing track. R.Sawada's talk in FCC week 2017]

e “stable” [ > muon-like track + B measurement (heavy = slow)
 dE/dx (ionization energy loss)
» Two extras: - AL/At (time-of-flight)
® muon radiative energy loss

® LLCP momentum resolutions
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Muon energy loss in matter

Scharff ~ Ziegler Radiative

Lindhard- Anderson- B e r h e
[ I

o |

~ ¥

c i nTon Cu

o

100 _

> — ]

()] C ]
—~ | Radiative -

losses
Minimum

N

lonization
pAL| lonization

losses 00 N | em e -
1 | | | |
0.001 0.01 0.1 1 10 100 1000 10* 10°
By p > 500GeV
| | | | | | | _|_|é |
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum

Figure from Groom, Mokhov, Striganov, Atom. Nucl. Data Tab. 78 (2001) 183-356
[also in PDG Review “Passage of particles through matter”] 58 /81



Muon energy loss in matter

Muon radiative energy loss \
fo. i . » Bremsstrahlung
Ng - RN | » Photonuclear interaction
U / \ '
100 / \ > e*- e pair-production
E : ;,r \\. k . _/

PY p >500GeV
e
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum
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Muon energy loss in “calorimeter” Feng, SI, Shadmi, Tarem [1505.02996

“calorimeter”: approximated by iron (Fe) with 3m thickness.

- some of y (p, > 500 Gev): > 30 GeV energy deposit.

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Probability

—h
<

e = 5 > 5 20
| B | muon energy [TeV]

Probability / 1GeV

oz P e T

gebe b b o o s [Simulated with GEANT 4]

E . [GeV] 60 .
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Assumptions

Feng, SI, Shadmi, Tarem [1505.02996]

B Detector
> similar to ATLAS/CMS

» [B-resolution same as ATLAS
(resolution: 2.4%)

m Signal: Madgraph5 +
Pythia6 + Delphes3
(calculated at the LO)

m BKG: “Snowmass 2013"
BKG set for 100TeV

m Pile-up not considered

muon spectrometer .-~

Dmmwt

p inner detectors p
(trackers)

m [-selection flow
[ = reconstructed “muon” with
« P >500GeV
* |n|<2.4
. 0.4 <8 < 0.95 (from ToF)
* Eloss < 30GeV

B Event selection

e two [-candidates
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Result: cut flow Feng, SI, Shadmi, Tarem [1505.02996]

LLCP selection flow (f L=1 ab_l)

signal

T=1TeV 3TeV SM BKG Eioss reduces 34% of BKG ]
total 2570  31.8 — (-~ 0.82% =0.66)
pr&n 1840 28.5 9.19 x10° |
B 1230 24.6 (3.41x10° Inl < 2.4
Eloss 1230 24.6 2.78 x10°

« 0.4 < B < 0.95 (from ToF
Eacc€eff 48% 77% — O 82 B ( )

Event categorization ([ L =1ab™1)

1TeV 3TeV BKG
N cp =0/ 483 1.34 (a lot) ~ |
Nicp=1|378 4.46 2.78 x105 e two [-candidates

(Niicp=2| 424 10.1 34.6 | SR

B Event selection
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Result: Expected exclusion limit Feng, SI, Shadmi, Tarem [1505.02996

b

—_

-
o
|

—h
o
N

Cross section [ab]

—N
©

i i 3 iy
' ' ' "y
1 1 1 1 | I 1 1 1 | | 1 1 1 | I 1 1 1 | | I I I [ I | L | | & I
L

2 3 4 5
Slepton mass [TeV]
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Result: Expected exclusion limit Feng, SI, Shadmi, Tarem [1505.02996

% 10° = expected g,
— { mixing-angle dependence e
g - exx] 0 o(PP—€ &)
= h m_.. =1.8-2.3TeV 5 (PP—>5, B.7)
% 1 OQ\H OL(:)([Z)[:)_?'P?F1 ?1*) min.
Q- TL=0LEE
(3 \ B
) Y [L=1ab™!
1 O\ . .
: [L=3ab?
i 3.2-4.0TeV |
1 L1 1 1 L1 1 1 | I I | I I | | | | 11 11 | 1 1 |
’ 2 3 4 5

Slepton mass [TeV]
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Result: Expected exclusion limit

Feng, SI, Shadmi, Tarem [1505.02996]
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LLCPs at FCC-hh

m LLCPs at FCC-hh 2 LLCPs at LHC

» same production mechanism; just with a higher energy.

® eg, T - Drell-Yan process (or from cascade decay)

-
o
T

P T é °E
Y, £ T
~* 5
p [ 4
. " 50 @2.6 TeV Win
» same detection method. F
1.6 1.8 2 2.2 2.4 2.6 2.8 03harging.|?nass (3_'._2\,)
® “in-flight decay” - disappearing track. [Ryu Sawada’s talk in FCC week 2017]

e “stable” [ > muon-like track + B measurement (heavy = slow)
 dE/dx (ionization energy loss)
» Two extras: - AL/At (time-of-flight)

® muon radiative energy loss

® LLCP momentum resolutions
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Momentum resolution for very-large pT ATLAS [1404.4562]; see also [1201.4704]

L2 L*q|B As
T:g’Q’B —>ApPT = 3 2

S
8As 5

@ L?|g|B
= 4]

A
. '
4 »

ApT XX p_%_

ATLAS 7 TeV results on muon momentum resolution

Inner Detector, [n]<1.05 Muon Spectrometer
(o [TTT I T 1T [ TTT I TTT [ TTT | TTT ‘ T 1T ‘ TTT | TTT ‘ TT \4 (o [T 1T T T [ TT T I T I TTT _l Ll CTTT | TTT T | T 1T I TTT _l
= 0.221 Barrel ID ( In/<1.05) B = 0.22- |I‘)| < 1.05 E = 0.22- 1.7 < |I‘]| <2 E
a C ] a C ] a u ]
=) 0'2;_ oV Smeared Simulation =) 0'2;_ Smeared Simulation © 0'2;_ Smeared Simulation
0.18:— \s=7Te _: 0.18:— \s=7TeV _: 0.18:— \s=7 TeV _:
0.1 6; _[ L=40pb'  eeeeeen Extrapolation é 0.1 6; _[ L=40pb'  eeeeeen Extrapolation é 0.16; JL —40pb" e Extrapolation E
a ATLAS ] r ATLAS ] c ATLAS
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Result: LLCP histogram on mass

Feng, SI, Shadmi, Tarem [1505.02996]

> 10°g 5
L] e e
O S
O = ..._ Ll : i
5 F Wk
e B k Ty .."E
% 10"1 = oz k
z

102 SM BKG i -

:| I O I A S O I B R O O :-E:.:i"r.'l-lnj |||| | 1

[1 ab™]

Ny
PT

(too optimistic)

.....
P ommEg
-------------

1 2

FCC-hh trk. goal: 10-20% @ 10 TeV

3 4 5
Recontructed mass [TeV]

<_£_pTcoshn>
By By

(Michele Selvaggi's talk in FCC physics workshop )

cf. ATLAS 7 TeV commissioning:

(ID-barrel, MS-barrel, MS-extbarrel) = (38%, 14%, 6%) @ 1 TeV
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Result: LLCP histogram on mass Feng, SI, Shadmi, Tarem [1505.02996]

< 107
(b

m=1TeV [1ab ]

10

10"

107 H ) e
Lvovw v bvvv o b v by vy ...IJI.ITln.l-I..l._l”.n.
1 2 3 4
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FCC-hh trk. goal: 10-20% @ 10 TeV By By
(Michele Selvaggi's talk in FCC physics workshop )

cf. ATLAS 7 TeV commissioning:
(ID-barrel, MS-barrel, MS-extbarrel) = (38%, 14%, 6%) @ 1 TeV
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Summary: LLCPs at FCC-hh

100 TeV FCC-hh

mass reach
(Drell-Yan [ or T)

0.3ab™? Tab™ 3ab™
Exclusion 1.8-2.3 2.4-3.1 3.2-4.0
Discovery 1.6-2.2 23-3.0 3.1-40 inTeV
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1. LLCPs

> Introduction & Motivations
> How to search? & Current bounds

2. Future colliders (FCC-hh and FCC-he)
3. LLCP searches at FCC-hh
4. LLCP searches at FCC-he

Based on

hh: Jonathan L. Feng, SI, Yael Shadmi, Shlomit Tarem [1505.02996]
(collected in FCC-hh report [1606.00947])

he: Kechen Wang, SI, Monica D’Onofrio, Georges Azuelos [17?7?.27777]
(subgroup in BSM@ep collaboration)
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http://arxiv.org/abs/1505.02996
https://arxiv.org/abs/1606.00947

FCC-he for... Figures from Jan Kretzschmar’s and Paul Newman'’s talks in LHeC and FCC-eh Workshop, Sep. 2017

HERA = °

. FCC-he ta rgetS: DlS NGLO/LHGC [Snowmass13] ——
] FCC-eh -
» PDFs & strong coupling
. . World average [2016) ——
» Higgs & Electroweak physics T L
0.11 0.115 0.12
» QCD (heavy quark PDFS) Inner errors: exp. only O (MZ)
Outer errors: eXtheo' Jan Kretzschmar, 11.9.2017

> low-x physics (non-linear QCD?) : x < 10

refl

Q*=1.9 GeV?
HERA
I LHeC + low Ep

PERLE CDR, Arduini et al, to be published g
ICFA BeamNewsletter 68 (Januar y 2016) ..PERLE

xg(x,Q%)/xg(x,Q%)

0.245 gy [ FCCeh + low Ep
[ I LHeC(+low) + FCCeh(+low)
0240 wap)haw(e’ (
5 PERLE
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o 0235} O
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LHeC HERA (V.Radescu)

® What's MORE? FCC-eh )
Any power to New Physics? - BSM ep team 29 s


https://indico.cern.ch/event/639067/contributions/2642233/
https://indico.cern.ch/event/639067/contributions/2642439/
https://indico.cern.ch/event/639067/timetable/?view=standard

FCC-he for...

B BSM ep team

* Direct Searches
¢ | eptoquarks: limits, quantum # & couplings
¢ Contact interactions: eeqq
¢ Anomalous gauge couplings: vvv
¢ Vector boson scattering
¢ BSM in the top sector

¢ RPC SUSY: DM, sleptons h

¢ RPV SUSY: neutralinos, squarks
¢ BSM Higgs: exotic (invisible) decay; H*, H**
¢ Sterile neutrinos

[from a talk by Kechen Wang @ FCC week 2017]

73


https://indico.cern.ch/event/556692/contributions/2510782/
https://indico.cern.ch/event/556692/

Models for “in-flight decay” LLCPs @ FCC-he

m Simple MSSM models S
> Pure-Wino dark matter 60mm
» Pure-Higgsino dark matter

@ 7mm

Xi long-lived because of small 6m
(6m > 0)

(but DM underabundant
for “observable” region)

m Other MSSM models
> Gauge-Mediation (keV G)
» R-parity violation
with T-LSP
—> [ long-lived

because of tiny couplings.
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However, the simplest scenarios have tiny cross sections; less promising than LHC.

m Simplest models: 4-body production; 0<1fb..( - w ")

» Pure-Wino / Pure-Higgsino LSP
- . disappearing track

e <3 > 1%
LOAARAAY X o
P
> ~
< yal '\ P
degenerate in mass
q > q

. R o disappearing track (or “kink”)
______________ ZR i v, G
o >k
~\\\ N P eneneneeee
~ 7 z

R-parity violation or
gravitational interaction
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If one more SUSY particles are as light as the LSP, the production greatly enhances.

B Introducing co-LSP allows 3-body production
> Pure-Wino /Rure-HiggsinoLSP + left-handed selectron
o

e >
q
q
q
<> >~<_
q > q
» Slepton LSP + Bino (or Wino) e~
e LAY x%@a; -
-
? d
_________ A

q B q 76 /81



With 3-body prod., FCC-he may compete w/ LHC. (2 good for verification of FCC-hh)

B Nominal production cross section (without acceptances /

efficiencies)
Wino LSP scenarios with/without co-production

100 =

excluded by ATLAS
10 L
] —e— | FCC-he; 3-body (pure-Wino + L-selec.)
I

o

\ Ix3o T
0.100 FCC-he; 4-body (pure-Wino)
0.010 \\-

LHeC; 4-body LHeC; 3-body

0001 \ i ! \ ! L [ !
300 350 400

550

600

450 500

: L mass[GeV]
With no polarization.

Shaded region is excluded by ATLAS (13TeV, 36/fb)
“3-body” model assumes e, = mgo + 9 GeV 7 7 /81



With 3-body prod., FCC-he may compete w/ LHC. (=2 good for verification of FCC-hh)

m Nominal production cross section (without acceptances /
efficiencies)

Slepton LSP scenarios with/without co-production

0.500

0.100 -
0.050

xs[fb]

0.010 -
0.005 '

—he 4 body (rlght handed slepton)

300 350 400 450 500 550 600

mass[GeV]

0.001

With no polarization.

“3-body” model assumes mgo = mg + 1 GeV 7 8 /81



FCC-he in-flight decay LLCPs with reconstruction efficiency

LLCPs are required to decay after 3 layers of IDs.

(=~ to leave 3 hits in ID)

NEEEEE

FCChe xs for events with LLCP>=1 ('3hit reco') ==

I .\ At least 3 hits in tracker are required.
ID layout optionO.
Tracker hit effifiency = 100 %.

11
0.50|

FCC-he; 3-bod -Wino + L-selec.)

xs[fb]

010p®~_

005 FC\C—‘he,;A:—body (pure-Wino)

~
\\
~.\
~
~
\\
| . N | | | | | | | | | | | |

450 500 550 600
mass[GeV]

0.01

| | |
300 A 350 400

Higgsino-only scenario: less promising because of smaller cr.

With no polarization.

Shaded region is excluded by ATLAS (13TeV, 36/fb)

“3-body” process assumes mg, = mso + 9 GeV.

* “Wino+slep” model is promising.
* reco eff. is governed by the innermost layers
-> closer / more-precise layers would h?gl

00

~-9-- WIinoLSP
—=— WinoCo_d9 tb3
HiggLSP

||
”U

ot.
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Summary of in-flight decay LLCP searches @ FCC-he

“single SUSY particle”

with HL-LHC.
> Pure-Wino LSP + e

- tiny o due to 4-body process;
HL-LHC will be better.

If with another sparticle for
3-body “co-production”

- FCC-he will be competitive

> Slepton LSP + Bino (or Wino)

VAN ANIVAN
v Vv

Mﬂé\
<) =

m Simple MSSM models S
~> > Pure-Wino dark matter 60mm

> Purhigasigo Joiicmetter

lifetime too short
—> trying to improve by
identifying daughter particles...

B \Dther MSSM models
> Gauge-Mediation (keV G)
» R-parity violation

with [ -LSP
any ct
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Summary: LLCPs at FCC-hh

100 TeV FCC-hh

mass reach
(Drell-Yan [ or T)

0.3ab™? Tab™ 3ab™
Exclusion 1.8-2.3 2.4-3.1 3.2-4.0
Discovery 1.6-2.2 23-3.0 3.1-40 inTeV
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