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When | said LHGC, | really meant CMS

e There are two general purpose
::i(::;s d::es:t:r:rzz.rg::c:, ;I:tekz;km-long accelerator will hunt for new particles, including the eXp erim entS a.t th e LH C ( ATLAS
OParticledetectors & CMS) in addition tO Sevel’al

other more specialised
experiments

e Everything | talk about applies
to ATLAS as well as to CMS

FRANCE

Versoix

" ‘
ALICE Q vgtna?rg .
e | will speak only about CMS
HEEON e, L 8 4 since | am on CMS
------- ' e ATLAS results not yet
SWITZERLAND _
available

i ’ GENEVA
/\ Rhéne
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anplq (1()0 x 150 umg)
~1m? 66M channels

Microstrips (50-100um)
~210m* Q.BM channels

Pixels

——

Irac |:~:-'i';'-: If

ECAL
HCAL
Solenoid
Steel Yoke

1 U

STEEL RETURN YOKE
~13000 tonnes

SUPERCONDUCTING /
SOLENOID
Niobium-titanium cosl

carrying ~18000 A

HADRON CALORIMETER (HCAL)
Total weight : 14000 tonnes Brass + pllasllc scintillator -
Overall diameter :15.0 m
Overall length :28.7m
Magnetic field :38T

CMS completed and
functioning beautifully since
~2008

CRYSTAL ELECTROMAGNETIC

CALORIMETER (ECAL)
76k scintillating PbWO, crystals

PRESHOWER
~ Silicon strips
~16m2 137k channels

FORWARD
Yy CALORIMETER
Steel + quartz fibres

Barrel: Drift Tubes & Resistive Plate Chambers
Endcaps: Cathode Strip Chambers & Resistive Plate Chambers

Long time with no beam
from LHC - important
(come back to this later)




Since late 2009, LHC has also been functioning
beautifully

* Short /s =900 GeV  CMS: Integrated Luminosity 2010
run in Decemeber

‘:-g 350 :_ T o v~
i - | —— Delivered 346 nb™
e Js=7TeVrun 00—l
started on March 30™ - | —— Recorded 303 nb!
2010. 250 ; ;
. . . 200 —_‘ ..................................
e \ery rapid rise in :
amount of pp o E— N S —
collision data recently B
100 :_ .............................. ..................................... ............
e Already sensitive -
to new Strong|y 50 :_ .............................. ,, ..................................... \ .....
prOduced 0 : | | 1 1 I | Il | 1 1 1 1 l 1 1 1 1 I 1 1 1 1
particles (with 30/0310:10 21/04 14:04 13/0517:57 04/06 21:50 27/06 01:43 19/07 05:36

lowish masses) Date
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UPERSTRIV &
Unification

What will we find Iin

these data? ' . Matter
Agymeme

e \Well known problems (e.g. hierarchy) P ‘,‘-,

with the standard model oW o
P

e Many extensions to SM have been I
proposed b/‘b,

* Finding out which, if any, of these Gromat
exciting ideas are correct is what the Med
LHC (and CMS) was built to do

®

e We will find SUSY, extra-dimensions, <
black-holes, unparticles, etc if they
exist N O

e As you know, some of these things YET
provide good dark matter
candidates THOUGHT

5



| | | |
Key:

Muon

Electron

Charged Hadron (e.q. Pion)

-~ = = - Neutral Hadron (e.g. Neutron)

----- Photon

Tracker

‘ Electromagnetic
);’ ]' Calorimeter
o’

Hadron Superconducting
Calorimeter Solenoid

Transverse slice
through CMS

But wait. What | just said is
only guaranteed true if the new
particles decay < 10 ns

v, CERN, Febrigury 2004

Iron return yoke interspersed
with Muon chambers

Because normal event
reconstruction won’t “work”
for long-lived particles




Sut there Is a lot of physics we could miss then!

| Any physics with suppressed
e There are many theoretical , ,
scenarios in which a particle . | decays gives rise to long-
could have a Iong lifetime Energy ||Ved pa rtlcles

e Hidden Valleys - a barrier
separates HV from SM

* GUTs - suppressed by Mgur

e SUSY with nearly degenerate
masses - suppressed by
phase space factor

o “Split” SUSY

e Some of these might have
implications for dark matter

Inaccessibility




There are cosmological reasons for long-lived

particles too

e New heavy particles will leave an
imprint on abundances of light
elements during BBN

e Energetic neutrons from their
decay impinge on nuclei affecting
reactions

e Observed ’Li is below that
predicted by conventional BBN

e Observed fLi abundance
significantly above

* | ong lived particle with T~1000 s
can naturally destroy the correct
amount of “Li and produce the
correct amount of 6L

1.0

-
9
N

RELATIVE ABUNDANCE
S =
& L

g

d

o

|
—_—
=

—

HELIUM

/P

HELIUM 3

Lo

LITHIUM

.
r”‘
-

DEUTERIUM

|
0.001

|
0.01 0.1
DENSITY

If T~1000 s, could resolve
LI anomaly




How do you look for these long-lived particles?

e Firstly, you hope they are charged (at least
some of the time)

e Complete neutrals can only be inferred

from missing energy which | won’t cover
today

e Because, if charged, these particles will lose
energy as they traverse the detector

e Jraditional approach - exploit fact that being

new heavy-ish particles, they will be slow
moving

e Consequently will have longer than
normal time-of-flight

e Will lose energy more quickly than

“normal” minimum ionizing particles, i.e.
higher dE/dx

u*on Cu

—
o
(=}

Bethe-Bloch Radiative

—
S
T

Radiative
Minimum effects

sssss
ionization reach 1%

Stopping power [MeV cm2/g]

s TS el R b i
¢ o= - Without 8
1 1 | : | |
0.001 0.01 0.1 1 10 100 1000 104 105 106
By

| | | | | | | I I 1

L 0.1 1 10 100 | | 1 10 100 | [ 1 10 100 |

[MeV/c]

[GeV/c] [TeVic]
Muon momentum

But these technigues
only get you access to
slightly longer lifetimes ...
at some point the
particles exit CMS




CMS has carried out such a search for Heavy

Stable Charged

Particles (HSC

°)

e Select tracks with high

pr and dE/dx

e Mass reconstruction

e Approximate Bethe-
Bloch formula before

minimum
2

e Extract parameters K, C
by fitting to the proton

ine

e Reverse to compute
nigher masses

-
o

dE/dx estimator (MeV/cm)

- N W H O OO N 0 O

llllllllllllllllllllllllllllllllll

Extrapolation

...l
—
<

dE n-lz
a—-K_2+c
* 104

with C= 2.557 =0.001

with K= 2.579 =0.001 ]

(-
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Results of HSCP Search in 198 nb!

e Mass distribution as expected, no events observed in signal region
e Set 95 % C.L. limits on gluinos (bound into R-hadrons), stop, stau, production

CMS Preliminary 2010 \s=7TeV 198 nb™

©10° S ; CMS Preliminary 2010 \'s=7TeV 198 nb™
(x) Tracker + Muon E — ~ T T | T T T | T T T | T T T | T T 3
Ic—E B McC - MB + QCD E -8. al Trackel:‘ + Muon : Theoretical Prediction | n
m *  Rescaled Prediction | g 10 = —a— Exclusion Stau e ::2: ?rﬁ)O) =
5 | Prediction Syst. Err. g E —»— Exclusion Stop Gluino (NLONLL) E
10 = 3 3 |__. —e— Exclusion Gluino Th. Uncertainty —
] s 10 = ’ : : =
) 2 - 7
I 5 10° = 5
10 E - ]
- 10 E
1 E e E
i 10" =
1 0-1 — ] L _
- 10° ¢ =
S . = 3
O 200 400 1 0-3 B 1 1 | 1 1 1 | 1 1 1 | 1 1 1 \\\i 1 1 ]
Reconstructed Mass (GeV/c?) 200 400 600 800
HSCP Mass ( GeV/c?)
TIGHT ] Exp. Obs. | Exp. in full spectrum | Obs. in full épectrum Exclude mg < 284 GeV/c?
Muon-like | 0.153 £ 0.061 0 0.249 4+ 0.050 0

(not yet competitive with Tevatron)

Tk-only 0.060 = 0.021 0 0.060 = 0.011 0

11



Another Approach - Stopped Gluinos

¢ As said, gluinos bound into R-hadrons

will lose energy LHC Velocity Distributions
. . . . . ) | | m=l300 GeV S
e via ionization (if charged) s5) m=800GeV -
m = 1100 GeV

. . 3L
e and/or nuclear interactions
»5+ Phys. Rev. D76 (2007) 055007

e Some fraction, those with less than a ,|
critical velocity will come to rest Ty
somewhere inside the detector volume

1.5[
1 b

e most likely in the densest regions  os]

0
0 0.2 0.4 0.6 0.8 1

(433) i (5OOG6V> % velocity
v< | —
"0 " Can only stop the slowest gluinos,

but this fraction is not negligible even
for relatively light masses

X 1S thickness of material, xo IS
material dependent parameter

12



They’re long-lived, not immortal

X’O1 X1 g
\
I \
~ I \
i — —— J"‘ i —— — \
R-hadron —_— R-hadron —
spectator quarks spectator quarks

e R-hadron decay is essentially a gluino decay, quarks are spectators
(though they play an important role in subsequent hadronization)

* mr = Mg + (0.65-1.8) GeV depending on R-hadron flavor

e Gluino can decay via either monojet or dijet modes:
e For analysis presented in this talk, BR (monojet) = 100% is assumed

¥ a Dar(/ MadZer

AFHg u(u)] - gxfu(un)
Candidate, of course

13



These decays will be
very distinctive

e They will deposit a lot of energy

e Will not originate from nominal
beam interaction region

e But will look quite different than
cosmic rays

e Will not be in time with beam
crossing

e Should be easy to find,
especially if ...

~ CMS PRELIMINARY

Detectors at the largé Hadron Collider identify particles from the distinctive pattern of tracks and splashes of energy they leave
behind. Stopped gluinos leave a very different pattern from proton collisions and cosmic rays, even when the proton-beams are
switched off. This makes them easy to spot

PROTON-PROTON COLLISION COSMIC RAY DECAYING GLUINO
Beams on Beams off Beams off

Collision point| |CMS detector end view

14



ook when there Is no
beam background

Chris Hill at the University of Bristol in
the UK works on one of the LHC's particle
detectors, called the Compact Muon Solenoid

“The best time to see a
gluino go bang is when
the LHC is switched off”

(CMS). His interest was piqued when he
read a paper about stopped gluinos, and
decided to work out how to spot them. “It
occurred to me that the absolute best time
to look for these things was when nothing
else was going on,” he says.

New Scientist, July 21, 2008 issue

ANYTHING ?

2

TINOTHING
DETECTED

Ii|

ETECTED

Il

15



Need to capture & record
these delayed decays

e Fortunately these decays will be
occurring in a particle physics
detector

e [f they have become stopped In
an instrumented region, then at
least some of the decay
particles should pass through
active areas

e The detector will see a signal

e But have to get the timing
right




First figure out where they will
STop

800 —————
L CMS Preliminary

[ \'s =7 TeV :
600 m; = 200 GeV/c? |

~20% gluinos can be stopped
somewhere in CMS

Stopped Point Y [cm]

(@)
——

Q e
2 [ : : : ]
g [ : ] -200 [
03 e CMS Preliminary e —e— Full Cloud model —
I Vs=7TeV I --e-- EM interactions only | -400
0.25 _ """"""""""""""""""""" """""""" ---e-+ Neutral R-Baryon model _ -600 _
— S T —— pon S ool
. : L -800 -600 -400 -200 O 200 400 600 800

I ] Stopped Point X [cm]
0.15 s s ; ~ : A ——

L AR — T S—

SIS oeeeeeeennnnnens S S .
s ST I
: @ i @ i . .................................... @ "9 :

200 300 400 500
m, [GeV/c?]

Of those 60% stop in instrumented regions
which allow detection of the sulbsequent decay

17



That’s the where, what about the when"?
In between proton bunches of LHC “beam”

25 nsor7.5m

Proton-Proton 2835 bunch/beam
Protons/bunch 10"

Beam energy 7 TeV (7x10'2 eV)
Luminosity 103 cm?2 s

Crossing rate 40 MHz

Proton

Collisions 107 - 10°Hz

U

Parton
(quark, gluon)

There is a lot of off time
(especially now in the
early days of LHC) when
“beam” Is on If we can
make use of It

Particle

18



Beam Position and Timing Monitors (BPTX)

e BPTX

e Electrostatic pickups in x,y
directions on either side of
the IP in CMS

e Designed to measure the
beam-position in these
coordinates (and the time
between + z)

e A coincidence in both BPTX
means colliding beams

e Used as a zero-bias trigger

* \We require there not to be such

a coincidence Beampipe (absent)
e Guarantees in a beam gap th rough here

19



How much of a stopped gluino signal can we

expect at CMS?

_ a9
FOl“ T < Tbeamp Ueffective - (O-p"I“Od X 8Stop) X Ereco

S
”

Tbeam Tgap

# of stopped undecayed particles

T

X
Tbeam + Tgap

% (1 — e~ Toan/T)

Data taking time

20



SBACKGROUNDS?

e Since these data will be
collected when there are no pp
collisions

e Only significant physics
background source will be
cosmic rays

® The rate of these is low since
CMS is 100 m underground

e Instrumental noise (HPD’s in the
HCAL) is the dominant
background source

21



Every cloud has a silver
iNning ...




Background Estimate

e CMS was ready for collisions, but
had to wait while LHC was
repaired

¢ Took advantage of this time to
measure the background rate
over the last year with 100°’s M
triggers

e “CRAFT09”
e Perfect control sample

* Obviously, no signal in these
data since before any LHC
collisions




Are there other backgrounds
when beam is circulating”?

e.g. Beam Halo Muons®?




—vent Selection & Final

Sackground

—stimate

e \\We divide the 7 TeV collision data into two sets :

* The first, low luminosity dataset is used to measure the background rate

again (cross-check with CRAFT09 and 900 GeV data)

* Then perform the search in the second dataset obtained in higher intensity

running period

Beam background
rejection

Cosmic rejection—»

Jet topology cuts—

Calorimeter pulse
shape cuts

Selection Criteria Background Rate (Hz)
L1+HLT (HB+HE) 3.27
Calorimeter noise filters 1.12
BPTX/BX veto 1.11
muon veto 6.6 x 1071
Ejet > 50 GeV, |17je| < 1.3 7.6 x 1072
Nngo < 6 7.6 x 1072
ngg > 3 3.1 %1073
Mppi < 5 1.3 x 10~*
Ry > 0.15 1.1 x 10~*
0.1 <R, <05 8.5 x 107>
0.4 < Rpeax < 0.7 7.9 x 107°
Router < 0.1 69 x 107

e —

Rates measured in
low lumi 7 TeV
collision runs
(2-7 x 10°7 cm™?s)

Signal efficiency
~17%

(of all R-hadrons

that stop

anywhere in CMS)

25



Counting Experiment Results

e Perform a counting experiment in bins of lifetime, T
e For small T, select events in a window 1.256 x T after each collision
e Lint =203 (232) nb™' recorded (delivered)

Lifetime [s] | Expected Background (= stat £ syst) | Observed
le-07 0.15 £ 0.04 £ 0.05 0
le-06 1.8+£054+05 0
le-05 11.7£3.2+3.5 8
le-04 283 +7.8+8.5 19
1e-03 283 +7.8+8.5 19
1le+03 283 7.8+ 85 19
le+04 283 +7.8+8.5 19
le+05 283 +7.8+8.5 19
1le+06 283 +7.8+8.5 19

No excess above expected background observed,
proceed to set 95% C.L. limits




Stopping Model Independent Results

Cross-section x stopping probability
T < few 100 ns

CMS Preliminary 2010~ 95% C.L. Limits: SO
o m, - M.o = 200 GeV R

—— m.- M, =100 GeV R S
g X | :

e Decays occur during
vetoed BXs

T < Torbit (’“10_4 S) Ci

10 E‘.:::::::;:::::::::;:::::::::;:::::::::;:::::::::;:::::::::;::::::::::E:::::::::E::::::::::é:::::::::é:::::::::E'.:::::::::E:::::::::é::::::' :E:::::::?

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

* Decays occur within the z B S M N ) A S
orbit, but we optimise the o T e e e e S E St S A
t|me WlndOW : : : : : : : : : : : : : :

® Torvit < T < Tiinn (~1O4 S) EZZZZZZZﬁéﬁﬁﬁﬁﬁﬁﬁﬁﬁéﬁfﬁfﬁﬁﬁéﬁﬁ __ZZZﬁﬁéﬁﬁﬁﬁﬁﬁﬁZﬁéﬁZZZZﬁﬁﬁﬁéﬁﬁﬁZZZZﬁﬁI;ZZZZZZZZZ;fZZZZZZZﬁﬁéﬁﬁZZZZZﬁZéZZZZZZZZﬁ;,_____ZZZ:EZﬁﬁZZZﬁﬁﬁéﬁﬁﬁﬁﬁﬁﬁﬁﬁéﬁﬁfﬁﬁﬁf

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

* Accept events over the full N e
orbit - sensitivity plateau 107 b e
10‘810'710'6/10'510"‘10‘310'2 10" 1 10 102 10° 10* 10° 10°

T > Tril Ty [S]

>

<
e Lose sensitivity as / 14 orders of

iIncreasing fraction of . i
q creasing fractio tcf)'ll Steps occur between time- magnitude !
ecays occur post-ii windows as Nobs increments

for each observed event




Time Profile Results - Exploit Location of Events in Time

e As well as counting expt, we analyse the distribution of observed event times

e For a given lifetime hypothesis, calculate a PDF for signal event time, using the
delivered luminosity profile

e Background PDF is flat in time
e Fit data and calculate a 95% CL on the signal
e We do this for lifetimes less than ~100 s, using event time within the orbit, ie. BX

: | —— — _

Signal PDF peaks at N N i
collision BXs \gj ]
4 7
Background PDF is flat 2 | || I ‘ | [
Mkl (o E

o BN NS 2

0 00 1000 1500 2000 2500 3000 3500

BX
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Gluino Cross-Section Limits

e Use the stopping
probability to obtain a
limit on the cross-section

e For mg=200, Myo=100 GeV

e Stopping probability
depends on models of R-
hadron interactions

e Default “Cloud model”

* “EM only”

* “Neutral R-Baryon”
model

Time profile analysis
improves sensitivity
to small lifetimes

Cross-section limit

o) 1 0% e — |
c CMS Preliminary 2010 95% C.L. Limits: L
“— f'— dte 203032’ T Expected: Counting Exp. /l
15% 3 | Expected =10: Counting Exp. 7
10 \s=7TeV Expected +26: Counting Exp. /, 1.7
1\ m. = 200 GeV Obs.: Counting Exp. )
@ S L Obs.: Counting Exp. - Neutral R-Baryon ; il
% 102 Mp=100GeV . _._ Obs.: Counting Exp. - EM Interactions  / 4
C . / ]
x F e Obs.: Timing Profile R4 ’
{5)
(@))
Q
N X |
o i
i NLO+NLL
10_1 DO exclusion region: Phys. Rev. Lett. 99, 131801 (2007)
10°10710°10°10*10° 102 10" 1 104102 10° 10* 10° 10°

Ty [s]

For mg<200 GeV,
exclude lifetimes

75 nNns <1< 6 pus Extends DO limit

(valid for T > 30 us)
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Gluino Mass Limits

e Present limit for (selected)
fixed lifetimes, as a function
Of mg,MXo

* Fixed mg-Myo=100 GeV

¢ Trigger X reco x stopping
efficiency is roughly flat

e And valid for mass
differences > 100 GeV

e Results not presented for
region below mg=150 GeV

e | EP neutralino limit

e Trigger/reco efficiency
declines

g — g% ) [nb]

~y

o(pp — gg) x BR(

—
o
N

10°

7, Ns=7 TeV

w2

CMS Preliminary 2010

| f L dt = 203-232 nb’

mg-MXo=1OO GeV

102

10

95% C.L. Limits
-- Expected: 2.6 us Counting Exp.
e Expected +10: 2.6 us Counting Exp.

- Obs.:10°s Counting Exp.
-+ Obs.: 100 us - 1 hr Counting Exp.

«+ Obs.: 200 ns Timing Profile =

Expected +20: 2.6 us Counting Exp. E

Obs.: 2.6 us Counting Exp.

LR L R N NN NN RN E R RN RN RN NN NN NN RN

100

150

200

Time profile analysis:
for =200 ns,
exclude mg < 229 GeV

250

400 450 500
m; [GeV
Counting experiment:
for T=2.6 us,
exclude mg < 225 GeV

300 350
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Summary & Outlook

CMS has conducted two searches for long-lived particles in about 200 nb-' pp collision
data with \/s=7 TeV

“Traditional” search for HSCPs with for high-pt, high dE/dx tracks (CMS EXO-10-004)
e Exclude gluino masses below 284 GeV/c? (but no statement on lifetime)

Additionally, CMS has searched for decays of particles stopped in CMS using a novel
trigger to record decays during gaps between LHC collisions (CMS EXO-10-003)

e For gluinos of mass up to 200 GeV/c?, exclude lifetimes from 75 ns < T < 6 Us
e For lifetimes of 2.6 ps, exclude gluinos of mass up to 225 GeV/c?

e For lifetimes of 200 ns, exclude gluinos of mass up to 229 GeV/c?

e Extends previous Tevatron limits on lifetimes of gluinos

LHC has begun to weigh in on the existence of long-lived particles (which can decay to
dark matter candidates) over 14 orders of magnitude in lifetime. Currently only
sensitive to lightest strongly produced particles, but plenty more data is already on the
way ... stay tuned!
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Additional Material




DO collaboration)

‘evatron Search for Stopped Gluinos at /s =1.96 TeV

e Excludes gluino masses < 270
GeV for lifetimes, 30 ys - 100 hr

¢ | ess sensitive search than what
we will achieve at LHC

e They did not have a zero-bias
trigger like that implemented
at CMS

e Cross-section much lower

¢ | onger, and regular, bunch
spacing at Tevatron not as
well suited for search as LHC

e | arger cosmic-ray
background (they are located
on the surface)

Phys. Rev. Lett. 99, 131801 (2007)

mgo = 50,90, 200 GeV

,,,,,,,,,,

D@, L=410 pb™

100 hours

18 hours

—
I

S

—~ <3 hours

Cross Section Limit (pb)

SIS
(/ I

AIIIIIIII I PP, /'
L l A A L A I I T/ /‘{////t /‘// /1/ A ' l I l

150 20 250 300 350 400 450 500 550 600

Gluino Mass (GeV)

Compare to this point. It took DO a year and
a half to be sensitive to the theory prediction
of ~1 pb at the Tevatron

N.B assumes 100% Br(§ — gX})
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Indirect constraints on gluino’s lifetime

* A. Arvanitaki et al o Alternative assumptions about unknown R-
(PhySReVD72:O75011 ,2005) Set |Im|tS hadron interactions

from various sources on possible gluino

. 1018
masses & susy breaking scales (and thus o
. . 16
lifetimes) s
% 1014
e if gluino mass > 300 GeV (500 with B o0
different assumptions) strongest g 2| Y -
constraints come from Big Bang > RS E’l/ — |
: 2P | oF i
Nucleosynthesis (BBN) 2 100 A é‘i Ei |
L . P B B | | . P R
e Authors’ claim lifetime < 100 seconds /00 20 >00 1000 2000 5000 10000
Gluino Mass (GeV)

e Unless in these holes in the

exclusion curve f mass < 300 (500) GeV,

e N.B. these results rely on highly lifetime limit is weak, 10°
speculative R-hadron cross-sections years
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