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¢ Brief theoretical introduction
e CMS results
e Monophoton
e Monojet
e CDF results
e Monojet
* Monotop
e Conclusions and talking points
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e Focus of this talk is on collider DM searches (not necessarily within the
framework of CMSSM)

e Key to collider searches: rotate Feynman diagrams assumed in direct-
detection experiments (use s-channel, instead of t-channel mode)

DM Direct DM DM Indirect q

q q DM q
Collider
q DM
Time = .
q DM
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e Of course : is unobservable at a hadron collider

e Use QED/QCD initial state radiation (ISR) to “tag” DM events

e results in a “monophoton” or “monojet” signature with missing transverse
energy (MET) balancing the photon or jet

q Photon+MET q Jet+MET

DM q
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CMS

Z

couplings to x and g

* Treat i % : as a contact interaction term 1 . g\xqu
; ; A2 M3,

e treat as an effective theory where we integrate out a massive mediator

0y — XX)(@7"q)

s-channel vector < spin independent (SI)

A2
Y; A
Op = (X’Y/L%XKSJW %Q) s-channel axial-vector <~ spin dependent (SD)
O; = (XPRq/)\(QqPLX) + (L PARN R) t-channel <& (mostly) SI
SI and SD 0 ( m )2 0.33 ( I >2
-nucleon o: OS] — — | 7o OSD — — | 75
X T \A? T \A?

Bai, Fox, and Harnik, (b is the reduced mass of the x and proton)
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B Tracker:
= ~1 m? Pixels (66M channels)

stations of
on detectors

ECAL: Electromagnetic
calorimeter - 76K PbWO, crystals
HCAL: hermetic Brass/

Scintillator sampling hadronic
calorimeter
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Key:
== Muon Iron return yoke interspersed
— Electron with muon chambers

— Charged Hadron
--== Neutral Hadron
=== Photon

AT

Solenoid

CERN, Febricuy 2004

Transverse slice
through CMS o
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-l |« e
e Require a single photon in an event with... S AP gerr A ~—— re =T TeY
e High transverse momentum: pr>145 GeV G o) Lat=50 " B Tty onoig -
e Central (best reconstruction purity): |n|<1.44 g =5"v7f” oco _
e Shower shape and timing consistent with @~ = Beawesge seamil
Shoton 10_1? \\\\\\\\\\ :
e “particle flow” MET > 130 GeV 102F ;
e photon must be isolated separately in the 10—3;_ _
tracker, hadronic & electromagnetic calorimeters N
e Suppress electroweak backgrounds with lepton " ... ...~

200 300 400 500 600 700
(track) veto p; [GeV]

e No track away from y (AR>0.04) with pt>20 GeV
e Suppress QCD background with jet veto

e No high pr jet away from y (AR>0.5) with pt>40
GeV and |n|<3.0

73 events pass selection (and do not fail either veto)
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e Z(w)+y (45.3 + 6.8 events)

* [rreducible background

e Generated by Pythia; scaled to theoretical NLO cross section from Bauer
o \W+y

¢ |epton escapes isolated-track veto

e Generated by Madgraph; scaled by NLO K factor from MCFM
o v+jet

e jet veto not flagged

e due to jet/MET mis-measurement
° Yy

¢ due to MET mis-measurement
e Contribution from W+y, y+jet, and yy: 4.1 = 1.0 events
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ONOPNOTCO
ental backgrounass

e Jets mimicking photons (11.2 + 2.8 events)
e dominated by jets fluctuation to a hard nt°

e Use EM-enriched multijet sample to measure ratio of isolated photons to non-isolated,
“photons” objects

e Statistically subtract out direct photon contribution to multijet sample by fitting shower
shape templates

¢ apply ratio to non-isolated “photons” in the signal sample to estimate the total contribution
e QOut-of-time backgrounds (11.1 + 5.6 events)

e dominated by beam-halo events (also tiny contribution from cosmic rays and anomalous
noise)

¢ Fit shower-shape templates to the signal sample but without any timing requirements
e Extrapolate contributions to in-time photons

e Electrons mimicking photons (3.5 + 1.5 events)
¢ Principally from W—ev

e Electrons and photons are distinguished by hits in the pixel tracker. The inefficiency is small
(<0.5%) and well-predicted in simulation

e Background determined by extrapolation from control sample of electrons
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CMS Monophoton:
Background Summary

CMS Preliminary \'s =7 TeV

[ I L A L B B B

Compact Muon Solenoid

o
N

1 ® DATA
Ldt=5.0fb sy Total uncertainty on Bkg
Zy— vvy
- W— ev
I MisiD-y (QCD)
v+jets, Wy

. BeamHalo

—k
o

Z(v)+y: 45.3 + 6.8
Jets faking photons: 11.2 + 2.8

Events /Ge\i

Out-of-time backgrounds: 11.1 + 5.6

Wy, y+jet, yy: 4.1 £ 1.0
Electrons faking photons: 3.5 + 1.5

Total expected events: 75.1 + 9.4
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NI Total observed events: 73
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NN\
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RRNN

300 400 500 600 700
E [GeV]

Data show generally good agreement with standard model
predictions (both rate and shape)
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384 GeV

MET=407 GeV
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CMS Experiment at LHC, CERN
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Run/Event: 163374 / 314736281

CMS Experiment at LHC, CERN
Lumi section: 604

Data recorded: Sun Apr 24 22:57:52 2011 CDT
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CMS Experiment at LHC, CERN
Lumi section: 604

CMS Monophoton
Event Display




e Model signal with Madgraph4 (matrix element) + Pythia6 (showering)
e A\=M=10 TeV (mediator couplings set to unity)

e small systematic uncertainties from photon energy scale (2.3%), pile-up
modeling (2.4%), jet-energy scale (1.2%), etc.

e Use modified frequentist CLs prescription to set 90% CL limits on production
cross section for additional signal contribution

¢ translate to limits on A and subsequently to the WIMP-nucleon cross section

Vector Axial-Vector
My IGeVE 11 A[GeV] olfb] A [GeV]
1 143 (147) 572 (568) 149 (154) 565 (561)

10 143 (14.7) 571 (567) 14.1(14.5) 573 (569)
100  154(15.3) 558 (558) 13.9(14.3) 554 (550)
200 143 (147) 549 (545) 14.0 (14.5) 508 (504)
500  13.6(14.0) 442 (439) 13.7 (14.1) 358 (356)
1000  14.1(14.5) 246 (244) 139 (14.3) 172 (171)

90% CL limits for V and AV couplings
(expected limits shown in parentheses)
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x-Nucleon Cross Section [cm?]
o o ©
8 Q &

- — -
Q o o
é; & A

1 T T T T T T T G T T T T T T T T T T T
_ (a) Spin Independent _ - _ (b) CMS, \s =7 TeV _
i —=— CMS (90%CL) -~ CDMSH2011 | 2 F 50 fb” i
= . —-CDF -~ CDMS 112010 | S 1077 ' =
— E XENON100 CoGeNT 2011 — e — —]
— 7 - 8 10°%7 |- \ ,,,,,,,,,,,,
- i —————— - 1 0 - ~ llornnte—
= Y —— -1 » —
= 5 S RT L] S ——— —=
-_ 1 & o — J— -t
- 1 e . -
= . 4 §10%F -
n ", 1l o | Spin Dependent |
B ’ J— = 1043 —= CMS (90%CL) - COUPP 2011 N
- 5.0fb” K ey 7 32 - — - CDF IceCube (xx—W*W) 7
- CMS NS =7TeV e = [ — . SIMPLE 2010 ===~ Super-K I+lI+1l (yx—=W*W) -
ool 1 | 11111112 ] [ N N O | 3 10-45 ] Lol ! 1 11111112 L Lo 3
1 10 10 ' 1 10 10 10
M, [GeV] M, [GeV]

XENON100: PRL 107 (2011) 131302 SIMPLE: PRL 105 (2010) 211301

CDMS 2010: Science 327 (2010) 1619 COUPP: PRL 106 (2011) 021303

CDMS 2011: PRL 106 (2011) 131302 lceCube: PRD 85 (2012) 042002

CoGeNT: PRL 106 (2011) 131301 Super-K: ApJ 742 (2011) 78

CDF: arXiv:1203.0742 (submitted to PRL)
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e Require 1 or 2 jets ordered in pt Where...

e | eading jet has pt>110 GeV and |n|<2.4; second jet may have pt>30 GeV

o Ad(jety,jet2)<2.5

e Jets reconstructed with particle flow; anti-kr algorithm with R=0.5

® suppress cosmic muons, instrumental noise, and beam-related backgrounds
e charged hadron fraction of leading jet >20%
e neutral hadron or neutral electromagnetic fraction of leading jet <70%
e neutral hadron fraction of subleading jet <70%

_.CQ E [ . . [ | ; 1—. 5 _I UL L |.| T .l LI AL AL L I Y L |_
£ 107 & CMS Preliminary mp ] o 10"t CMS Preliminary % Zovv
= - |:| Wiy 3 ~ r ; Wl ]
3 10° IJL dt= 4.7 f5" at Vs=7 TeV — ] % 4__IL dt= 47 fb'at (s=7 TeV gy - 3
- [ Jacp : o 10 S [Jaco -
1 05 E l:l ZI'T = Lﬁ r l:l Z-I'T i
E —@- Data E 1 03 L —@- Data _
10, e DM-AVd m=1GeV = e DM-AVd m=1GeV 3
S ADD M 253 : - e DD M,253
103?‘ """ AR PP wiirie [ E 102 = e _
10E -
1E —
1 2 3 >4 0 05 1 15 2 25 3 35
Jet Multiplicity A¢(Jet1, Jet)
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e Trigger on events with jet pr>80 GeV and MET>95 GeV
e Suppress electroweak contributions

e reject events with an isolated electron, muon or track with pr>10 GeV
e Require “particle flow” MET>350 GeV

e optimized for best sensitivity to new physics

> § LI | LI | I I. I |. T T | LI | T T | T T LI §
() - CMS Preliminary  [z-w .
: Wosl
O 1055— JLdt=4.7fb1at (s=7 TeV D_” E
LD F B ]
. . — <ok Jaco :
Requirement W+jets  Z(vv) Z(40) tt Singlet  QCD Total Data —~ 1 04 P Wz —
+ets  +ets multijet | bgd 12 = ~ 3
EXS5 200 GeV 55269 30312 4914 12455 1090 14959 | 118999 104485 GC) 1.8 @~ Data ]
pr(j1) >110GeV/c, 52100 28267 4590 11107 968 14743 | 111775 100658 S 1 03 L e 1 00 e DM-AVd m=1GeV
n(j1) <24 LLI S S ADD M_253 5
Niets < 2 37112 21245 3229 1484 256 4952 68278 62395 - |
Ap(jr, n) <2 33123 19748 2936 1256 222 58 57343 53846 102 B
Lepton Removal 9561 14663 76 200 33 2 24535 23832 : ' 3
E%‘fss > 250GeV 2632 5106 21 65 10 2 7836 7584 B |
E‘T“fss > 300GeV 816 1908 6 21 3 1 2755 2774 10 —
EFss > 350 GeV 312 900 2 8 1 1 1224 1142 g e
ET™° > 400GeV 135 433 1 3 0 1 573 522 B ' :
18 ﬁ{f
B L 1 1 | | | l_i ; '__'E i j—
200 400 800 1000
miss
E;™ [GeV]

Good agreement between data and SM backgrounds
(12241101 expected versus 1142 observed)
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e Data-driven estimation of Z(vv)+jets

e Release lepton suppression and use Z(pu)+jets that
pass monojet trigger and selection

Events / 2 GeV/c?

e 60<M <120 GeV (and leptons have opposite
charge)

e Extrapolate from pu events to vv events:
Nobs _ bk P 4 — VvV
A X € A

¢ 10.4% systematic uncertainty (mainly from
statistical uncertainty of Z(uu)+jets data)

N(Z — vv) =

e Similar method used to estimate subdominant W+jets
background where a lepton is “lost”

Events / 10 GeV/c?

e use MC to estimate acceptance (7.7% uncertainty)
and efficiency (6.8% uncertainty) but normalize to
events with one lepton and 50<M1<100 GeV

CMS

- [ [ [
40 cMs Preliminary
-JL dt = 4.7 fb" at Vs=7 TeV

301

201

10

60 70 80 90

100 110 120
M [GeV/c?]

FT T T ‘ 1T ‘ T ‘ T ‘ T TT ‘ T TT
| CMS Preliminar
E |Ldt=4.71fb at Vs=7 TeV
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Event Display

CMS Monojet




¢ Model signal with Madgraph5 (matrix element) + Pythia6
(showering)

e A=M=40 TeV (mediator couplings set to unity)

Background process Events
e | arger systematic uncertainties than monophoton L — VU 900 + 94
search coming from Wijets 312 £ 35
tt 8+ 8
e Jet energy scale ~10% Z(00)+jets 219
¢ luminosity 4.5% QCD multijet 1+1
e PDF acceptance uncertainties 2-4% iﬁgigckgmun g 1221411101
e Jet energy resolution 2% Observed in data 1142

e Use CLs as before to set 90% CL limits on the mediator
mass and subsequently the WIMP-nucleon cross

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

1 3.37 x 1074 730 7.20 x 10~4 776

10 9.83 x 10~4 744 2.12 x 10~ 789

100 1.33 x 1040 718 2.65 x 10~ 776

400 5.14 x 10~% 514 6.66 x 10~ 619

700 295 x 10~ 332 2.62 x 10738 440

1000 2.15 x 1038 202 1.57 x 10~% 281
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x-Nucleon Cross Section (cm

¢ S ¢
10_28 T T IIIIII| T T IIIIII| T T I T T TTT
CMS Preliminary —— CMS MonoJet 90% CL
10730 Ldtea7 s _7 TeV ——— CMS MonoPhoton 90% CL
dt=47fb atVvs=7TeV YENON-100
10%e e CoGeNT 2011
CDMSII 2011
1034 CDMSII 2010
------- IceCube 2011 W*W

10736 e IceCube 2011 bb

-38 °
10 —— —
10740 e S
0% e e
1 0-44 e e

Spin Independent

= 1 1 1 11 11 I| 1 1 1 11 11 I| 1 1 1 1 111

1 46
0 10 10? 10°
2
Mass y [GeV/c]

2

x-Nucleon Cross Section (cm

1078

— — —h — — — —h — —

| 1 | 1 ] 1 1 ] ]
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(o] L N o o] D s N o

Compact Muon Solenoid

CMS Preliminary —— CMS MonoJet 90% CL
Ldt=4.7 fb'1 at E=7 TeV — CMS MonoPhoton 90% CL
CDMSII 2011
Picasso 2009
------------- COUPP 2011

------- IceCube 2011 W'W'
s IceCube 2011 bb

.
‘,
0
.
.
e
iy
ol
1
nnnnnnnnnnnnnn

Spin Dependent

10°
v Mass [GeV/c?]

10 102

Presents best limits for low mass (<6 GeV) in the SI mode
and up to ~200 GeV in the SD mode

Dark Matter In Collision — UC Davis — Thursday, April 12th, 2012 — JPC 20



Compact Muon Solenoid

PP B BB B BB
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1
[
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N
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e Require 1 or 2 jets ordered in pt where...
e | eading jet has pt>60 GeV and |n|<1.0
e sub-leading jet with 20<pt<30 GeV
* no jet has EMF<90%
¢ jets do not lie near calorimeter “cracks”
e contain at least one track with pr>10 GeV

e Reconstructed with JetClu algorithm, R=0.4
CDF RUN Il Preliminary 6.7/fb

t!EJ 3000 |-eve® - CDF Il Data Multijet R
B iz I Other Backgrounds-
S : T w Background+ 1 |
@ 2000 | — 1 GeV y, A-V Eff. Theory. @ 50pb
[ [Signal Region] ]
1000 |
ol
O i
C -
s ,
g f
B Lt
o0 . ‘ ‘ ]
o 100 150 200 250
S Lead Jet E. (GeV)
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e Trigger on events with MET>40 GeV

e |n addition to jet selection, require large MET>60 GeV
e Clean-Up cuts

e jet-MET must be back-to-back: Ap(MET,jet1)>2.5

e Consistent MET and “TrkMET10”: AQ(TrkMET10,MET)<0.4 and [TrkMET 10|<|MET]|
e (TrkMET0 is the “MET” computed with tracks with pt>10 GeV)

e Event consistent with hadronic jet: 0.35>event EM fraction>0.85

e MET significance<15

e QCD rejected via cut on neural-net output: NNqcp>0.3

R = (scalar sum of lead and
sub-leading jet ET) / (scalar

sum of lead and sub-leading
jet Er and MET).

%10° CDF RUN Il Preliminary 6.7/fb

& [ . - CDF Il Data . Multjet :

@ 60 L ]z ] Other Backgrounds?

S - Cw Background+ 1o

AT I [PreSelection] ]

- 40 — SHE o .

NNocp>0.3 selection : ;
rejects 83% of QCD, 20 F A .. . :

while maintaining o 8 M

~90% of DM events 15[

0.5 F

NNgcp Inputs
minimum A@(E},auy jet)
R[]
AP (Er,Jead-Er jet)
¥r
Lead-jet Ep
Number of jets
A®(Fr, TrkMET})
Magnitude of the TrkMET;¢
AP (TrkMETo, lead-Er jet)
Event EM fraction
Lead-jet detector 7

Data/Background

NN,., Score
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— (:‘,ompacl Muon Solenoid

q

o /+jets, W+jets, WW, W/Z, ZZ, ttbar, and single-top estimated
with MC simulation

e Non-collision backgrounds estimated to have (1+1)%

inefficiency Parameter binning

) Magnitude of TrkMETo  [0,1,10,20, > 200]
* QCD Multijet background Minimum A®(Zr,any jet) [0,0.5,0.8,2,3,3.1,3.14]

- z Y : Number of Jets 1,2,> 3
e Shape estimated from “rate matrix” technique s 6 &7’ O:E 2]0 0]
e Establish fraction of events due to QCD multijets as a Er significance 0,7.5,15.1]
function of 6 parameters in a QCD-enriched control region R [0,0.45,0.5,0.55,1]
e normalize in NNaqcp side-band of signal region (50%
uncertainty)
—— CDF Run II Preliminary 6.7 fb~! ——
Contribution PreSelection QCD Control EWK Control Signal Region
non-collision 337 £+ 337 49 + 48 1+1 6+6
z 44636 + 5393 6949 + 840 1280 + 155 22191 + 2681
W 131070 + 17552 14986 + 2007 5582 + 747 27892 + 3735
diboson 2843 + 248 626 £+ 55 101 £ 9 412 + 36
tt 3887 £ 743 1122 + 215 20+ 4 23 £ 4
single-top 2229 + 303 397 + 54 27 + 4 104 + 14
multijet 280143 + 140072 165479 + 82740 1066 + 533 3278 + 1639
total background 465145 £+ 141799 189608 + 82787 8076 + 1011 53904 + 6022
A-VIMigr1ev, X1 gev]@ 50 pb 261 £+ 19 52 + 4 10+£1 151 £ 11
data 465084 188361 7942 52633
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— (:‘,ompacl Muon Solenoid

e Use Bayesian approach to compute 90% CL upper limits on DM production

using a binned likelihood in lead jet pr

— 10 F — 10%° [
N - N i
£ - CDF 90% CLObserved (A-V, Ef. Theory) ; £ 0%
L 403 | COUPP ] O, :
o ; SIMPLE : 'y V
& © 10% |

10-41 :u

exclude upper limits on production

cross section for DM particles
between 0.96 and 42.8 pb

CDF Run Il Prellmlnary 6. 7/fb

10 10?
Mass y (GeV/c?)

CDF RUN Il Preliminary 6.7/fb

i.'% 3000 * CDF Il Data Multijet
2 4 [ Other Backgrounds
& w Background+ 16 |
@ 2000 ——1GeVy, A-V Eff. Theory. @ 50pb |
[Signal Region] ]
1000
0
2 4sf ,
S 15 |
% 1 [00e%000e0%, 00000000 | 00e%0e,0.%, s’ o ¢ & + 4 ¢ ++ + h {
2 T I L i
g 08 ¢ ke
3 100 150 200 250
a Lead Jet E. (GeV)

CDF Run Il Prellmlnary 6.7/fb

.......... B ¥ -
—_——

CDF 90% CL (Vector Eff. Theory)

CDF 90% CL (t-channel, Eff. Theory)
XENON-100 ' ]
DAMIC L v |
CoGeNT s

10 10?
Mass y (GeV/c?)
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e | ight mediators also considered by CDF analysis
e 100 GeV mediator with 10 GeV width for V and A-V couplings
e 400 GeV mediator with 8 GeV width for t-channel coupling

2
Osp.p [CM7]

10% £

10—40 [ i

CDF Run Il Preliminary 6.7/fb

F ————

103
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e Search for “monotop” signature

¢ allowing either baryon-number violating (left) or flavor-changing (right) interactions to
produce a single top recoiling against an invisible DM particle

e Thesignatureis @i e
e Trigger on MET>30 GeV; require 50 GeV offline

e Require three jets with pt1>35 GeV and 1 b-tagged jet

¢ veto events with a muon or electron

e Suppress mis-measured MET: Ap(MET,jet2)>0.7

¢ Require kinematics consistent with a top quark: 110 < mjj < 200 GeV

e MET significance>3.5
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e Top, diboson, W/Z+Heavy flavor are simulated

e Multijet background uses a “tag rate” matrix
technique

CDF Run II Preliminary, L= 7.7 fb "' (18)

—+— Data
LI
[ Single top

[l Diboson

B W/Z+H F.

I Mistag

B QCD Multijet

Entries

150 —

e probability for a QCD multijet event to have a
b-tag measured in a control sample and
applied to the untagged data

e Mis-tagging of light flavor estimated by applying C‘:‘/tr:lle‘;ef;:n

mistag rate measured in data to simulation

50

CDF Run Il Preliminary, L = 7.7fb~*

Process Yields [ I T
tt 182.8 + 20.2 K e |
Single top 24.3 £ 45 a5 %3 200 30
Diboson 15.7 + 2.7 Hissing & (569

W/Z+H.F. 130.5 + 33.8
Mistag 96.9 £+ 39.4
Multijet 210.2 4+ 54.5

Expected 660.2 + 78.1
Data 592

Table: Event yields in the signal region
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e Use binned-likelihood in MET distribution to measure 95% CL upper limits on
monotop production with a Bayesian construction

e Systematic uncertainties dominated by the mistag rate (16.6%) and the
background cross sections (6.5%-30%)

e Also consider PDFs, luminosity, b-tagging efficiency, trigger efficiency, ISR/
FSR

CDF Run Il Preliminary, L = 7.7fb™

CDF Run II Preliminary, L= 7.7 fb_"' (18)
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------ J. Andrea et al., PRD 84 (2011) 074025
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68% Confidence interval 100 —

- 95% Confidence interval : I QCD Multijet
I signal region

95% CL Limit (pb)
o

-
o

50—

gl o8 -
'ﬁ A0 —|——'—_'_—|——1—+ 5 _IL—i— i +-|_+
1

1 1 | 1
120

1 1 | 1 1
140
Dark Matter Mass (GeV/c?)

| 3
Z| 0.8

1 | 1 1 1 I 1 1 1 I 1 1 1 | 1 1 I 1
160

0 20 40 60 80 100

16 100 200 0

30
Missing ET (GeV)

Exclude DM particle in the
model below 140 GeV
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¢ | imits demonstrate that hadron-collider experiments can
offer an important piece to the dark-matter puzzle

e Of course, any observation of a monophoton/monojet
excess must be interpreted in the context of other
searches for DM

e too many other theories produce the same
signatures; it’s unlikely that they could be
conclusively disentangled

e But, collider searches do have distinct advantages
e Sensitivity to very low mass DM

e Does not pay a large penalty for spin-dependent
interactions

e DM is produced directly; not sensitive to systematic
uncertainties related to galactic density, velocity
dispersion, etc.
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