I/

/ UNIVERSITY OF CALIFORNIA

Dark matter, extra

dimensions, and Z decays
at CMS

Tia Miceli

Indiana University Seminar
26 October 2012

Tia Miceli UCDAVIS 1



Outline

<

XX

R

Physics models studied

+ Standard model

+ Dark matter

+ Extra dimensions

Overview of CMS

+ Photons

+ Missing transverse energy
Monophoton analysis
Measurement of the Z—vv cross section
ADD large extra dimensions search
Dark matter search

Tia Miceli

UCDAVIS

2



Outline

* Physics models studied
+ Standard model
+ Dark matter
+ Extra dimensions

Tia Miceli UCDAVIS 2



Standard Model

UP QUARK CHARM TOP QUARK ‘é’
A teesy btle point QUARK This heavyweight : JFAY]
_ Imside the protca A secoed champion doesart e
— and mestron, it Iy meration bve loog enoegh to o
friench Sorever with ourk itis muke friends with  * m PHOTON
bk o R et e TS The munsiess wawkie
KSR e know and bove
DOWN STRANGE BOTTOM 1
QUARK QUARK QUARK X
A tiny listle poist Why is this second This third 1 o
irnide the proton PENEration quark 30 Feneration quark :
and nestron, It Is wrange? Is pottin” oo the - °
fricad; forever with pounds, . L Y
R : GLUON
o i il i iAoy R e T et i R e o The “ghoe*” of the wroon
- ELECTRON- MUON- TAU- : meciear ferce,
NEUTRINO NEUTRINO NEUTRINO
o | Thete misiscule 14 A Wightly Beavier Wily and wneaky,
bandits like 10 seal § bandt thas s this bandi s the
ey eocrgy and wbling 10 the left newest particle o
| eape desection rrive o the Joo,
| ELECTRON MUON L TAV
A Lamitir friend, A “Beavy A "Beavy muoe™
ls arpatively ~rgadi who could stand As the carrier particies of
A, busy 1 A0ES Sk S o ke 2 Istle the weak ruclear e,
gy hies 0 hoad. ittt weight : theyre dowaright obese.

HIGGS BOSON

It's the one everyone
Wants 10 meet, bt Jor now
s playing hard 10 get.
You'd e umiling t20 if
CVeryone wan looking 1o
Rervicw Jow,

Tia Miceli

UCDAVIS

3



Standard Model

-

DOWN STRANGE BOTTOM
QUARK QUARK QUARK

A tiny Intle point Why is this second This third
irnde e proton GENETNTION Quark 30 FENeraon quark
and nestron, it Iy swrange? Is pottin” oo the
frivads orever with pounds.

the wp qaark,

ELECTRON- MUON- TAU-
NEUTRINO NEUTRINO NEUTRINO
Thete misicule A Wightly Beavier Wily and wneaky,
bandits like to weal § bandt thas s this bandi is the
FATy eocrgy and ubling 10 the left newest particle o
eape desection rrive o the Joo,

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

UP QUARK CHARM TOP QUARK
A teeey barie point QUARK This heavyweight
imside 1he proton A stoed champion doesn’t |
and mevtron, it Is wmeration Sve loog enoesh 1o+
frieads Sorever with ok itis muke friends with
2 PHOTON

. ¢

he down Quar charmed, indeed, Asytee The i

A “Beavy

L TAU

A "Beavy moos”™

ELECTRON

A Demilor friend,

this negatively electron™ who who could stand
eharged, by Fil bves Lot and 2 Jose a listhe
guy Sl 10 bond. diry young el

HIGGS BOSON

It's the one everyone
Wants 10 meet, but bor now
s playing dand 10 get.
You'd e umiling t20 if
CVeryone wan looking 1o
Rervicw Jou.

'FORCE CARRIERS

we know and love

GLUON

The “glor™ of e wroen
mechear force,

As the carrier particies of
the weak nuclear force,
they're downright obese.

+ Collide protons

PROTON

We would not be
Bere without her
PRty

> <€

Tia Miceli UCDAVIS

3



Standard Model

UP QUARK

A teeey batie pont

imside the proton
== and mestron, it Is

friencs forever with

the down Quark.

DOWN
QUARK

A tiny Inthe poist
ireade The proton
and nestron, It Iy
fricad; forever with
the wp qaark,

ELECTRON-
NEUTRINO
Thete misiscule
bandits ke to steal T
ATy eocrgy and ,
eRape desection

ELECTRON
A Demilor friend,
this segatively

Charged, tuny 1l
Guy St 10 bond.

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

TOP QUARK
This Beavyweghn
champion doesn’t |
bve loog enoegh 1o
muake frieods with
anyooe.

CHARM
QUARK

A stoed
etmeralion
ek itis
charmed, indeed,

PHOTON

The massiess wankie

STRANGE BOTTOM

QUARK QUARK

Why is this second This third

GENErNION Qurk 0 Feneraton quark

srange? Is pottin’ oo the v !

pounds.

MUON- TAU-

NEUTRINO NEUTRINO

A Jightly beavier Wily and weaky,

tandt thas s this bandi is the

sbling 10 the left newest particle o

arrive 2 the oo,

MUON LI TAY

A “Beavy A “Beavy muoa™

ehectron™ who who could stand £
bves Last and 9 3o 2 lintle b
dirs young avihe

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

HIGGS BOSON

It the one everyone
Wants 10 meet, Dut for now
s playing hand 10 get.
Q‘ You'd be umiling t00 if
everytne wai lookieg 1o
Rervicw Jou.

+ Collide protons

PROTON

We would not be
here without her
Py

> <€

* Produce y and Z

Tia Miceli UCDAVIS

3



Standard Model

UP QUARK CHARM TOP QUARK + Collide protons
A teeny btie point QUARK This Beavyweight
imide 1he proton A weond cRargion doesn’t

Sve loog enoesh 1o
muake friends with
2eyton.

. and sestron, it s
frieads forever with
the down Quark.

omeration
ourk LS
charmed, indeed,

PHOTON

PROTON

The munsiess wawkie " id b
 krow and bove fe would not
Bere without her
DOWN STRANGE BOTTOM P
QUARK QUARK QUARK
A tiny Inthe poist Why is this second This third
irnide e proton FINErNtIon qeark 30 S FEOLIN 0N Quark ) (
X8, X =4 »
and nestron, It Is wrange s pttin” om the o
fricads rcver wih pounds,
SR : GLUON
o WE N N WN_ EE. NN NN NN N NN WS NN NN NN NN NN NN NN NN NN RN NN N NN WM N M. Ny .. The “gloe” of the troon .z. Produce and Z
ELECTRON- & MUON- TAU- Y
NEUTRINO NEUTRINO NEUTRINO
Thete misicule e A Jightly beavier Wily and wneaky
bandits like 10 seal p= bandit thas s this bandit s the

newest particie o
arrive o the Joo

FATy evergy and Ubling 10 the left

eRIpe desection

~ I EE = N = = === E . I E = = = = =W - O = = . '
ELECTRON MUON L3 TAY 1
A Dmitor friend, A “Deavy A "Beavy m;;e"
iy segatively eleciron™ who who coutd stalld ' e M t Z d
Charged, tuny 1l ves Lyt and -.:bv_'.\ln‘.lo‘ - (::‘:::::;::c' .x. easure ra e ecays
guy Bed 10 bond dhes yourg weighe ' - N\ : . o .
e e e T ey qadlT 1nVISlbly
HIGGS BOSON ‘ X4
It's the one everyone 4
Wants 10 meet, Dut or now ‘~ "
s playing dard 10 get. -m -

§‘ You'd be umiling t00 if
Cveryone was lodking 1o
interview Jou.

Tia Miceli UCDAVIS 3



Standard Model

UP QUARK CHARM U TOPQUARK + Collide protons
A teeoy batie pont ?) QUARK O'Alf/,z_ This Beawvywoeghn
imide the proton A weond # ¥ champion doeen't
. and mevtron, It s oemeration bve boog endugh to -
friencs Sorever with 4 kit muake friends with
the down Quark. ::,m'?mg A8y0ne. PHOTON pROTON

The mussiess wawkie
i know and love,

We would not be
here without her
Postivity

BOTTOM
QUARK

STRANGE
QUARK

DOWN
QUARK

A tiny Inthe poist Why is this second This third

irnide Dhe proton & PENErNTION Quark 30 L\, FENLTAON Quark ) (
and nestron, It Is 4 wrange? y Is pattiy’ oo the J

frivads rever with pounds,

the W Quark. .

s + Produce y and Z

! ELECTRON & MUON. TAU- - BT
I NEUTRINO NEUTRINO NEUTRINO
1 Theie misiscule 4 A Vightly Meavier Wily and wneaky
g bondits like to seal N bandit thas s this bandit Is the

newest particie o
arrive o the Joo

e T
L TAU 1

A" Deavy nu;"

FATy eoergy and wbling 10 the left

eRIpe detection

MUON g

A “Beawy

‘__--------------

ELECTRON

A Dl friend,

i negati lectron™ wh g ¢

ool oo ey *  Measure rate Z decays
Guy Bl 10 boed dhes yourg weighe '

3 o d t ° . .
O 4 a4 a8 a4 € a4 e S SR AL LS eaT €S2 S 4 S AU A TSR A S e ST e e ns a0 aw ks aasausipelansnearecanasss g HiTonce 1nVISlb1y
HIGGS BOSON ‘ 4

It's the one everyone
Wants 10 meet, but bor now
s playing dard 10 get. -
\0 You'd be umiling t00 if

everyone wa lodkieg 1o

Rervicw Jou,

+ 7 decay 1s mnvisible... perhaps it’s actually something beyond the SM?

GRAVITON DARK
. Stll undbeerved, MA"ER
[‘ ¢ v ) yet theoeetically The mysterious

FTVROTY M54 MG,
Difcuit 1o see
becawse ity w0 dard

Tia Miceli UCDAVIS



ZY—VVY Cross section
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+ forward and/or soft
initial state jets
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Dark matter (x) production

q q
Direct Searches

Nuclear Recoil
(t-channel)

Collider Searches
Pair Production
(s-channel)
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Dark matter (x) production

X X q X
q q q XY
Direct Searches Collider Searches
Nuclear Recoil Pair Production
(t-channel) (s-channel)

+ Dark matter passes through CMS undetected, giving rise to “missing
transverse energy”, Epmiss,
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Dark matter (x) production

Direct Searches
Nuclear Recoil
(t-channel)

q

Collider Searches
Pair Production
(s-channel)

+ Dark matter passes through CMS undetected, giving rise to

, ETIIHSS.

+ To make this process visible, radiation of a photon or gluon is required.

S TR

Monophoton + MET

Monojet + MET
Tia Miceli
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ADD extra dimensions

+ A proposed solution to the hierarchy problem predicts a type
of graviton, G.

+ (G weakly interacts with SM particles, so it would not
interact with CMS, leading to missing transverse energy.

Tia Miceli UCDAVIS
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Outline

Overview of CMS

+ Photons
+ Missing transverse energ
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The Large Hadron Collider and the Compact Muon
Solenoid

+ p-p collisions at the LHC
running @ 7 TeV (2011)
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The Large Hadron Collider and the Compact Muon
Solenoid

+ p-p collisions at the LHC
running @ 7 TeV (2011)

+ CMS: Compact Muon Solenoid

5.0 tb'! of integrated luminosity

Neoltisions = Lint X G(pp@7TeV)
=51b!lx 110 mb
= ~550%x10!2 collisions!
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CMS Particle ID Overview
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Iron return yoke interspersed
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Photon Identification

Photon Isolation

Hadronic Calorimeter (HCAL)

EM Calorimeter (ECAL)

Tracker

> €
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Photon Identification

Photon Isolation
Hadronic Calorimeter (HCAL)

EM Calorimeter (ECAL)

Tracker

Electrons vetoed by hits in pixel tracker

> €
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Photon Identification

Photon Isolation
Hadronic Calorimeter (HCAL)

EM Calorimeter (ECAL)

Tracker
Hollow Cone: 0.04 <AR <04

ZpThOHOW cone < 2 () +0.001 *pTy
Electrons vetoed by hits in pixel tracker
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Photon Identification

Photon Isolation
Hadronic Calorimeter (HCAL)

EM Calorimeter (ECAL)
Hollow Cone: 0.06 <AR <0.4

ZpThOHOW cone < 4 9 + OOO6*pTY

Tracker
Hollow Cone: 0.04 <AR <04

ZpThOHOW cone < 2 () +0.001 *pTy
Electrons vetoed by hits in pixel tracker
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Photon Identification

Photon Isolation

Hadronic Calorimeter (HCAL)
Hollow Cone: 0.15 <AR <0.4

ZpThOHOW cone <2 24+0.0025 *pTy
Encarselidcone/Egcar, < 0.05

EM Calorimeter (ECAL)
Hollow Cone: 0.06 <AR <0.4

ZpThOHOW cone < 4 9 + OOO6*pTY

Tracker
Hollow Cone: 0.04 <AR <04

ZpThOHOW cone < 2 () +0.001 *pTy
Electrons vetoed by hits in pixel tracker
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Missing transverse energy (MET)

+ Negative vector sum of transverse
momentum of all reconstructed objects.

Bt

particles
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Outline

Physics models studied

Standard model

Dark matter

Extra dimensions
Overview of CMS

Photons

Missing transverse energy
Monophoton analysis
Measurement of the Z—vv cross section
ADD large extra dimensions search
Dark matter search
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Monophoton Analysis Outline

+ Identify cuts to reduce backgrounds

+ Measure residual backgrounds

+ Estimate acceptance and efficiency
+ Focus on data/MC scale factor: p

AXe=AXeEpmcXP

7

MC only data vs. MC
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Monophoton Analysis Outline

+ [dentify cuts to reduce backgrounds
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Monophoton Backgrounds

Source Estimate

Jet Fakes Photon (data) 112428

ectron Fakes I’hoton (data

11196

Beam Halo (data)
Wy (MO) 2.8+09
Diphoton (MC) 0.5 £0.3
r+jet (MC) 0:5:d=0.2
Total Background 29.6 65
q mis-ID
as 1y

é ¢ .
d ) )
YOJ mis-measure as MET

Candidate Criteria

* Tight Photon ID
* Bucal/EecaL < 0.05
+ Isolated in ECAL, HCAL, Tracker
* Oimin < 0.013

Tia Miceli UCDAVIS 14



Monophoton Backgrounds

Source Estimate

Jet Fakes Photon (data) 11.21:28
Electron Fakes Photon (data) | 3.5 £ 1.5
Beam Halo (data) 11.1 =56

Wy (MO) 28 0.9
Diphoton (MC) 0.5 £:0.3

r+jet (MC) 0.5 £0.2

Total Background 29665

Nal

iS-ID as vy

Candidate Criteria

* Tight Photon ID
* Bucal/EecaL < 0.05
+ Isolated in ECAL, HCAL, Tracker
* Oinin < 0.013

+ No pixel seed matc

Tia Miceli UCDAVIS 15



Monophoton Backgrounds

defocused proton remnants

p—on—p

Source Estimate Candidate Criteria
Jet Fakes Photon (data) 11.2 4= 2.8 | + Tight Photon ID
* E /E <0.05
Electron Fakes Photon (data) | 3.5+ 1.5 . Isljjg‘tLe g fﬁ% CAL. HCAL, Tracker
Beam Halo (data) 11.1 £ 5.6 * Ginin < 0.013
Wvy (MC) 28 4+0.9 * No pixel seed match
: + good vertex exists
DlphOtOIl (MC) 0.5+0.3 * clean beam (no “scraping”)

r+et (MC) O.D==:0.2 + veto events with muons

Total Background 29.6 + 6.5 |\lul=31s

Tia Miceli UCDAVIS 16



Monophoton Backgrounds

Source

Estimate

Jet Fakes Photon (data) 112428

Electron Fakes Photon (data) | 3.5 £ 1.5

Candidate Criteria

* Tight Photon ID
* Bucal/EecaL < 0.05
+ Isolated in ECAL, HCAL, Tracker
* Oimin < 0.013

+ good vertex exists

+ clean beam (no “scraping”)
* veto events with muons

* |ty <3 ns

* No tracks with pr > 20 GeV within
AR(track,y) > 0.04

Beam Halo (data) 11.1 156
« Nopixel sd mach
Diphoton (MC 0.5 0.3
r+et (MC) 0.5 402
Total Background 29.6 65
q Y

q WSy

escapes detection

Tia Miceli UCDAVIS 17



Monophoton Backgrounds

Source Estimate Candidate Criteria
Jet Fakes Photon (data) 11.2 4 2.8 | + Tight Photon ID
* Encar/E <0.05
Electron Fakes Photon (data) | 3.5 £ 1.5 . Isi‘i;‘tLe p s CAL. HCAL, Tracker
Beam Halo (data) 1131+56 * Ginin < 0.013
Wy (MQO) 284+09 * No pixel seed match
. + good vertex exists
Dlp oton (MC 0.5x03 + clean beam (no “scraping”)
r+jet (MC) 0.5 =4):2 + veto events with muons
* |ty <3 ns
Total BaCkgr ound 29.6 £ 6.5 * I\}o tracks with pr > 20 GeV within

AR ACK > ().04

+ MET > 130 GeV
mis-measured as MET

M

\
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Monophoton Backgrounds

Source Estimate

Jet Fakes Photon (data) 112428
Electron Fakes Photon (data) | 3.5 £ 1.5
Beam Halo (data) 11.1:+-56

Wy (MO) 2.8+09
Diphoton (MC) 0.5 £0.3

r+jet (MC) 0:5:d=0.2

Total Background 296 65

Candidate Criteria

* Tight Photon ID
* BEncar/EecarL < 0.05

+ Isolated in ECAL, HCAL, Tracker
* Oimin < 0.013

* No pixel seed match

good vertex exists

clean beam (no “scraping”)

veto events with muons

ity <3 ns

No tracks with pr > 20 GeV within
AR(track,y) > 0.04

R T

Tia Miceli
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Monophoton Backgrounds

Source Estimate

Jet Fakes Photon (data) 112428
Electron Fakes Photon (data) | 3.5 £ 1.5
Beam Halo (data) 111156

Wy (MO) 28 109
Diphoton (MC) 0.5 £0.3

r+et (MC) 0:5'd:0.2

Total Background 29.6 65

Anomalous ECAL deposits

* G > 0.001 and oioie > 0.001
+ time spread within shower < 5ns

Candidate Criteria

* Tight Photon ID

* Encal/EgcaL < 0.05
+ Isolated in ECAL, HCAL, Tracker
* Oimin < 0.013
* No pixel seed match

+ good vertex exists

+ clean beam (no “scraping”)

* veto events with muons

* |ty <3 ns

+ No tracks with pt > 20 GeV within
AR(track,y) > 0.04

* MET > 130 GeV

+ No centrally located pf Jets with pr >
40 Ge nd el < 3.0

Tia Miceli UCDAVIS 20



Monophoton Backgrounds

Source Estimate

Jet Fakes Photon (data) 112428
Electron Fakes Photon (data) | 3.5 £ 1.5
Beam Halo (data) 111156

Wy (MC) 28 109
Diphoton (MC) 0.5 £0.3

r+jet (MC) 05102

Total Background 29.6 65

photon trigger

Candidate Criteria

* Tight Photon ID

* Bucal/EecaL < 0.05
+ Isolated in ECAL, HCAL, Tracker
* Oimin < 0.013
* No pixel seed match

+ good vertex exists

+ clean beam (no “scraping”)

* veto events with muons

* |ty <3 ns

+ No tracks with pt > 20 GeV within
AR(track,y) > 0.04

* MET > 130 GeV

+ No centrally located pf Jets with pr >
40 GeV and |njet < 3.0

* Gmm > (0.001 and Oigpip >(0.001

+_time spread within shower < 5n:
« ErY>145 GeV
+ photon in central barrel

Tia Miceli UCDAVIS 21



Monophoton Analysis Outline

Measure residual backgrounds

Tia Miceli UCDAVIS 22



Monophoton Backgrounds

Source Estimate

Jet Fakes Photon (data) 11.2528
Electron Fakes Photon (data) | 3.5+ 1.5 |

Beam Halo (data) 111456

Wy (MC) 28 +£09

Diphoton (MC) 0.5 +£0.3

r+jet (MC) 0.5 4:0.2

Total Background 29.6 65

Candidate Criteria

+ Tight Photon ID

* Encal/EgcaL < 0.05

+ Isolated in ECAL, HCAL, Tracker
* Oiin < 0.013

+ No pixel seed match

good vertex exists

clean beam (no “scraping”)

veto events with muons

ity <3 ns

No tracks with pr > 20 GeV within
AR(track,y) > 0.04

* MET > 130 GeV

+ No centrally located pf Jets with pt >
40 GeV and njet| < 3.0

Oinin > (0.001 and Oipig >(0.001

time spread within shower < 5ns
E1>145 GeV

photon in central barrel

A

A
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Estimating Backgrounds: EM-like jets

signal: background:
prompt photon jet faking a photon

Tia Miceli UCDAVIS 24



Estimating Backgrounds: EM-like jets

Jet Sample Photon Sample

* require jet trigger * require vy trigger

+ MET <20 GeV * MET > 130 GeV

+ allow tracks and jets + veto tracks and jets

Tia Miceli UCDAVIS 25



Estimating Backgrounds: EM-like jets

Jet Sample Photon Sample

* require jet trigger * require vy trigger

+ MET <20 GeV * MET > 130 GeV

+ allow tracks and jets * veto tracks and jets
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Estimating Backgrounds: EM-like jets

Jet Sample Photon Sample

* require jet trigger * require vy trigger

+ MET <20 GeV * MET > 130 GeV

+ allow tracks and jets * veto tracks and jets
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Estimating Backgrounds: EM-like jets

Jet Sample
* require jet trigger

+ MET <20 GeV
+ allow tracks and jets

Require loose y ID

almost pass vy
ID, but fail
an 1s0. req.

Photon Sample
* require y trigger

* MET > 130 GeV

+ veto tracks and jets

almost pass vy
ID, but fail
an 1s0. req.

Tia Miceli UCDAVIS 28



Estimating Bawe jets

Jet Sample fraction \n Sample
* require J¢/ determined by fitting \ire y trigger
+ MET <2\ the shower shape with [ > 130 GeV

+ allow trach Jet and v femplates 4 0cks and jets

Require loose y ID

almost pass vy almost pass vy
ID, but fail ID, but fail
an 1s0. req. an 1s0. req.

Tia Miceli UCDAVIS 29



Estimating Backgrounds: EM-like jets

Jet Sample
* require jet trigger

+ MET <20 GeV
+ allow tracks and jets

Require loose y ID

almost pass vy
ID, but fail
an 1s0. req.

Photon Sample
* require y trigger

* MET > 130 GeV

+ veto tracks and jets

almost pass vy
ID, but fail
an 1s0. req.

Tia Miceli UCDAVIS 30



ES* solve for this!

— BN P
jets .@

almost pass y
ID, but fail
an 1s0. req.

almost pass y
ID, but fail
an 1s0. req.

Re¢

almost pass y : almost pass y »
ID, but fail EM |direct ID, but fail
an 1s0. req. an 1s0. req. %

Tia Miceli UCDAVIS 31



ES* solve for this!

o e Niet fakesy = 11.2 £2.8

almost pass y
ID, but fail
an 1s0. req.

almost pass y
ID, but fail
an 1s0. req.

Re¢

almost pass y : almost pass y »
ID, but fail EM |direct ID, but fail
an 1s0. req. an 1s0. req. %

Tia Miceli UCDAVIS 32



Monophoton Backgrounds

Source Estimate

Jet Fakes Photon (data) 11.2528
Electron Fakes Photon (data) { 3.5+ 1.5
Beam Halo (data) 11.1+56

Woy (MCO) 285309

Diphoton (MC) 0.5 +£0.3

r+jet (MC) 0.5 40.2

Total Background 29.6 65

Candidate Criteria

+ Tight Photon ID

* Encal/EgcaL < 0.05

+ Isolated in ECAL, HCAL, Tracker
* Oiin < 0.013

+ No pixel seed match

good vertex exists

clean beam (no “scraping”)

veto events with muons

ity <3 ns

No tracks with pr > 20 GeV within
AR(track,y) > 0.04

* MET > 130 GeV

+ No centrally located pf Jets with pt >
40 GeV and njet| < 3.0

Oinin > (0.001 and Oipig >(0.001

time spread within shower < 5ns
E1>145 GeV

photon in central barrel

A

A
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Estimating Backgrounds: electrons

* W—ev could mimic a monophoton event

34



Estimating Backgrounds: electrons

* W—ev could mimic a monophoton event
+ small inefficiency 1n the pixel detector may cause track to not
be reconstructed
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Estimating Backgrounds: electrons

* W—ev could mimic a monophoton event
+ small inefficiency 1n the pixel detector may cause track to not
be reconstructed

1. Use events where 2 EM
showers reconstruct to the Z

C = —@— —» €
“tag”: has pixel Z ) ) .
seed probe ; dpes w -7
this have pixel 'J“
seed? 7
* Epixel seed= IN® pmbespixel sced/IN© Probes v,

34



Estimating Backgrounds: electrons

* W—ev could mimic a monophoton event

+ small inefficiency 1n the pixel detector may cause track to not
be reconstructed

1. Use events where 2 EM
showers reconstruct to the Z

C =« —@ - —3 €

“tag”: has pixel Z ) N ,
seed probe ; dpes W
this have pixel 'J‘
seed? 7
*  Epixel seed™ N¢ probespixel seed/ N€P robes v,

2. Use good W—ev events to + Nw_ey = 583

estimate contamination to * Ne fakesy = Nwoev X(1-€)/€
monophotons. =3.52+1.48



Monophoton Backgrounds

Source Estimate
Jet Fakes Photon (data) 11.2528
Electron Fakes Photon (data) | 3.5+ 1.5
Beam Halo (data) (11.1+5.6
W+ (MC) 28+09 |
Diphoton (MC) 0.5 +£0.3
r+jet (MC) 0.5 4:0.2
Total Background 29.6 65

Candidate Criteria

+ Tight Photon ID

* Encal/EgcaL < 0.05

+ Isolated in ECAL, HCAL, Tracker
* Oiin < 0.013

+ No pixel seed match

good vertex exists

clean beam (no “scraping”)

veto events with muons

ity <3 ns

No tracks with pr > 20 GeV within
AR(track,y) > 0.04

* MET > 130 GeV

+ No centrally located pf Jets with pt >
40 GeV and njet| < 3.0

Oinin > (0.001 and Oipig >(0.001

time spread within shower < 5ns
E1>145 GeV

photon in central barrel

A

A
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Estimating Backgrounds: non-collision

+ Some unusual backgrounds
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Estimating Backgrounds: non-collision

+ Some unusual backgrounds
* COSMIC Tays

>
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Estimating Backgrounds: non-collision

+ Some unusual backgrounds
* COSMIC Tays

+ beam halo

=
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Estimating Backgrounds: non-collision

+ Some unusual backgrounds
* COSMIC Tays

+ beam halo
+ anomalous ECAL

deposits
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Estimating Backgrounds: non-collision

+ Some unusual backgrounds
* COSMIC Tays

+ beam halo
+ anomalous ECAL

deposits
+ Estimate each contribution
by comparing the time
distribution to prompt

photons /
>

R
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Estimating Backgrounds: non-collision

+ Some unusual backgrounds
* COSMIC Tays

+ beam halo

+ anomalous ECAL
deposits prompT phOTonS

+ Estimate each contribution Timing.
by comparing the time 2 ok e
distribution to prompt s f oo
»10000 — Skewness . -

photons : o

" 8000

eooof—

mo:—

N :

2000

0:..|....|...J|L....|....|..
-20 -10 0 10 20

Seed Time (ns)
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Estimating Backgrounds: non-collision

* S*Orggs%lﬂzs}la%llsba(:kgrounds beam halo
i Timing
+ beam halo ’T,'a"'e : T
Mean -1.762
* anomalous ECAL £ g0 "
deposits e ik
+ Estimate each contribution g _
by comparing the time & o
distribution to prompt _~_ ,
photons - :
401 —
/ 30} | -
20/ =
'~ 10 A 3
o: poliagay 2d 2 al 4 \tnl-l | sk Irmab ' 1:
-20 -10 0 10 20
Seed time (ns)

Tia Miceli UCDAVIS 36
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Estimating Backgrounds: non-collision

+ Some unusual backgrounds  anomalous depoSi‘I'S
* COSMIC Tays

+ beam halo LLL. e

+ anomalous ECAL 25t i

deposits S 35 &

+ Estimate each contribution g - [LM i

by comparing the time 2 :
distribution to prompt =k

photons 20( | U :
////,//// 15{ | ]
10} " . -

I 51

|
oy L | -
RN :

rr | I.‘ﬂ f 1 [L [l I 1 | | l

E .
0™ %0 10 0 10 20
Seed time (ns)
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Estimating Backgrounds: non-collision

* S*orggs%l%sy%llsbackgrounds o cosmic rays o
+ beam halo rme - r
* anomalous ECAL < |
deposits S asf
* Estimate each contribution 2 . 1z
by comparing the time 2 | would ex peC‘I‘ 1%

N
N
L L

distribution t { .
SUTOULON o promp something flat

photons 20}
/ 4 like this..
10~

I 51

-20 -10 0 10 20
Seed time (ns)
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Estimating Backgrounds: non-collision

+ Best fit shows
candidates are
composed of:

+ prompt photon
+ beam halo

=

me

Events / (0.25 ns)

2

8

__lIITIITTI]IIIT]IITI[ITIT[IIT

Timing

Entries

] B N
-20

!

|

+ candidates
- beam halo
- prompt

- cosmics

1.},1:“11

Mean
RMS
Underflow
Overflow

1907
-1.475
1.094
0

0

- anomalous deposits

| S

l l |

0

0 10 20
Seed time (ns)
Tia Miceli UCDAVIS
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Estimating Backgrounds: non-collision

+ Best fit shows Time Timing
. Entries 1907
candidates are T | e, oAb
composed of: & 250 ezt
% g2 r
prompt photon § 200
&
+ beam halo :
150 \
100/- 4 + bcandiﬁa‘ies
. n - beam halo
+ After reapp}ylpg : | rompt
shape and tlmmg 50— | - cosmics
. B | - anomalous deposits
CUtS° | B [ N e .J u,. R R R [ YA, I [P
-20 -10 0 10 20
Nhalo fakes Y =11.1£5.6 eedine(ne)
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Monophoton Backgrounds

Source Estimate Candidate Criteria
Jet Fakes Photon (data) 11.2 £ 2.8 | * Tight Photon ID
* BEncar/EecarL < 0.05
Electron Fakes Photon (data) | 3.5+ 1.5 + Tsolated in ECAL, HCAL, Tracker
Beam Halo (data) * Giyin < 0.013
Wy (MC) 284+09 * No pixel seed match
: + good vertex exists
DlphOtOI\ (MC) 0.5x03 + clean beam (no “scraping”)
'y+jet (MCO) 0.5 0.2 # veto events with muons
* |ty <3 ns
Total BaCkgr ound 29.6 £ 6.5 * I\}o tracks with pr > 20 GeV within
AR(track,y) > 0.04
These smaller + MET > 130 GeV
+ No centrally located pf Jets with pr >
40 GeV and njet| < 3.0
bac kg rou nds f ro m MC‘ * Oinin > 0.001 and Gigip > 0.001

+ time spread within shower < 5ns
« ErY>145 GeV
+ photon in central barrel

For BSM searches: Z(vi)y (MC) = 75.1+9.5

Tia Miceli UCDAVIS 38




Monophoton Analysis Outline

+ Estimate acceptance and efficiency
+ Focus on data/MC scale factor: p

AXGZAXGMCxp

R

MC only data vs. MC

Tia Miceli UCDAVIS 39



Scale Factor: Trigger Cut Efficiency

+ Relative efficiency
of our offline

Efﬁciencx of Photon125 |

selection to > 1.2
. c B
prescaled triggers. & [
E 1 ? IH*III[I“I“I“[uuuxuuuuImuuuuluux L
+ The MC and data B I
0.8

both 100% efficient
by 145 GeV inthe s
barrel region of the
ECAL, informing

our kinematical o
cuts.

ITT]ITIIIITTTIT

01.;.,1.4»-5111:1__11711.1“1'11!11[111!1111||1|111111|
100 110 120 130 140 150 160

Photon p_ (GeV)
+ scale factor = 1.00 = 0.02. !
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Scale Factor: Photon ID Efficiency

+ Photon ID reduces jet backgrounds, etc. but on rare occasion loses the photon
+ photon showers = electron showers (except for the track)
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Scale Factor: Photon ID Efficiency

+ Photon ID reduces jet backgrounds, etc. but on rare occasion loses the photon
+ photon showers = electron showers (except for the track)

+ Use 2 EM showers that reconstruct
to Z: “tag & probe”

e o=

e passes v ID = “tag” Z does this “probe”

pass or fail ID?
— lso_tvvavvvr]vvvv‘vrvav.vvrr vvvvvvvvv rYYYTrTYYYTYYYl_‘ — 40 -
- - I Passm probes . - - Failing probes
(5 &‘ (5 . <
o 160F $ Signal = 1139.20 + 36.937 O 35F Signal = 204.59 +15.79
- a0k ‘ Bkg - 108.80 £ 1826 1 3 Bkg = 185.40 + 15.33
g} = Eff = 0.848 +0.011 = ol | oy Eff = 0,848 £ 0,011
2 120 — & : )
= - 3 £ 25
) C . S 2
S b ER- be
gl probei & . pro
80— el
o : 15
OF assesi - fC“IS
40F p _“ 10 .
20 SH 1 101 ] nz N 4 k';
- l /4
%0 60 70 80 9 100 110 120 130 140 150 .)30 60 70 80 90 100 IIO l"O HO 140 l‘O
M. (GeV) M, (GeV)
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Scale Factor: Photon ID Efficiency

to Z: “tag & probe”

¢ & —Q— - ©
: (44 29
e passes v ID = “tag” does this “probe
pass or fail ID?
—_ lSUh‘ Ll | Y TYT[Yrrryrrrrry TIrrrryrrr=
- - I Passing probes .
é 160 |- ¢ Signal = 1139.20 * 36,937
- 140 = : Bkg = 108.80 £ 1826
e - Eff = 0.848 +0.011 .
8 120 -]
= C a
Y
- 100 -
() : :
80 -
60 -
40 -
20f :

(
g() 60 70 80 9

100 110 120 130 140
M., (GeV)

150

A

Events /(1 GeV)

Photon ID reduces jet backgrounds, etc. but on rare occasion loses the photon
photon showers = electron showers (except for the track)

Use 2 EM showers that reconstruct

e = Nprobespass /(Npmbespass + Nprobes fail)
Edata= 0.848 £ 0.011
emc = 0.883 £ 0.022
scale factor =¢gdata/emc= 0.96 + 0.02

40 F .

i Failing probes -
35E Signal = 204.59 +15.79

E Bkg = 18540 + 15.33 -
30} ] Eff = 0,848 £ 0,011
25 -t
20 -
155 -
10 -
S

¥

T e e, L

1o 120 130 140 150
M, (GeV)

Tia Miceli UCDAVIS 41
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Scale Factor: Shower Timing Window Efficiency

* Reduce anomalous ECAL deposits overlapping with real EM showers

+ Timing of detector hits of the EM shower should fit inside a window of 5 ns

=0

ECAL —
crystals

T=+1

t=+2

T=+1

t=-1

T=+1

Tia Miceli

UCDAVIS
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Scale Factor: Shower Timing Window Efficiency

* Reduce anomalous ECAL deposits overlapping with real EM showers
+ Timing of detector hits of the EM shower should fit inside a window of 5 ns

=0
t=+1] t=0
ECAL —
t=+2 | t=+1| =0 | +=-1
crystals
t=+1] t=0

+ Use Z—ee sample, since we know the showers are prompt

C -—-@— —p» €

4
does this shower does this shower

satisty twindow? satisty twindow?

* Scale faCtOI' — gdata/gMC — gdata/l — Nesatisfy twindow /Ne — 0983 + 0009
Tia Miceli UCDAVIS 42



Scale Factor: Jet and Track Veto Efficiency

+  Monophoton events should
not have lots of energy in
jets (sprays of hadrons) or
tracks, so we veto such
events.

+ Use Z—eey (kinematics

similar to our signal (also
confirmed with W—ev ))

Tia Miceli UCDAVIS 43



Scale Factor: Jet and Track Veto Efficiency

+  Monophoton events should

Data Efficiency

not have lots of energy in . :
jets (sprays of hadrons) or 208F = + .
S : :
tracks, so we veto such 3 07f ++ I =
events. = : :
' o) | =i, =
+ Use Z—eey (kinematics § 0.55 ! T G
similar to our signal (also piak S
confirmed with W—ev )) " &
0.3f
0.2}
Y i .
0.1 5 =
O'xu.;xl‘ull:;lnulu AN ENENE NN
C 0O 10 20 30 40 50 60 70 80 9C
7 Photon E; (GeV)
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Scale Factor: Jet and Track Veto Efficiency

+  Monophoton events should
not have lots of energy in
jets (sprays of hadrons) or
tracks, so we veto such
events.

+ Use Z—eey (kinematics
similar to our signal (also
confirmed with W—ev ))

Monte Carlo Efficiency

Veto Efficiency

O O O
RS (o) o)
! I 1 ] 1 T 1

O
N
I 1

1|

;s ‘

N AN NN RN AN IR NN NN 1H,q
10 20 30 40 50 60 70 80 90
Photon E; (GeV)

Tia Miceli UCDAVIS
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Scale Factor: Jet and Track Veto Efficiency

+  Monophoton events should

i Ratio Zy Data Efficiency / Zy MC Efficiency |x'/nd! 28.92/10
not have lots of energy in &5 AT P 09126200138
jets (sprays of hadrons) or < | 4
tracks, so we veto such = 1.2r 5
events. I E ]
= M | = B

o » =P , — —
+ Use Z—eey (kinematics = 0.8l . .t
. . . g X — -
similar to our signal (also c | + | f ]
confirmed with W—ev )) 0.6 F

0.4}
Y 0.2
0"1.11111111 W FETTE FEUT FTEY FERT ST
e 0O 10 20 30 40 50 60 70 80 90

7 Photon E. (GeV)
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Scale Factor: Muon Veto Efficiency

+  Muons may arise from many sources

Tia Miceli UCDAVIS 44



Scale Factor: Muon Veto Efficiency

+  Muons may arise from many sources

+  pp collision

Tia Miceli UCDAVIS 44



Scale Factor: Muon Veto Efficiency

+  Muons may arise from many sources

+  pp collision
*  COSMIC rays
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Scale Factor: Muon Veto Efficiency

+  Muons may arise from many sources

+  pp collision

*  COSMIC rays
+ beam halo %
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Scale Factor: Muon Veto Efficiency

+  Muons may arise from many sources

+  pp collision

*  COSMIC rays
+ beam halo

+ Require signal events to have no muons
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Scale Factor: Muon Veto Efficiency

+  Muons may arise from many sources

+ pp collision

*  COSMIC rays
+ beam halo

*  Require signal events to have no muons
+  Again, test veto in Z—-ee

| Invariant mass | invMass1
Entries 72822
25000 — ] Mean 9121
L _ AMS 6.897
) - -Zee cand¥dates Jl I 8
= [ - Zee candidates W Overfiow 3431
20000 Integral 3.6940405
¢ - after muon veto [ Skewness 2756

() i InvMass2
— - Entries 331653
015000 Mean 9.2
- [~ AMS 6.84
(] i Underfiow 0
-Q - Overfiow 2935
E 10000— Integral  3.2880405
=) N Skewness 282

Z : J'
5000— / L
0 [ I R L ._../( SR S W
0 20 40 60 80 100 120 140

Invariant Mass (GeV)

+ scale factor = €data/EMC
= Edata/ 1
— Nzeeremaining /NZee
=0.954+0.01
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Outline

Physics models studied
Standard model
Dark matter
Extra dimensions
Overview of CMS
Photons
Missing transverse energy

Monophoton analvysis
» Measurement of the Z—vv cross section
ADD large extra dimensions searc

Dark matter search
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Z BOSON

Z(vv)y cross section a

Ndata_NBG
AXemcxpXxL

g X . Bf —
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Z BOSON

Z(vv)y cross section a

N, — N
o X Br = data BG
AXepmcXpXL
Ndata =73

NBG — 29.6 = 6.5
A X eye = 0.153+0.020
p = 0.90 T 0.11
L =47 " +4.5%
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Z BOSON

Z(vv)y cross section a

Naza — N
AXepcXxpXxL
Naata =173

Npo =29.6+6.5
AXeye = 0.153 +0.020

p =0.90+0.11

L =47 ' +45%
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Z BOSON

Z(vv)y cross section a

Naza — N
AXepcXpXL
Naata =173

Npo =29.6+6.5
AXeye = 0.153 +0.020

p =0.90+0.11

L =47 ' +45%

NLO prediction: 59 £ 3.0 {b

measurement agrees with SM!

Miceli UCDAVIS 46



Z BOSON

ari

Highest pt¥ Event

pr’ = 384 GeV

EcMiss = 407 GeV
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Z BOSON

e
C
)
>

LLI

>

T
Q.

e
(/p)
)

L

o

L

P, = 384 GeV

recorded: Sun Apr 24 22:57:52 2011 COT
“ 42AnT4 1 244T28%84

Experiment at LHC, CERN

407 GeV

miIsS —

Ec
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e
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o

L
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Z BOSON

Highest ptY Event

P, = 384 GeV

recorded: Sun Apr 24 22:57:52 2011 COT

Experiment at LHC, CERN
Elinmt. 422974 1 244728584

E,miss = 407 GeV

LHC, CERN

47

UCDAVIS
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Outline

Physics models studied
Standard model
Dark matter
Extra dimensions
Overview of CMS
Photons
Missing transverse energy
Monophoton analysis
Measurement of the Z—vv cross section

- ADD large extra dimensions search

Dark matter search
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GRAVITON
Suk unot-tnfd

ADD Extra Dimensions WW

?|

—y
UOISUWIP DJIX2

gravity pr'opaga‘res
in all dimensions

EM, strong, weak
live on brane
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ADD Extra Dimensions (o ="
d ensio =

+ Start with Newton’s law of gravity

V(r) = Gy 272

DJLX2

| ‘WE

gravity propagates o‘

r

+ Allow dilution into extra
dimensions, for small distances

F @
.
> i |l

ISU2WlI

in all dimensions 1 mM1Mo
EM, strong, weak V(r <R)= Mrt2en
live on brane Dl
119
V(r>R)= Mg”Rn .

* Mp 18 modified planck mass
+ n 18 # extra dimensions

+ R 1s radius of compactified extra dim. o
Tia Miceli UCDAVIS 49



ADD Extra Dimensions (o ="
d ensio =

+ Start with Newton’s law of gravity

V(r) £ Gyt

DJLX2

| ‘WE

gravity propagates o‘

r

+ Allow dilution 1nto extra
dimensions, for small distances

F @
.
> i |l

ISU2WlI

in all dimensions 1 mM1Mo
EM, strong, weak V(r <R)= Mrt2en
live on brane Dl
117119
V(r>R) = Mg”Rn .

* Mp 18 modified planck mass
+ n 18 # extra dimensions

+ R 1s radius of compactified extra dim. o
Tia Miceli UCDAVIS 49



GRAVITON

ADD Extra Dimensions [ . ===

> AW
s 1
=3 N —
) ) o M2 Re
3
Ity propagat s% L |
gravity propagates o’ —
inall dimensions > M3, M7FT2Rn
EM, strong, weak
live on brane

+ Request Mp = Mgw, take Mp and n as parameters

Tia Miceli UCDAVIS
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ADD Extra Dimensions wmm“

Events /GeV

I I | I I I I | I I I I |
CMS,\'s =7 TeV e DATA ]
5.0 fb! 7227) Total uncertainty on Bkg |
' Zy— vvy ]
..... W-— ev
[ 2 PO B MisID-y (QCD)
= . ytjets, Wy
""""""""""" - Beam Halo
10 D reeneen. SM+ADD(M =1 TeV, n=3) :
10
10'3 \\ \\ \\ \\ \\ \\ \\ \\ \\ =
\&Q&&&N&N&;
- _kk&&xi§§§\f

\QQQQ\Q @@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@@

200 300 400 500 600 700

No excess observed. oM p! [GeV]
Background describes data well. Tia Miceli

UCDAVIS
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GRAVITON

Still unotserved,

ADD Extra Dimensions [ . ===
TV

T S, [0 [P L L. WL | : H Y

.............. crsssessssesmanssstsensassennnssteennstesnnsestnsnnssesnnssssndiicrsesnnseronnnnsee T

1

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

.....................................................................................
-
-
- : :
.....................................................................
Y.

Cross section [fb]
2

* If theory 1s true, | R _. . ~:~:‘ ........

.........
-

g
...
-

T

-== n=4, Theory NLO

- === n=4, Theory LO
=rrrmere n=6, Theory NLO
------- n=6, Theory LO

PN SR

1 1.2 1.4

v

l 1 1

1.8
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ADD Extra Dimensions

GRAVITON
Still undtserved,

wee [yt theoretically

+ CMS pushed up
the lower limits on
the Mp

+ If theory 1s true,
Mp > ~1.6 TeV

Lower Limit on My [ TeV ]

e

251 e e m77ey  — CMSNLO (1+E)"
o SO R AR g CMS LO (y+E) -
~ 5.0 fb CDFLO (y+E)
. — - .LEP (y+ET) -
P O O B ooos ot SOSoOpEsee ETEees
; N :
N L :
: | :

1 l | I

o 3 2 S 6

Number of Extra Dimensions
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Outline

Physics models studied

Standard model

Dark matter

Extra dimensions
Overview of CMS

Photons

Missing transverse energy
Monophoton analysis
Measurement of the Z—vv cross section
ADD large extra dimensions search

» Dark matter search
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Dark Matter Limit Setting

(xr.4(@r"a) |
Oy= A2 Vector Operator = Spin Independent

—_ 5 — U
O .= (X ul )(q / }’56]) Axial-Vector Operator = Spin Dependent
A

-~

A-

o)
x|

—4
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Dark Matter Limit Setting “ i}

+ CMS measures 0yy, but to compare with direct detection
experiments, transform this into ox—nN

Pair Production

—4 ) _
O meas. A Cns, g (s-channel) »
o rm _4
010Tev (10 TeV) 1
q p X
Nuclear Recoil N 0 2
(t-channel) o ?g( J — — (i)
X X m \AZ?
1 oX N — —33 (ﬂ)Q
q 13 q SD e A2

= ( MpM Mp ) TiaMiceli UCDAVIS 56
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DM - Spin Independent Limits = [l

~~
(QV]

m

2

+ Extends the
cross-section
lower limits for

M, <3.5 GeV.

v-Nucleon Cross Section

107
10°%
10°%
107
107°
107
107
10
10
107

| | I.II.III| | | IIIIII| | | T T T 1T
CMS Preliminary —— CMS MonoJet 90% CL
-1 — CMS MonoPhoton 90% CL
Ldt=47f =7 TeV
t b atis=7TeV . XENON-100
CoGeNT 2011
CDMSII 2011
CDMSII 2010
------- lceCube 2011 W'W
= lceCube 2011 bb
ruled out:
: —— — e
== T
Spin Independent
| | IIIIII| | IIIIIII| | | L1 1 1 11
10 10° 10°
2
Mass x [GeV/c]
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DM - Spin Dependent Limits

DARK
MATTER

]
MIECUt 10 soe
Vo' W0 dark

&

&

o

S

+« Extends the =
Cross-section 3
lower limits for §
M, < 100 GeV. &
S

(D)

S

oD

Z

=

10-28 I I I.I I.III| I I IIIIII| I I T T TTT1
CMS Preliminary ——— CMS MonoJet 90% CL
10 | L gt 475" at (s=7 TeV —— CMS MonoPhoton 90% CL
' CDMSII 2011
10732 Picasso 2009
------------- COUPP 2011
1034 . e IceCube 2011 W*W
s e lceCube 2011 bb
107 . e,
ruled out
107
10740 -
107
107 -
Spin Dependent
- | | | I | I| | | | I | I| | | | L1 111
10
1 10 10° 10°

x Mass [GeV/c?]
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Conclusions

+ We studied the monophoton final state using 5.0 fb"! pp at
7 TeV.
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Conclusions

+ We studied the monophoton final state using 5.0 fb-! pp at
7TeV.
+ Results are consistent with the Standard Model.

¢ G(Z(W)Hy) = 60 £ 12 (stat.) £ 13 (syst.) £ 3.0 (lumi.) fb |,

Z BOSON
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Conclusions

+ We studied the monophoton final state using 5.0 fb-! pp at
7TeV.
+ Results are consistent with the Standard Model.
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Z BOSON

* ADD extra dimensions parameter space has been reduced
* Mp> 1.59-1.66 for n=3-6
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Conclusions

+ We studied the monophoton final state using 5.0 fb-! pp at
7TeV.
+ Results are consistent with the Standard Model.

¢ G(Z(W)+y) = 60 £ 12 (stat.) % 13 (syst.) = 3.0 (lumi)) fb

Z BOSON

* ADD extra dimensions parameter space has been reduced
* Mp> 1.59-1.66 for n=3-6 =

+ The dark matter-nucleon cross section limits on the spin-
independent and spin-dependent moderator masses were
extended.

+ o NXg1 extended for m, < 3.5 GeV i -
+ o Nxgp extended for my, 1-100 GeV |
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Conclusions

+ We studied the monophoton final state using 5.0 fb-! pp at
7TeV.
+ Results are consistent with the Standard Model.

¢ G(Z(W)Hy) = 60 £ 12 (stat.) £ 13 (syst.) £ 3.0 (lumi.) fb |,

Z BOSON

* ADD extra dimensions parameter space has been reduced
* Mp> 1.59-1.66 for n=3-6

+ The dark matter-nucleon cross section limits on the spin-
independent and spin-dependent moderator masses were
extended.

+ o Ngr extended for my < 3.5 GeV i .
+ o Nxgp extended for my, 1-100 GeV -

Than1< YOU! Tia Miceli ~ UCDAVIS 59



Extra Slides

+ MET

+ Jet fakes photon details

+  Monojet

+  ADD Monophoton phenomenology
+ acceptance and efficiency

+ Jet contamination estimation details
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Missing transverse energy (MET)

+  Negative vector sum of transverse
momentum of all reconstructed objects.

ET:_ZPT

all
particles

Tia Miceli UCDAVIS 62



Missing transverse energy (MET)

+  Negative vector sum of transverse
momentum of all reconstructed objects.

ET:_ZPT F1

all
particles

+ “Type 0” correction: assume overlapping
events have MET=0 and neutral hadronic
energy 1s underestimated.
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Missing transverse energy (MET)

+  Negative vector sum of transverse
momentum of all reconstructed objects.

Fr=-3 pr b

all
particles

+ “Type 0” correction: assume overlapping
events have MET=0 and neutral hadronic
energy 1s underestimated.

+ “Type I” correction: propagate jet
energy scale correction for jets > 10
GeV.
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Missing transverse energy (MET)

+  Negative vector sum of transverse
momentum of all reconstructed objects.

ET:_ZPT F1

all
particles

+ “Type 0” correction: assume overlapping
events have MET=0 and neutral hadronic
energy 1s underestimated.

+ “Type I” correction: propagate jet
energy scale correction for jets > 10
GeV.

+ “Type II” correction: account for
unclustered jets (pr < 10 GeV)

Tia Miceli UCDAVIS



Jets background (1/4)

+ Goal: We measure our own photon/jet “fake ratio” in data, for our particular
Et range, and for our particular triggers.

+ First, make a jet data sample:
+ require low MET (<20 GeV)
* no vetoes on tracks or jets
+ the jet fires and is matched with one of our HLT triggers

EXO0-11-058 (y+MET) Approval TiaMiceli [——1 63



Jets background (2/4): constructing the fake ratio

+  Numerator: Same tight
photon ID as our candidates.
Large contamination from
true photons! (must correct!)

+ Denominator: Pass all of the
very loose photon ID criteria
(in back up) and most of the
tight photon ID criteria
except that it must fail at
least one of Ecallso, Hcallso,
or TrackIso requirements.

EXO-11-058 (y+MET) Approval

10°

tries

10*

En

10°

Numerator

Denominator

' 1 ' i ' ' ' ' ' l ' ' ' '
150 200 250 300

E; (GeV)

Tia Miceli ——— | 64



Jets background (3/4): correcting the numerator

Example of correcting Pt
bin 100-120 GeV.

Black data points show the
numerator events.

Fraction fit so we can
subtract the true photons
(the green) from the
numerator.

The blue are taken from
events that pass the
denominator, but are within
a track 1solation band.

We will only use the
number reported within our
cuts 0.001<6i4in<0.013 .

EXO-11-058 (y+MET) Approval

sigmaietaieta for pt:100to120 : EB

18000

fit 1o signal photons : y+jet (MC)

16000

IITTTIIITIT

14000
12000

TIIITT

10000 |

8000 |-

6000 |
4000
2000

0 0.005 0.01 0.015

Ll

fit to Data

Tia Miceli —— ]
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Jets background (4/4): the actual fake ratio

+  After removing the true
photons from the numerator
we get this photon/jet “fake

ratio”’.

hdataratio

[rrr1

Now we make a
normalization subset by
applying the full candidate

Entries
Mean
RMS

¥* / ndf
p0

p2

12

185.8

58.38

5.126/3

0.2321+ 0.0334
2.401e-05 = 2.563e-06

TTTTT

selection but replacing the
tight photon ID by the
denominator sample.
Multiply the number in the
normalization subset by the
“fake ratio” to get the

Fake Ratio

II1TNTTTI11

f P

y
T

p0O

— Fit

+ pl

X Pr

number of jet background. 100

+ 14.1 £ 3.3 events from jets.

EXO-11-058 (y+MET) Approval

—t
150

L 1 A
200
E} (GeV)

Tia Miceli
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250

—1

300
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Monojet - Candidate Selection

+ Basic Topological Selection — 2 ,ycusprommnay @ 1 S 10°F cMS Profiminary R
. . .o o g _ Yot (e7 Tey WM E ; . (=475 at Vs<7 Te o ]
reJeCt prohﬁc multljet events kT 10° _[Ldt—4.7fb t Vs=7 TeV EZCD : % ol Ldt=4.7 fb"at Vs=7 TeV ng ]

. 10° é zorr é Lﬁ E : E;:r E

* Mjers = 1 or 2, ET™ > 200 o'k o ] 1O 3

----- ADD M283

GeV later tightened t0 350  whececb

+ particle flow jets clustered "
using anti-kt with R = 0.5 A, f
pTleadjet.> 110 GeV, |1’]|<24 1 > 8 MultinTicity goE Aqg('ﬁethJet:)'s
prsecondjet > 30 GeV Rt A
+ Ag(etl, jet2) < 2.5 LR A S
+ Lepton removal % -y — .
+ Reject events with 1solated e S |k oo
or i (ARjsolution=0.3). Vo P
+ Reject events with isolated
tracks (ARisolation=0.3). 10
+  Optimize Et™ss cut for DM 1
search: Et™ss > 350 GeV. 200 400 600 800 1000



penment at | H CER\

CMS (] Qun criod T Oc 425 32201 CEsT
I N Xj| Lumi secton ‘.,,
Monojet Event

prict = 574.2 GeV " < 3
Epmiss = 598.3 GeV i

=
]
=
e—
. CERN —
4 02:50:32 2011 CEST
962676

CN‘S ]x 32 recorded r:wcl?‘)nvmx,r
RusvEvert 177143 1 8429829
1 | rulw!- o
1 e
|akSPFJet 0, pt: 574.2 GeV|

/_,/P v

,/[m.u 0.t 5742 Gev|

L

[pfMet 0, pt: 598.3 GeV|

l{mau 568 3 Gev'
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Monojet - Backgrounds & Search Results

*  Some backgrounds estimated with data-driven techniques, while others use

Monte Carlo simulations

Background process Events
Z —vi 900 + 94
Wjets 312 + 35
tt 8+ 8
Z(l0)+jets 242
QCD multijet 1+1
Single t 1+1
Total background 1224 4+ 101
Observed in data 1142

No excess observed.

Background describes data well.

Estimated Zvv from a Z(—pup)+jet
control sample

Estimated W(—1lv)+jet using Wuv
control sample and detector

acceptance and reconstruction
efficiencies

Remainder are from simulation

Tia Miceli UCDAVIS 69



Monojet - Uncertainties and Limit Setting

+ Limit setting as before, but with a Ay set to 40 GeV 1nstead.

Ufhx 1/4 An =40 TeV
A = Ath. T ' i, from MC
Omeas.

\

Spin-dependent |~ Spin-independent
M, (GeV/c?) o(cm?) A(GeV) o(cm?) A(GeV)

1 3.37 x 1074 730 7.20 x 10~% 776

10 9.83 x 10~ 4 744 212 x 107¥ 789

100 1.33 x 104 718 2.65 x 103 776

400 5.14 x 10~40 514 6.66 x 1039 619

700 2.95 x 10~% 332 2.62 x 10738 440
1000 2.15 x 1038 202 1.57 x 10~% 281

Borrowed from S. Worm
Moriond 2012
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Monoijet - Spin Independent Limits

NN 10-28 | | I.I I.III| | | | IIIII| | | | | L
= CMS Preliminary —— CMS MonoJet 90% CL
-30 . [ )
O 10 Ldt=47f"at (s=7 TeV CMS MonoPhoton 90% CL
BT e XENON-100
2 i o 1073 CoGeNT 2011
Lower limit on A 2 COMaIl 201
used to compute y-N ¢ 103 CDMSII 2010
cross-section w B e lceCube 2011 W*W'
% 10736 =i lceCube 2011 bb
N _ 9 /29
Osr = - |75) O 10% — ——
TC A2 —— - R
C '~’~,~
O 10" e TR
+ Extends the cross- & & o Tl LS
. . . ®) 10-42 .
section lower limits 2 0 L e
< i -44 e
for M <3.5GeV. % 10 Spin Independent
1 '46 | | | | L1 11 | | | | | L1 11 | | | | | L1 1 1
0 10 102 10°
XENON100: Phys. Rev. Lett 107 (2011) 131302 2
CoGeNT: Phys. Rev. Lett 106 (2011) 131301 MaSS X [GeV/C ]

CDMS II: Science 327 (2010) 1619. Phys. Rev. Lett. 106 (2011) 131302.

IceCube:

Tia Miceli UCDAVIS 71


http://lanl.arxiv.org/abs/1104.2549
http://lanl.arxiv.org/abs/1104.2549
http://lanl.arxiv.org/abs/1002.4703
http://lanl.arxiv.org/abs/1002.4703
http://xxx.lanl.gov/abs/0912.3592v1
http://xxx.lanl.gov/abs/0912.3592v1
http://prl.aps.org/abstract/PRL/v106/i13/e131302
http://prl.aps.org/abstract/PRL/v106/i13/e131302

Monojet - Spin Dependent Limits

E, 10°%
o - 10732
+ Lower limiton A -2
used to compute y-N % 107
cross-section. @ 10
S
Y-N 0.33 / 25 e
95D — T \A2/) ¢
o 10
+ Extends the cross- % 4
. . 10
section lower limits =
for M, <100 GeV. & 10
107

CDMSII: Phys. Rev. Lett. 106 (2011) 131302.
Picasso: Phys. Lett. B 682 (2009) 185.
COUPP: Phys. Rev. Lett. 106 (2011) 021303.
IceCube: Phys. Rev. D 85 (2012) 042002.

[ [ [ . [ I. T |
CMS Preliminary
Ldt=4.7fb at (s=7 TeV

——— CMS MonoJet 90% CL
—— CMS MonoPhoton 90% CL
CDMSII 2011

Picasso 2009

COUPP 2011

lceCube 2011 W*W

= lceCube 2011 bb

Spin Dependent

10

103

10°
x Mass [GeV/c?]
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http://prl.aps.org/abstract/PRL/v106/i13/e131302
http://prl.aps.org/abstract/PRL/v106/i13/e131302
http://arxiv.org/abs/0907.0307v2
http://arxiv.org/abs/0907.0307v2
http://prl.aps.org/abstract/PRL/v106/i2/e021303
http://prl.aps.org/abstract/PRL/v106/i2/e021303
http://prd.aps.org/abstract/PRD/v85/i4/e042002
http://prd.aps.org/abstract/PRD/v85/i4/e042002

Signal MC

DARK
MATTER

The mysterions
540G MXGs.
Ditficuit 10 see
woawe ity w dark

s =

T

Z BOSON

GRAVITON
Still undtserved,
yet theoeetically

avervihers,

PHOTON
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5 fb-1 analyses 2011

* Z(AN2011_108 v20)

The product of A x emc in the cross section calculation is

determined from the Monte Carlo simulation, based on a Pythia
LO sample a with pt cutoff at 130 GeV/c. Events are re-weighted
to match the pileup profile predicted for data using the procedure
described in Sec. 4.4. The obtained value for A x emc is 0.223 +

Source

| Sys error in A x €0 [%] |

o 3243 Source 1 Estimate for p

¥y scale ' +1.6-3.1 Tnggcr | 1.00 + 0.02 |

~Er resolution [ + 0.03 ’ LICTD | 0.983 + 0.009
jet energy scale | +0.85-079 ' | Photon Efficiency 0.96 + 0.02

0.001, where the error indicates the statistical uncertainty on the

estimation due to the size of the MC sample

+ ADD grav1ton (AN2011 319_vl15)

A X €pc n=6

jet resolution | +0.2
Photon vertex + 0.3
" Pileup | 24
PDFs [ +24
Total : +5.7 6.3
Source Sys error in A x €xac (%]

" Mp=1TeV 0.267 i 0.003 0.268 %+ 0.003 0.268 > 0.003  0.265 = 0.003 Photon scale £15% !

+2.7

Mp=2TeV | 0.265 + 0.003 | 0.267 + 0.003 | 0.275 + 0.003 | 0.285 + 0.003 'MO;’\M“ :g:
“Mp=3TeV | 0.267+0.003 | 0.273 £ 0.003 | 0.273 = 0.003 ' 0270 = 0.003 | jet energy scale «09-11
jet resolution + 10% | | .6
Pile-up 425
PDFs +29
Total 4549
#  Dark Matter (AN2012 053 v4)
i [GeV] Acc.xEff. AccxEff. Stats. PhotonPt JES  MET PileUp
(Vector) (Ax-Vector) Err% Err. % Emr.% Em% Em%
1 0.305 0.292 1.7 2.3 1.2 0.5 24
10 0.305 0310 17 23 12 0.5 24
100 0.306 0314 17 23 12 0.5 24
200 0.305 0311 17 23 12 0.5 24
500 0.320 0319 17 23 12 0.5 24
1000 0310 0314 1.7 23 12 0.5 24

+ ADD & Dark Matter from EXO-11-096-v16

+ Axe uncertainty: PDF, photon vertex, PU, energy calib.&res.: pho, jet, met:

+4.8% -4.9%
* p1ssame as 108

Jet and track veto 1.00 £ 0.10
- Cosmlc muons »eto - 0.95 £ 0.01

Total | 090+ 0.11

Source | Mean Value | Sys error for p
Trigger 1.0 = 0.02
PhotonReco | 096 | £0.02
LICTDeut | 0983 | +0.00
" Jets and tracks veto | 1.0 [ 2010
' Cosmicmuonsveto | 095 | %001
Total 0% | =xom

+ p1s same as 108

Tia Miceli UCDAVIS
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DM Phenomenology 1

+ Bai, Fox, and Harnik [JHEP 1012:048(2010)] have cast this process as a
contact interaction with the effective operators:

O, = (X }”‘X)((l r 4 ) Vector Operator = Spin Independent

A.
O ,= _(X Yl X)(f/‘/' }’5(1) Axial-Vector Operator = Spin Dependent
; A2
+ The observed upper limit on the XX production cross section, oXX s

transformed into a lower limit on the cut-off scale A (=Muoderator/ Ngygq) taking
advantage of the fact that ¢ o« A-4.

* Ag. =10 TeV

+ o5 is computed using Madgraph-4 and Pythia-6, for a given phase space

O.Xh>_(
_ th.
Omeas.

1/4
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http://arxiv.org/abs/1005.3797.pdf
http://arxiv.org/abs/1005.3797.pdf

DM Phenomenology 2

+  With this lower limit on A, the upper limits on ¥-N cross-sections for the spin-
independent and spin-dependent interactions can be computed for various
dark matter masses, mpu.

N 9 2
o ?9( ;7 = — (i) Spin-Independent
T VA2

N 0.33 ( " )2

ol — Spin-Dependent
5D T \A?

( >
M p—
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Monophoton - Acceptance, Efficiency, and
Uncertainties

* A X emc 1s stable over the range m,=1-1000 GeV because the signal 1s an ISR vy

+ Vector y (spin independent): 30.5%-31.0%
+ Axial-Vector y (spin dependent): 29.2%-31.4%

+ Uncertainties in A x emc total to +4.8% -4.9% from:

photon energy scale

missing transverse energy scale and resolution
jet energy scale and resolution

photon vertex assignment

overlapping events (pile up)

parton distribution function

L S S SR

+ The scale factor between this MC A x € and data 1s estimated

Source Estimate for SF
Trigger 1.00 +0.02
Consistent Cluster Timing 0.98 +£0.01
Photon ID Efficiency 0.96 +0.02
Jet and Track Veto 1.00 £0.10
Cosmic Muon Veto 0.95 £0.01
Total 0.90 + 0.11 Tia Miceli  UCDAVIS 77




AXEmc

+ A1s for acceptance. How many MC signal events fall within the detector
for given kinematic cuts.

Tia Miceli UCDAVIS 78



AXEmc

+ A1s for acceptance. How many MC signal events fall within the detector
for given kinematic cuts.

NE———4

X — X 1Y >145 GeV
> N MET>130 GeV

.l ﬁEaEE .

Tia Miceli UCDAVIS 78



AXEmc

+ A1s for acceptance. How many MC signal events fall within the detector
for given kinematic cuts.

NE———4

X — X 1Y >145 GeV
> N MET>130 GeV

.l ﬁﬁaEE .

+ gewMmc 1s for the efficiency of particle detection and event identification.

Gm a photonl ':

PHDTON
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AXEmc

+ A1s for acceptance. How many MC signal events fall within the detector
for given kinematic cuts.

X — X ptY >145 GeV

- MET>130 GeV

e

+ gewMmc 1s for the efficiency of particle detection and event identification.

Gm a photonl \:

PHDTON

+ By knowing how many MC events we miss detecting, we can correct our
theoretical cross section to compare to measurement.

Tia Miceli UCDAVIS 78



Systematic Uncertainties for Axgmc

+ There are large working groups within the collaboration to determine these
numbers.

ADD Extra Dimensions

Source Sys error in A X €pc [%]
Photon scale +1.5% +2.7
Photon Vertex +0.3
Er +0.4
jet energy scale +0.9 -1.1 -
jet resolution +10% -0.6
Pile-up - 7 o
PDFs +29
Total +4.8-49
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Systematic Uncertainties for Axgmc

+ There are large working groups within the collaboration to determine these

numbers.

+ Each working group reports amount to wiggle their variable.

ADD Extra Dimensions

Source Sys error in A X €pc [%]
Photon scale +1.5% +=2.7
Photon Vertex +0.3
Er +0.4
jet energy scale +0.9 -1.1 “
jet resolution +10% -0.6
Pile-up - 7 o
PDFs +29
Total +4.8 -4.9

Tia Miceli

UCDAVIS
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Systematic Uncertainties for Axgmc

+ There are large working groups within the collaboration to determine these
numbers.
+ Each working group reports amount to wiggle their variable.
+ For each new MC signal, we wiggle that variable, and see how AXxgwmc 1s

changed. ADD Extra Dimensions
Source Sys error in A X €pc [%]
Photon scale +1.5% 2.7
Photon Vertex +0.3
Er +0.4
jet energy scale +0.9 -1.1 4
jet resolution +10% -0.6
Pile-up + 25
PDFs +29
Total +4.8-49

Tia Miceli UCDAVIS 79



Systematic Uncertainties for Axemc

+ There are large working groups within the collaboration to determine these
numbers.
+ Each working group reports amount to wiggle their variable.
+ For each new MC signal, we wiggle that variable, and see how AXxgwmc 1s

changed. ADD Extra Dimensions
Source Sys error in A X €pc [%]
Photon scale +1.5% | 2.7
~ C_Photon Vertex ) | +0.3
Er . +0.4
jet energy scale +0.9 -1.1
jet resolution +10% | -0.6
Pile-up | +25
PDFs | =25
Total | +4.8 -4.9

*  We especially had to consider uncertainty in photon vertex assignment
because there 1s an ambiguity in deciding the vertex from which the photon

originated, since the photon is neutral and doesn’t leave tracking information.
Tia Miceli UCDAVIS 79



Systematic Uncertainty for Axenc:
Vertex Assignment

Tia Miceli UCDAVIS 30



Systematic Uncertainty for Axenc:
Vertex Assignment
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Systematic Uncertainty for Axenc:
Vertex Assignment

+ photon showers = electron showers (except for the track)
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Systematic Uncertainty for Axenc:
Vertex Assignment

+ photon showers = electron showers (except for the track)
+ Exploit a data sample of W—ev, identical to our candidate selection.
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Systematic Uncertainty for Axenc:
Vertex Assignment

+ photon showers = electron showers (except for the track)
+ Exploit a data sample of W—ev, identical to our candidate selection.

e
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Systematic Uncertainty for Axenc:
Vertex Assignment

+ photon showers = electron showers (except for the track)
+ Exploit a data sample of W—ev, identical to our candidate selection.
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Systematic Uncertainty for Axenc:
Vertex Assignment

+ photon showers = electron showers (except for the track)

+ Exploit a data sample of W—ev, identical to our candidate selection.
+ Since our signal is a single v, we need to consider vertex mis-assignment.
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Systematic Uncertainty for Axenc:
Vertex Assignment

+ photon showers = electron showers (except for the track)

+ Exploit a data sample of W—ev, identical to our candidate selection.
+ Since our signal is a single v, we need to consider vertex mis-assignment.

+  Next, we exclude the
electron’s track and
compute a new
primary vertex (which

1s different 38% of the € *:}
time.)
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Systematic Uncertainty for Axenc:

Vertex Assignment

+ photon showers = electron showers (except for the track)

+ Exploit a data sample of W—ev, identical to our candidate selection.
+ Since our signal is a single v, we need to consider vertex mis-assignment.

+  Next, we exclude the
electron’s track and

]' Percent difference (E‘T"-O.E}rlsw),EtT)w

compute a new
primary vertex (which
1s different 38% of the
time.)

+  Recompute Et" for this
new vertex and
compare with the
original E1Y. Assign an
uncertainty of 2%.

Number of electrons

DiffETPer

70
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Backgrounds: jets

+  EM-like jets (ex. a hard n°) can be mis-identified as y
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Backgrounds: jets

+  EM-like jets (ex. a hard n°) can be mis-identified as y

Njet fakes y —
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Backgrounds: jets

+  EM-like jets (ex. a hard n°) can be mis-identified as y

loose y ID

Nj et fakesy — [Nmono-y X

+ Loose vy ID: relaxed vy 1solation criteria, require one to fail
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Backgrounds: jets

+  EM-like jets (ex. a hard n°) can be mis-identified as y

loose v ID .
Njet fakes Y — mono-}{( X Ratlo Jet fakes y

+ Loose vy ID: relaxed vy 1solation criteria, require one to fail
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Backgrounds: jets

+  EM-like jets (ex. a hard n°) can be mis-identified as y

loose y ID UL
Njet fakes Y — mono-’}ﬂ; X Katlo Jet fakes y

+ Loose vy ID: relaxed vy 1solation criteria, require one to fail
+  EM-jets: jet triggered event, low MET, no vetoes on tracks/jets

Tia Miceli UCDAVIS 31



Backgrounds: jets

+  EM-like jets (ex. a hard n°) can be mis-identified as y

N cand y ID
N - loose y ID v EM-jets
jet fakes y — 1Nmono-y loose y ID
NEM—j ets

+ Loose vy ID: relaxed vy 1solation criteria, require one to fail
+  EM-jets: jet triggered event, low MET, no vetoes on tracks/jets

Tia Miceli UCDAVIS 31



Backgrounds: jets

+  EM-like jets (ex. a hard n°) can be mis-identified as y

N cand y ID
N - loose y ID v EM-jets
jet fakes y — 1Nmono-y +/rloose v ID
L\IEM—jets

+ Loose vy ID: relaxed vy 1solationriteria, require one to fail
+  EM-jets: jet triggered event, Jow MET, no vetoes on tracks/jets

Tia Miceli UCDAVIS
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Backgrounds: jets

+  EM-like jets (ex. a hard n°) can be mis-identified as y
cand y ID true
Nensicts - NEM.jkts
N: — \ylooseyID ]
jet fakes vy — mono-y loose v ID
NEM-jets

Tia Miceli UCDAVIS 32



Backgrounds: jets

+  EM-like jets (ex. a hard n") can be mis-identified as y
cand y ID true y
| B loose y 1D « NEM—J ets NEM'J ets
N]Ct fakes y — mono-y loose v ID
NEM-jets
il pT Bin: 140-150 GeV
MCy
. : Data vy like jets
" + Nl
e Fit
. 102
3
o
10
1 -
: " YOO T Y Y o o 1 R T TR S ) Y Ty 0 Y |

0.005 001 0015 002 0025 003 0035 004
shower width variable
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Backgrounds: jets

XX

EM-like jets (ex. a hard n°) can be mis-identified as y
cand y ID N true vy

. — _ X
jet fakes vy mono-y loose v ID
NEM-Jets
pT Bin: 140-150 GeV
10
MCy
. /7. Data v like jets
10 can
+ NEM(-ijzts{D
Fit
. 102
3
o
10
Al
0 0005 001 0.015 002 0025 003 0.035 0.04

shower width variable

Tia Miceli UCDAVIS
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Backgrounds: jets

+  EM-like jets (ex. a hard n") can be mis-identified as y
cand y ID true y
_ loosey > NEMets | - NEM-ers
Njet fakes y — mono-y X loose y ID

NEM-J ets

pT Bin: 140-150 GeV

MCy <«

Data vy like jets

cand y ID
NEMm- -jets

Fit

0.005 001 0015 002 0025 003 0035 004
shower width variable
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