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Heavy Stable Charged Particles (HSCP)

“ Predicted by many SM extensions
GUTS, hidden valley, split SUSY ...
2 Focus on production via strong interaction
0 gluinos and stops form R-hadrons (gg, gqd, gqqq, fq, tqg,etc.)
2 staus (MGMSB) produced directly or through gluino/stop decays

| |
Om m

" Heavy
9 m > 100 GeV/c?
0 [B<~0.9: large TOF
i = Stable
@i;' | il < Passes through muon
lie: R i— ‘ system
0 Or decays in calorimeter!
" Charged
0 Large dE/dx
9 EM energy loss

Key:
Muon
= Electron
=== Charged Hadron (2.g. Pion)
= = = - Neutral Hadron (e.g. Neutron)
""" Photon \

ransverse slice
through CM3
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Simulating HSCP Production

PYTHIA used for event generation
2 Various stop, gluino, stau masses

GEANT4 simulates interactions of R-hadrons with CMS

Variations in R-hadron signhatures

4 charge suppression: R-hadrons with a gluino or bottom squark
emerge as neutral particles

2 Gluino-> R-gluonball hadronization fraction f
f=0.1,f=0.5
J R-hadron/matter interactions

Electromagnetic only
EM + “cloud model” nuclear interactions
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Complementary Search Strategies

“Direct Detection” of
HSCPs

2 Detected during 25-ns
collision window (BX) or
subsequent window
(BX+1)

Q Large p,, dE/dX In tracker

9 Long TOF as measured
by muon system

In charge suppression
scenario, neutral R-hadron
doesn’t interact with muon
detectors
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“Stopped” HSCPs

a

Q

HSCP Stopping Probability per Event

3<~0.4
HSCP stops in hadron
calorimeter (HCAL)

HSCP decay produces
large HCAL deposit
outside collision window
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Direct HSCP Search

CMS PAS EXO-11-022
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‘ Detecting tracker-only Direct HSCPs

= dE/dX estimator:
N —1/2

1 o

N )

3 N=number of silicon hits
a  c¢= charge/length of i
measurement

I,=

= MIP estimator:

1 N
% 12N +Z

i=1

. 2
Pix 21—1)

2N

Ias Pi_
N

—_—
—

1 P, = probability for MIP to

produce charge <= |
measurement
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Detecting tracker+muon Direct HSCPs

“ Require reconstructed muon
matched to high-p, track
9 Measure 3 from TOF:

1/3=1+c(ot)/L
2 1/>1, 0(1/8) <0.07

§ = CMS Preliminary Zindl 1.6330+04 /62
31055 Constant 2.531e+05 + 257
o E 1.001: 0.000
§ - Sigma  0.06554+ 0.00004
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g 1k o | 3
Direct HSCPs: fro e IR
S 102 ;_ ;" 1‘::5.-5 9800 b
Search Strategy [ R
" Generate PYTHIA samples for il ffffn 'S
various masses - ! :
2§ g: 130-1100 GeV/c? 107 e 3
0 f: 100-500 GeV/c? 105 ﬁﬁ i
“ Calculate measured mass for each L WH ]
track 0 500 3?(%%\;;0}

= |,=Km?/p%+C iy \F2 7700 19
" Approximates Bethe-Bloch for E , o ]
0.4 < <0.9 g0y, T
= K,C parameters taken from data 510.2%W - Py
“ Counting experiment for each HSCP ok S P
mass T :
o Choose p-, |, (and 1/B) cut 107 "
It_hr_etsholds to minimize 95% CL upper 10° ¢ "
imi : o
10°F ! g00 -

e
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Direct HSCPs: Backgrounds

Tracks / 40 GeV/c?

Background from MIPs
p,, dE/dX measurements
uncorrelated

Estimate signal contamination Pr
from MIPs using p; vs. |
distribution

For tracker+muon selection, use
P, |, and 1/(3

< “loose” tracker-only | © T SR
selection: 10t .

: pPA0GeVIe | e, I
1,.>0.10 £ L :

“loose” tracker+muon

selection: .
p>40 GeVic i

3 |as>0.05 :
500 1000 1/8>1.05 10° 1000

Mass (GeV/c?) Mass (GeV/c?)




Direct HSCPs: tracker-only Results

CMS PAS EXO-11-022
1.09 fb! of 2011 data
NO excess seen

G (pPD)

10

Gluino mass limits:
39 f=0.1: 899 GeV/c?

9 f=0.1, charge
suppression: 808 GeV/c?

9 f=0.5: 839 GeV/c?

Stop mass limits:
9 f=0.1: 620 GeV/c?

9 f=0.1, charge
suppression: 515 GeV/c?

10"

10

10
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CMS Preliminary

Ye=7Tev 1091pb

Theoretical Prediction
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Direct HSCPs: tracker+muon Results

CMS Preliminary Y& =7 TeV 1091 pb

™ = I R .
=8 - i
CMS PAS EXO'11'022 b B TheorehcafPredmtmn Tk + TOF oA
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1= =
Mass limits (f = 0.1): 10 } )
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2 stop: 829 GeV/c? N |
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Stopped HSCP Search

CMS PAS EXO-11-020
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Triggering on Stopped HSCPs

Stopped HSCP decay +— Stopped HSCP trigger
signature: requirements:

2 large energy deposit in HCAL <> Jet E;>50 GeV; [, t]<3.0

0 Not associated with halo «—> Y Veto on beam halo (muon
endcap) trigger within £ 1 BX

2 Not (necessarily) in time with «—> 9 Veto on BPTX trigger within +1

collisions BX

_ _ Nbunches | Neottision (in CMS) fffzre

Live time decreases aS e | 228 214 85%
number of filled bunches 336 322 7879

: 480 424 68%
768 700 50-51%

912 874 44%

1092 1042 33%

1104 1042 32%
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\Stopped HSCP: Simulation

” LHE (1-RING) = 88.924 js R ° 3564 bunCheS
orbit

- { : * 25 ns per bunch
100 0 L NN MR | 20 e

bunches
CMS-TDR-008-1

“ HSCP decays do not need to occur within collision BX

“ Toy MC used to produce distribution of decay times
0 Varies with HSCP lifetime, T
0 Varies with LHC bunch structure for a given fill

“ Produces “effective integrated luminosity” for a given 1
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Stopped HSCP:
HCAL Noise Background

CMS-CFT-09-019

= 10
:

Sporadic noise
observed in HCAL
barrel and endcap

2 lon Feedback: single

Lo

&
A
# At
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=t
o

HCAL channel 10k
- up to 18 :
channels in single @ slice 107

J RBX noise: upto 72

Tﬁ+
A

—

T T 1

.ll

CMS 2008

« All Noise

= |on Feedback

o HPD MNoise

s  RBX MNoise

—

. 10—4_||||||||
channels, spanning 4

consecutive @ slices
Ap ~0.35,An~15
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Missing Transverse Energy [GeV]

Identify HCAL noise through
geometry and pulse shapes of
energy deposits
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\ Stopped HSCP:
Background estimation

Background sources:
HCAL Noise
Beam-related (Halo, beam-gas, ...)
Cosmic Rays

Measure background rate from 2010 data
(Low Instantaneous luminosity)
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Stopped HSCP: Event Selection

* Reject
MIPs,

jet energy
fluctuations
* Also
require
In,.t|<1.0

* Efficiency relative to events in which

Selection Criteria | Background Rate (Hz) | Signal Efficiency %
Beam_ReIated trigeer 21.5 4+ 0.008 31.3

BX veto 8.61 4 0.005 31.3
Cuts T~ Vertex veto 8.61 & 0.005 31.3
Veto if: Halo veto 8.28 + 0.0049 31.2 )
« +2 BX from |_Cosmic veto 819£00049 | . 268

Noise veto 6.79 +0.0044 26.2
beam Eiy > 70 GeV 2.634+0.028 x 102 14.6
* Vertex found T 263+ 0.028 x 102 145
* Beam halo n90,; > 3 2.33 4+ 0.082 x 103 13.3
identified nTowiPhi < 5 40+11x10°° 13.3

E;ipni/ Eiet < 0.95 23+23x107° 13.3

Ry > 0.15 23+23x 1075 134

0.1 < R, < 0.8 23+23x107° 134

0.3 < Ry < 0.7 1.7 +£07 x 1073 13.3

Rouper < 0.3 1.7 +07 x 1075 13.3

Background . Signa}I efficiency quoted
Noise-Related Cuts rates measured for gluino mass = 500 Gevic?,
o1se-re 20108 neutralino mass = 400 GeVI/c?
in
dataset

Berkeley, 10/19/11-10/21/11

at least one gluino stops within CMS

J. Temple
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Stopped HSCP:

Counting Experiment

Consider HSCP lifetimes
T from 75 ns — 106 s

Count events in sensitive

time window
1<89 us: window=1.31
Each event assumed to

come from current fill

Lifetime Lesr (pb‘l) Expected Bg | Observed
75 ns 4.3 0.11£0.05 0
100 ns 12.5 0.35+0.14 0
1 pus 139 3.3+1.3 4
10 us 352 10.1+4.1 9

30 us-10%s 360 104 +4.2 10
10% s 268 104 +4.2 10
10° s 65 104 £4.2 10
10° s 7.5 104 £ 4.2 10

Observed events for various HSCP lifetimes

Berkeley, 10/19/11-10/21/11

Analyses

Time Profile Analysis

For 1<0.7 ms, PDF of decay
signal as a function of BX is
produced

Background PDF is flat

SOres_228b+1small_214_1Z_120_35bpisin] Lrl - Spi
T T | T LI | LI T | T T T | T T T T | T T T
CAEE Prediminary 2011

Sigreal POF (v = ps)

MANTNG TRANEI

III|III|III|III|III|IIIII
IIIIII|III|III|III|III|IIII|_

|I‘| |I~"-|. 1 *] 11 |II|| |“‘u 111
500 1000 1500 2000 2500 3000 3500
BX

[
I

2T

Signal PDF distribution for one
Filling scheme, assuming t=1Us
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Model Independent Cross-section [pb]

_L
=2

—=
(o]

—

Stopped HSCP:

Lifetime and Mass Limits

CMS Preliminary 2011

= -1
i J L dt =886 pb 95% C.L. Limits:
— Gluino : m=500 GeV/c®, m_=400 GeVic
L™ =13x 10" em?s? g , r )
— Stop - m=300 GeV/c’, =100 GeVic*
t
\s=T7TeV

'l il | il | il i il il il il il il

107 10° 10° 10% 102 102 10" 1 10 102 10° 10 10° 10°
Thsep (8]

95% confidence level
upper limit for cross
section (x HSCP

Stopped HSCP Cross Section x BR [pb]

10?

_L
=

stopping probability)
VS T

—
[ ]

—
T

-

300

[ CMS Preliminary 2011 95% C.L. Limits

- | Ldt=886pb’ NLO+NLL 3

10 =13 10® emrzgt e Obs.: 10 s - 1000 s Counting Exp. (g) -
;‘\F —_ »  Obs.: 10 us Timing Profile (g)

Vs =7 Te -

[ NLO+NLLT

'mﬁ-mxz:1[]c|(3eWc2 ________ ~

Obs.: 10 us - 1000 s Counting Exp. (f)

m, - m.; = 200 GeVic® u Obs.: 10 s Timing Profile )

f =

------------------------------------------
........

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

600 650 700
Mysep [GEV/CY]

350 400 450 500 550

" Mass limit, assuming:

2 Cloud model of R-hadron interactions
Qa m.-M > GeV/c

g X
O m-M ,> GeV/c"

= Excludés gluinos < 601 GeV/c?,

stops < 337 GeV/c?



Summary

Search for heavy stable charged particles
performed with ~ 1 fb! of 2011 CMS data

No evidence for HSCPs seen

New upper limits set for both direct and
stopped HSCP searches

Berkeley, 10/19/11-10/21/11 J. Temple
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Backup Slides
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arbitrary units

‘ Backup: Distributions for
tracker+muon slow HSCPs

ral Ns=T7 o " . " Y \IIE-TTIN oot ro Ve =7TeV 1091
E r = E 1 54 Trackerd-TC:F E = 1 . ' ' rr ‘ N
] > E Data E g Tracker + TOF 3
08y 1 Eior o |2 e i
L i 2 E.,. GMSB E 107 OMSB 7,155 73
2 v L | w Y “ © C GMSB
107 E " AAA g 102; v “A‘ | 102;' A“ B
¥ ] A E
107 v‘ ﬁ‘ 3 3L Y _ M .H'u
v é * 3 10 " éé% 10 3L v “‘ ﬁ —
v B E
_ v .
10 v b, 1048 % t ﬁ' § ﬁf
" o | 3 v W = 0t Y T[' .
S 100 3 Y 10 5| Y n |
s YHY M +n E
0 0z 04 06 08 1 L L 0% 11, A
' : | 0 500 1000 1 2 3 4
o p, (GeVic) 1/8
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\ Backup: Slow HSCP Systematics

Source of Systematic Error Relative Uncertainty (%)
Signal efficiency
Trigger efficiency 5
Muon reconstruction efficiency 5
Track reconstruction efficiency < 2
Track momentum scale <5
Ionization energy loss scale (I5s) 5, 10]
Ionization energy loss scale (I;) <1
Total uncertainty on signal acceptance | [10, 15]
Expected background 10
Integrated luminosity b

= [5]: JHEP 03 (2011) 024, arXiv:1101.1645
“ [10]: Phys. Lett B76 (1978) 575.
= [15]: JHEP 05 (2006) 026, arXiv:hep-ph/0603175
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Backup:

Stopped HSCP Uncertainties

Uncertainty

Background statistics

40%

et Energy Scale

/%

|_uminosity

6%

rigger Efficiency

Reconstruction Efficiency

Energy Loss Models

See following slide

Berkeley, 10/19/11-10/21/11 J. Temple
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\ Backup: Stopped

-0

o(pp — ) x BR{ — t7°) [pb]

Berkeley, 10/19/11-10/21/11

102 n

10

107 10® 10°% 10* 102 102 107 1

Cloud model

100% BR to neutralino
M(gluino)-M(neutralino)=100 GeV/c?
M(stop)-M(neutralino)=200 GeV/c?

CMS Preliminary 2011 95% C.L. Limits:
L dt = 886 pb'1 === Expected: Counting Exp.
[ Expected +16: Counting Exp.
Expected +20° Counting Exp.
— Observed: Counting Exp.

L% = 1.3 x 10% ems?

Vs=T7TeV

m; - m.: = 200 GeVic? — Observed: Timing Profile

NLO*NLL (m.= 300 GeVic’)

10 102 10° 10° 10° 10°

HSCP Limits

—0

o(pp — t) x BR(t — t37°) [pb]

o(pp — §g) * BR(G — g°) [pb]

% [s]

J. Temple

10°

10

107!

300

102

10

10 |

300

CMS Preliminary 2011
_[ L dt = 886 pb”

inst

\Ns5=TTeV

m.-m: = 200 GeVic®

NLO+NLL

L™= 1.3 x 10 emis!

T T T
95% C.L. Limits
———————— Expected: 10 us - 1000 s Counting Exp.
- Expected +15: 10 us - 1000 s Counting Exp.

Expected +20- 10 ps - 1000 s Counting Exp. E

Obs.: 10 us - 1000 s Counting Exp.

Obs_: 10 us Timing Profile

350

55IO 600
m; [GeV/c?]

400 450 500

[ CMIS Preliminary 2011
J L dt =836 pb’

L™= 1.3 % 10% cm?s'

5 =7Tev
_mﬁ—mi:-: 100 GeVic?

T T T T T
95% C.L. Limits
- Expected: 10 us - 1000 s Counting Exp.
I Expected +1o: 10 us - 1000 s Counting Exp.
Expected +2¢: 10 us - 1000 s Counting Exp.

——— Obs.: 10 ps - 1000 s Counting Exp

Obs.: 10 us Timing Profile

NLO+NLL g

350 400

450 500 550 600 650

700
m [GeV/c’]
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