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Why should we search for LLCP?

experimental ..Why not?

phenomenology

long lifetime FCC-hh will cover most of the
—> an actor in early Universe standard thermal-WIMP scenario

non-standard DM scenarios with LLCP

» super-WIMP: » co-annihilation:

- next slides (B-T) < 700GeV
(W-§) S 6-7TeV

~

(B-g)or (B-t) < 8TeV

Cf. Harigaya, Kaneta, Matsumoto [1403.0715],
Ellis, Olive, Zheng [1404.5571], etc.

theoretical ... SUSY?

» GMSB scenario: light gravitino - long-lived sleptons (lN)
> split-SUSY: extremely heavy squarks - long-lived gluino (g)
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Super-WIMP scenario Feng, Rajaraman, Takayama [ph/0306024]

[ 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 + [

DM (G) — (QhZ)T

Qh?
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~ ~ _ - . my )—5( mé )2
7(l = IG) = 5.7 x10™ " sec (1TeV MoV
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Super-WIMP scenario

m Super-WIMP:

V]
—_
o
o

W U
o O

—_
o

Right-handed slepton NLSP mass [Te

10Fs

1GeV
LSP gravitino mass

)

J\

(short-lived)

LLCP search target

(BBN/CMB constraints

are relevant.)

(1 = 1G) = 5.7 x 10" sec - (

my
1 TeV

) (

ma

1 MeV

;

5 /34



Why should we search for LLCP?

experimental ..Why not?

phenomenology

long lifetime FCC-hh will cover most of the
—> an actor in early Universe standard thermal-WIMP scenario

non-standard DM scenarios with LLCP

» super-WIMP: » co-annihilation:

[>0(1)TeV (B-T) <700GeV
(W-3) S 6-7TeV

~

(B-g)or (B-t) < 8TeV

Cf. Harigaya, Kaneta, Matsumoto [1403.0715],
Ellis, Olive, Zheng [1404.5571], etc.

theoretical ... SUSY?

» GMSB scenario: light gravitino - long-lived sleptons
> split-SUSY: extremely heavy squarks - long-lived gluino
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non-colored LLCP ... covered in this talk

(slepton [ / stau T as a benchmark case)

~

(B-7) $700GeV |
(W-g) S 6-7TeV
(B-g)or (B-t) S 8TeV

[ T> O(1)TeV }

-
L

[
o

colored LLCP

(= hadronize: “R-hadron”)

wg-lived sleptons (lN)J
(long-lived gluino (g)]
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ﬁ Extrapolations” (vs=100TevV, 3/ab) \
d(-like) R-hadron: 11-20 TeV? .. covered in this talk

~ I T as a benchmark case
t (-like) R-hadron: 7 TeV T )
[cf. Barnard, Cox, Gherghetta, Spray, 1510.06405]

- Dedicated studies after detector specs(y

< 0(1)TeV ] (B-7) $700GeV |
(W-G) < 6-7TeV
| (B-g)or(B-1) S 8TeV

colored LLCP

(= hadronize: “R-hadron”)

wg -lived sleptons ( l)}
Iong -lived gluino (§)]
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Outline

Motivations: Why LLCP?
Searches at (HL-)LHC
Searches at FCC-hh

» Muon radiative energy loss

» Muon momentum resolution

Summary

O /34



Outline

Searches at (HL-)LHC
Searches at FCC-hh

» Muon radiative energy loss

» Muon momentum resolution

Summary
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(non-colored) LLCP searches

Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker
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(non-colored) LLCP searches

Tile calorimeters

' ‘-\\ LAr hadronic end-cap and

, \ N\, forward calorimeters
|| Pixel detector

| / A / |
\//~~ Torold magnets / | | lAr eleciromagnetic calorimeters
J I
Muoa chiambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker
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(non-colored) LLCP searches

( N Tile calorimeters
\\
/ LA NARN \ | = ‘ \ LAr hadronic end-cap and
/ \ A /i \ W, forward calorimeters
[ | | Pixel detector \
\ Torold magnets ' 'l. LAr electromagnetic calorimeters

Muon chambers Solenoid nagnet ] Transition radiation tracker
Semiconductor tracker
"~

Remark:
We will stick to slepton (stau) in this talk.
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Y

inner detectors
(trackers)

calorimeters

Ecal Hcal

muon spectrometer

ight

heavy

10 [m]
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“"Mass measurement” to distinguish long-lived sleptons

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)
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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
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LLCP searches at LHC Run 2

CMS-PAS-EX0O-16-036 / 1606.05129

—
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95% CL limit on & (pb)
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| == |q|=2e(LO)

=CMS
- Prefzmma

Theoretical Prediction
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------- 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
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Tracker + TOF
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https://cds.cern.ch/record/2205281
https://arxiv.org/abs/1606.05129

95% CL limit on «

— —
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Drell-Yan only:

gluino; 50% gg
gluino; 10% gg
stop
stau; dir. prod.
............. S1AU (ML —&— stau

-l incl. cascade decay }|Q|=1e
(assuming some GMSB model) Q| = 2e

| ﬁ'ﬁ | ..'r | I

| |
360 660 10001200 ™% 2000
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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
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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?

3 1.0 Tey? (or discovery?)
.0 TeV?
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Outline

Searches at FCC-hh

» Muon radiative energy loss

» Muon momentum resolution

Summary

20



Strategy at 100 TeV collider

our selection flow

| = reconstructed

* |Inl<2.4

“muon” with « Pr>70GeV

e P >500GeV - Inl<2.4

r D

Cf.) ATLAS 8 TeV [1411.6795]

- 0.2 <$3<0.95
\. .

. 0.4 <8 < 0.95 (from ToF)
° EIOSS < 30 GeV

muon spectrometer

¢
“~ .
- .
. ’
-~ ’
~ c

=10

P

J <
inner detectors p
(trackers) 21



Outline

3. Searches at FCC-hh

» Muon radiative energy loss for BKG rejection

» Muon momentum resolution

4. Summary

22



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”] 23 /34



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] 2 5 o
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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 .-~

l Ecal J
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

26
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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

27


http://arxiv.org/abs/1505.02996

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: 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

Recontructed mass [TeV]

Number of LLCPs / 50G

(_ P pr coshn)
FCC-hh trk. goal: 10-20% @ 10 TeV (Michele Selvaggi'stalk) \ 587 57

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

30 5


http://arxiv.org/abs/1505.02996

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

3 4 5
Recontructed mass [TeV]

p _ pr coshn)

FCC-hh trk. goal: 10-20% @ 10 TeV (Michele Selvaggi's talk) (: By By

cf. ATLAS 7 TeV commissioning:

(ID-barrel, MS-barrel, MS-extbarrel) = (38%, 14%, 6%) @ 1 TeV
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Outline

Summary: FCC-hh prospects
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Three topics

= 100 TeV FCC-hh 0.3ab™" Tab™ 3ab™’
mass reach

N N Exclusion 1.8-2.3 2.4-3.1 3.2-4.0
(Drell=Yan [ or T) hiccovery 1.6-22  2.3-3.0  3.1-4.0 inTeV

® “Muon radiative energy loss”

Lindhard- Anderson-
Scharff  Ziegler B et h e
L \ [ [

I

o > Bremsstrahlung

= uton Cu . . .

< 100¢ - » Photonuclear interaction
GJ - . . .

= » et-ePpair-production

Radiative:

—_—
% % o / losses
— / Minimum /}/
ionization ]
lonization %\ | W 0 ... 1
losses N | fomemnnc- -
1 | | | | | W4 | |
0.001 0.01 0.1 1 10 100 1000 10% 10°
By p > 500 GeV
[ | | | | | | (o) 1
0.1 1 10 100 1 10 100 1 1? 100 ~ 34% of BKG reduction
[MeV/c] [GeV/c] [TeV/c]

Muon momentum
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Three topics

®m 100 TeV FCC-hh muon momentum resolution

—

—
<

Number of LLCPs / 50GeV

—h
<
]

Ap

PT

T
— =0.058 0.1—

PT

TeV

.m=1TeV

[1 ab]

10

10"

. 1 0-2

Recontructed mass [TeV]

ApT
(FCC-hh trk. goal: —— = (const) ®

PT

(0.01

ApT

—— =0.05

PT

10%g

T IIIIII| LI IIIIII| T IIIII.L‘I--

2Tev

[1 ab™]

-0.02)pt )

TeV

Recontructed mass [TeV]
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Exclusion & Discovery Reach
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Luminosity for exclusion and discovery

—

—
<

Integrated Luminosity [ab™']

for LLCP exclusion

for LLCP dlscovery

.........................................................................
........................................................................
..............................

------------------------------------------------------------------------

----------------------------------------------------------------------

..........................

.................................................

—_— ||_;f0r50
--e- | ;for30

Slepton mass [TeV]
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Momentum resolution
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Momentum resolution for very-large pT ATLAS [1404.4562]; see also [1201.4704]

L?|q|B As
q|B > Apr = ’8| 2
8As 5

ARG

ATLAS 7 TeV results on muon momentum resolution

Inner Detector, [n| < 1.05 Muon spectrometer
(o [TTT I TTT [ TTT I TTT | TTT | TTT ‘ T 1T ‘ TTT | TTT ‘ T 1T _l (o [T 1T T T [ TT T I T I TTT _l = CTTT | 1T T | LI I 1T _l
= 0.221 Barrel ID { [n/<1.05) E = 0.22( |I‘)| < 1.05 E = 0.22 1.7 < |I‘]| <2 B
a E a E a r 3]
=) 0.2 —— Smeared Simulation _: =) 0'2;_ —— Smeared Simulation _: © 0'2;_ —— Smeared Simulation _:
018; \s=7 TeV - 018; \s=7 TeV - 018; \s=7 TeV =
0 165* _[ L=40 pb" ------- Extrapolation E 0 165* _[ L=40 pb" ------- Extrapolation E 0 16; JL =40 pb'1 ------- Extrapolation ;
b ATLAS ] b ATLAS ] b ATLAS
0-14? — - Simulation = 0-14? — - Simulation = 0‘14? — - Simulation B
0.12 — 0.12 — 0.12 —
0.1 - 0.1 - 0.1 =
oo8- H 0.08] E 0.08] -
o8t - L = 0060 ;
0.04t _./:;"“ = 0-042_‘ ‘_.__.“_"_m.._‘—-—‘—‘:t 004~ — — — — —_—— ===
0.02 ...~ = 0.02~ = 0.02f~ -
O:I 11 | 111 ‘ 111 | 111 | 111 | | ‘ 111 ‘ L 11 | | - ‘ L1 \:Y : | - ‘ L1 1 ‘ | . I L1 1 ‘ | - | L 11 ‘ 111 I L 11 I L1 1 } : 111 | L 11 ‘ 111 I | | | 111 | | - ‘ 111 | L1 I L 11 ?
0 20 40 60 80 100 120 140 160 180 200 gO 40 60 80 100 120 140 160 180 200 %O 40 60 80 100 120 140 160 180 200
P, [GeV] P, [GeV] p, [GeV]

A A A
T L 0.38pr/TeV o L 0.14p/TeV X < 0.06p1/TeV

PT PT PT 38 /34



HL-LHC: our simulation
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14 TeV LHC expectation

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 14 TeV

(publicly available)

m Pile-up not considered

m [ -selection flow

reconstructed “muon” w.

o DT > GeV

0
I"_|'|
A
)

B Event selection

e two [-candidates
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14 TeV LHC expectation

Number of LLCPs in 1ab’/50GeV

102

10

................................

...................................

_______________________________

— SMBKG

—— m =400 GeV
—— m =600GeV
—— m=2800GeV
—— m=1000GeV

2
10500

I | I
400

I | I
600

1 | I
800

I | I
1000 1200

M [GeV]
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14 TeV LHC expectation

Cross section [ab]

14 TeV LHC prospects are also studied in
[1106.0764] & [1203.1581] by J. Heisig and J. Kersten.

—
o
w

expécted OUL.

expected g, with x5 BKG
OLo(PP—& &)
OLo(PP—= 85 &7)

" eeneess O (PP T, T7) With 6=1.1

Hit

0.54-0.66TeV (100fb—1)
0.69-0.83TeV (300fb~—1)

1.1 -1.2 TeV (3000fb™1)

.

Y., 2 0 M, == cvssmeessmasmeaeaes

0.4

0.5

0.6

0.7 0.8 0.9 1 1.1 1.2 1.3

Slepton mass4TeV]

1.4
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Compare with CMS official CMS-PAS-EXO-14-007 (sept. 2016)

ab]

—eo— expected o,
- expected o, with x5 BKG

Cross sectig

...... —— OLo(pp_;éR féR*)

................................................

snu@uunm OLO(

pp—T T ;) with® =1.1

...............................................................................................................
...............................................................................................................

............................................................................................................

..........................................................................................................

.....................................................................................

...................................................................................

.........................................................................................................................................

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Slepton mass [TeV]
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Why £>0.4? (slepton dE/dx)
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Lindhard- Anderson- B e t h e

Scharff  Ziegler Radiative

— | | _
o ; ]
N B _
5
> 100¢ E
() - N
2 0.4 <B<0. ative
o~ ( B <0.95) Rladlatwe—
W | X 0Sses
T T 10 7 =
~ Minimum y :
- lonization ]
- lonization  \ | ) ... .
- losses = N | 000 eeetTeesebe===s _
/
1 | | | |
0.001 0.01 0.1 1 10 10 1000

pT > 500 GeV
| | | | |
0.1 I 10 100 1 10 100 1T 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”] 4 5 /34




dE/dx to measure
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Mass measurement = Measurement of velocity 8

B TOF : time-of-flight
B=AL/At

m dE/dx :ionization energy loss

Lindhard- Anderson-

Scharff  Ziegler B et h e
—_ C \ I T T ]
2 ]
E T uton Cu
&)
> 100E 3
Q C ]
= - Iolnization 1
r -« 05585 Radiative
— losses
Ly x 10; 4 -
SIT ¢ Minimum y 3
~—" [ ionization ]
1 \ | | x x W l J
0.001 0.01 0.1 1 10 100 1000 10% 10°
By
\ | x x J J J l l |
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum

I, (MeV/cm)

p p
m: _—
By B/\/1— B2
dFE
Ih: . -
P dx lestimated
CMS \s=8TeV,L=18.81b"
20—
C I Data (\s =8 TeV) .
18 -
. [0 MC: Q=1 400 GeV/c® A
1 [ ]
6; £ Excluded E
14 -
121 -
10 -
81 -
6 :
V 1 | 1 1 | | | |
0 500 1000
p (GeV/()

CMS [1305.0491]
/34



