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Search for dark matter with jets
and missing transverse energy

Nadir Daci (IIHE - VUB)
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DM WIMP Signal Models

(>

» Public results: performed the Vector interpretation in time for the Jamboree approval

~

Implemented LHC DM Forum recommendations: Scalar, Pseudo-Scalar, Vector, Axial-Vector models

» Exclusion limits on production cross section in the (m, ; m;,,) plane (assuming g,\,=8,=1)

» Translate these limits in terms of spin-independent nucleon-DM interaction cross section vs mp,,

v




Signhature

JET  pr>100 GeV

> pr : h® 2 10% ho < 80%
» Adyer et > 0.0 <4 leading jets pT>30)

KILL INSTRUMENTAL, QCD, Top
» Veto b-fagged jetfs

\

Jet 0,

et =921.98
eta =-0.463
phi = 2.508

PHOTON VETO : ) e [ LEPTON VETO : |
> Isolated vy \\ \ > Isolated e,u ; t
KILL V-+y | ) KILL V, VAV, ToP )
| EXCLUDE MONO-y

MET 0,

pt=913.68
eta = 0.000
phi = -0.657

» MET = MET without w
» Filters on insftrumental and beam noises
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Analysis strategy in a nutshell

Y VY

Trigger on both MET and MHT to reduce the rate while selecting events in the signal region (SR)
Use “PFMETNoMu” (trigger ; offline) = define a Z-> uu control region (CR) for Z>vv background

Define several CR for data-driven estimations: (di)muon, (di)electron, photon
= Z(vv), W(lv) [90% of the total background]
= use boson recoil instead of MET

» Calculate transfer factors to extrapolate the MET spectrum from CR to SR
» Transfer factors take into account: lepton/photon acceptance/efficiency ; Z/y, Z/W cross section ratios
G LO MC corrected to NLO (QCD+EW) using k-factors (depending on boson pT) )
N
» Evaluate uncertainties

Y

Fit simultaneously the MET spectrum in all CRs to the data
Compute exclusion limits on signal models




Monojet Trigger

CaloMET > 60 GeV

[L1] [CaloMET] [HBHECleaning] [CaloJets, CaloJet ID Cleaning]
MET > 50 GeV CaloMET > 70 GeV CaloMET > 60 GeV

[PFJets, PFMET]

[PFletID & |n|<2.6 & NHEF>0.9]
PFMET NoMu > 90GeV PFMHT NoMu > 90GeV

‘ HLT_PFMETNoMu90_JetldCleaned_PFMHTNoMu90_IDTight 1 ! — — ‘ HLT_PFMETNoMu90_JetidCleaned_PFMHTNoMu90_IDTight b
1 _17 T T ] ] ] ' 7] ] 05: ] ] 05:
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‘ - dl o7k i o7t
0.85 “wew | B 0.652 § 0.652 :
0.8 —Data B — 08 200 400 600 . 800 _ 1000 0% 02 04 06 08 1
| - Leadlng PFJetp_ Leading PFJet NHEF
Rolbi T I LS I 4 B P ™
07 o T — : algha 0_35",111_0,4'()55 — > >95% efﬁCient at MET>ZOOGeV
: : : n 2.977 + 0.07511 a . L. . . .
0650 ' i L 1=0003004 | | 3 Some inefficiency remains at low leading jet pT and
| - 0o s s s ] .
0 6: L f L L f L L f L L f [ | L . hlgh NHEF
0 200_|_ 4010 PFﬁ;I)ICE)TNS?\(/)I [1(3008/] » Motivated two extra cuts: leading jet pT>100GeV,
ype OViu e

k NHEF<0.8
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Control regions

4 <> Single muon ) 4 < Single electron
» Signal METNoMu trigger » Single electron trigger
» 1 tight muon, p;>20 GeV » 1tight electron, p; > 40 GeV
» MET>50 GeV [suppress QCD]
N / \
4 <> Double muon ) 4 <> Double electron
» Signal METNoMu trigger » Single electron trigger
» 2 loose muons » 2 loose electrons
» 21 tight muon pT>20 GeV » 21 tight electron
Q Dimuon mass in [60, 120] GeV / Q Dielectron mass in [60, 120] GeV

/

» pT>175 GeV

\

<> Single photon
» Single photon trigger
» 1 medium-ID photon

\

|eta|<1.4442




Events / GeV

Data/Pred.

Events / GeV

Data/Pred.

Control regions: Data/MC comparisons

Single Electron

Single Muon

CMS Preliminary 21" (13 TeV)
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Transfer factors : single lepton

Single Muon Single Electron
I s o CMS Py 2R (TN
0.9 —e— R(W(uv) With Stat. Unc. 1.8 —e— R(W(ev)) With Stat. Unc. —
0.8 N 16F i
Ee- Stat. + Syst. Uncertainty - = Stat. + Syst. Uncertainty
0.7 - 142 ]
0.6F- = o e
R o 1 = 13 g
= 05F = - % 1 === -
o s 1 of ] ]
0.4F = E 08 === .
03f = = o6l == =
C == 3 C N
0.2F . = 0.4F =
- - R —— -
0.1 = 02F * =
9(;(-)1!11lllllll'll'l'll""l""l""l"": :lllllllllllllllllllllllllllllllllllllll:
300 400 500 600 700 800 900 1000 0 300 400 500 600 700 800 900 1000
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» Lepton acceptance increases at high W pT = falling shape of the TF
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RZ(uu)

Transfer factors : dilepton

Z(vv) to Z(up)

CMS Preliminary 21fb” (13 TeV)
12 _l LI I LI I LI I UL I LI I LI l LI I LI l_
112_ —e— R(Z(uw) With Stat. Unc. 1

- Stat. + Syst. Uncertainty 1

B .

oF -
. i
8: + _+_ i

- —4—4— ; -
7 -
of -

—I L1l I 111 I L1111 I L1111 l L1111 I | .| l L1111 I L1l l-
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RZ(ee)

Z(vv) to Z(ee)

CMS Preliminary 211fb’ (13 TeV)
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» High Z pT = electrons overlap = loss of efficiency = rise of TF in last bin
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Transfer factors : single photon

Z(vv) to y+jets Transfer Factor
CMS Preliminary 217 (13 TeV)
0.8_IIII|IIIIIIIII|IIIIIIIIIllIlIIIIIIlIlIl—
E —e— R(y) With Stat. Unc. E
0.7 — ~
. Stat. + Syst. Uncertainty ]
osfe- -
R .
Qf 05 N —— -
=
-
O _IlllllIlIlllllIlIllllllllllllllllllllll_
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Recoil [GeV]

» First bin: photon pT threshold (175GeV) close to MET threshold (200GeV)
» MET resolution effects cause a loss of efficiency on y+jets events in this bin
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QCD data-driven estimation :

<> Method 1: Rebalance & Smear

Events

1 ¢ -+ MCx2
» Rebalance jets in JetHT (QCD-dominated) events - R&S(Data)

to obtain MET=0 using a kinematic fitter 10k

» Smear jet momenta using resolutions

1072 I

» This method results in a global scale factor of 2

to be applied on the MC prediction (unc: 50%) 10
200 300 400 500 600 700 800 900 1000
l;/T(GeV)

/

2

Method 2: A¢(jet, MET inversion) A¢ Inversion — \
107 ‘__?: -

» Define CR by reverting the A¢ cut +

Measure TF from low A¢ to high A¢ region in

JetHT data and QCD MC

Fit TF using exponential functions

Extract MET spectrum from MET data in CR and

reweight them according to the fitted TF

O aocomc*2

A\

Y VYV
Events / bin
l‘_ﬁ%

1072

1078

C}o This method confirms the scale factor of 2 B B s /
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Uncertainties

Electroweak backgrounds

<> Experimental \
Muon efficiency: 1% per muon
Electron efficiency: 2% per electron
Lepton veto: 3%
Photon efficiency: 2%
Photon purity: 2% /

4 <> Theoretical

» QCD factorization/renormalization scales:
vary by factor 2

» Full NLO EWK corrections

\

ey

Top, dibosons, QCD

vv\\ﬁvvvv\\

>
>

g

<> Experimental \
Luminosity: 12%
MET (from JEC): 4%
B-veto: 6% (only on the top background)
QCD: 50% from data-driven estimation

/ < Theoretical
» Top cross section: 10%
> Diboson cross section: 20%

\_

//\k

N




Fit to the data -

Z(vv)+jets and W+jets background extracted through a combined
max. likelihood fit of the five control regions and signal region

—

Z—rvv

‘ Z(inv)+jets yield
£l 24, ¥, 0) || T poisson (71 37(6) +

(freely floating)

R0

Z—vv

Poi dZ\BZ () + *
1:[ msson(zl 2 )+Riz(0)

y+jets CR

)

) MW—)IV
X 1:[ Poisson (dfv IBY (0) + R’zw 9)

A\

AN

Dilepton CR

)

H Poisson ( d;| Bi(0) + 1y’ "% + u? " + uSi(6)
i

Single lepton CR

e —

Signal Region

Additional constraint connects the Z(vv)+jets and W+jets estimates

1 W —lv s fz(a) " Z—wv
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Results: MET spectrum

CMS Prolminary 213 TEY)
—e— Data %
/ <> Post-fit MET spectrum and yields \ 1o _—ey ﬁeVE
10° . W(v)
1 zan 3
> k d | ﬁ > 107 = 1[;ci’lfosons -
Background-only fit > o laco 3
> Signal point plotted: m,=1TeV ; my,,=1GeV (dotted line) g 1 I
» Data/prediction ratio plot: prefit (red), postfit (blue) %
107"
Q Gray band: post-fit uncertainty on the total backgroury
1072
107
'd1'25IHH”HH“””HHHHHIHE
o 1.1 T E
e = :
% 0.9E
O 855360 400 500 600 700 800 900 1000
EMs* [GeV]
Process E'Ir'nlSS EI'F\]SS E}i_ﬂlSS E_l'rnlSS EITTllSS EmlSS EmlSS
[200 — 250] | [250 —300] | [300—350] | [350 —400] | [400 —500] | [500—600] | [> 600]
GeV GeV GeV GeV GeV GeV GeV
Z(vv)+jets | 19651 =279 | 7554 £ 116 3127 £ 55 1470 + 34 1147 + 32 357 £ 15 189.0 9.5
W(lv) +jets | 15555325 | 4843 +105 1747 + 44 658 + 20 433 +13 105.0 +4.7 48.6 2.7
Z (1) + jets 257 &+ 57 66 =15 223+49 51+1.1 3.0+07 0.44+0.10 | 0.124+0.03
Top 705+ 106 237 =35 729 +109 32.1+48 18.0 £2.7 2.88+043 | 247 +0.37
Dibosons 373+77 167 + 34 76 £16 37.0+76 30.6 6.3 94+19 7.6 +1.6
QCD 313 +129 80.5 +33.3 17.4+7.2 49+20 130+£054 | 1.39+0.57 | 0.14+0.06
Total 36853 12948 5063 2207 1632 476 247
Observed 36858 13010 4981 2248 1614 484 260
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Results: exclusion limits on production

1400

My (GeV)

1200

1000

800

600

400

200

2.1t (13 TeV)

i, emases Median Expected 90% CL
CM_S Pr e_/lqnlnary Observed 90% CL
o= %u= +/- Scale Uncert.

----- - 8TeV - Median Expected 90% CL

8TeV - Observed 90% CL

(7] Planck+WMAP Relic

Vector

102 10° 10*
Myep (GeV)

0.9

0.8

0.7

0.6

0.5

0.4
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0.2

0.1

10 panIesqo
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Results: exclusion limits on interaction

«— 107

107%
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Conclusion

Y VY

CMS used 2.1 /fb of 13TeV data to search for DM in a multijets+MET final state
All backgrounds except top and dibosons are data-driven
Simultaneous fits in all EWK control regions + backgrounds in signal region

\7\7\7\7\

No significant excess is observed

Results are interpreted using a simplified model involving a vector mediator

Mediator masses up to 1.3TeV are excluded at 90% CL

Not enough 13TeV data to reach the best bounds from the 8TeV analysis which exclude vector
mediator masses up to 1.6TeV




BACKUP



Jets

CMS. Prsliminary 21" (13 TeV)

IIIEIIIIIIIIIIIIIIIllllllllllllllllllllllllllll:

10° E —e— Data —

: [ Z(vv) MC 3

: Il W(v) MC ]

10° © 12D MC -

: [ Top MC 3

3 I Diboson MC 7

105 [JQcD MC E

[2] s -

+— -
o 1

2 =

L

102

- IIIIIIIIIII|IIII'IIIIllllllllllllllllllll

O ¥ E
S 18 e -
S 1E R o E
8 0.5 =

00 031 02 03 04 05 06 07 08 09 1

Leading Jet CH Fraction

Leading jet : CH fraction > 0.1, NH fraction < 0.8

* kill anomalous noise, mainly beam backgrounds
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o5 s MET Scale - T
: ] © 40f
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—F E 30F
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i ] 15}
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Boson P, [GeV]

MET response agrees between data and MC at
1-2% level for large MET
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Efficiency

SF

Sys Unc

0.95
09
0.85
08
0.75
0.7
0.65

-
-
-t

o

)
o 2

Leptons

CMS Preliminary {2=13TeV.L=2.1" Factorized Tight electron scale factors
S = 2 F
= MERE: it Tightelectron ID : Tinenan
- = : .~ Data/MC scale factors -~ ">*"
= Data - Sig: MC Template, Bg: RooCMS ] E
E Data - Sig: MC Template, Bg: Exp | .
- H - [ SR -
= H C e +
E DY = I"FMc E cas:—_+— —  —
- = - —— +
= - Co :
- - O] i ) :5'_:":74
E o« ight'Muagn |D: gfficiency -
E <2 -
::; :“;’_Illl2[gllll:‘IllllllllllslullllBI{vllllllllllllllalallll‘m
— + P, (GeV)
10° Probe o (GeVAP®
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Photon Purity

Photons

15“8- Pr-e"'-"inuarx 30 0s L 2{1 ﬁ-’.‘ (-13T-°V_) Purity for barrel medium Photons in data
0.95F . - . f g F
E L ] c 1
09 - N
0gsk  Purity : Isolation Fit 3 0950 =
0.8F E —
- ] 0.9
0.75F E n T
» 7 B . I E Chiso30to70 twobin
0.7F + 3 085 Purity : Ginin Fit . Chiso7ow000 twot
0.65E Barrel = ngh-pT ID_: E
0.6 b A I R B 08—
’ 200 400 600 800 1000 ml I”!OI 1 1 l25Iol 1 1 ls&l 1 1 I35|>OI 1 1 I4OIOI 1 1 I4Ia)l 1 1 lmo
Y
p; [GeV] YP_ (GeV)
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NLO k-factors N

Z+iets W+jets y+jets

dc/de (pb/GeV)
< -

;!

3

\*]

o/oLO

I I cms 3 cms
:_ olmulé'atlon 0, : Simulation G 1 Simulation
] Z+jets | § [T W + jets 2 Y +jets
3 QCD+EW NLO |- QCD+EW NLO oL QCD+EW NLO
: — QCDNLO | g0 [ —_QCDNLO o —_QCDNLO
- — LO + extra jets g = —LO +extrajets g L — LO +exira jets
- = - —
g = 1072 3 I - —
C E 102
X — : — : L
E_ 1072 3 !
C 1073 3 i
C . | . | . n | | | | | | | D | . | - | |
9 P ¥ 9 2 T
L o
. '—\__\—_‘ c 1 .5'—\_‘_\_\—’—‘ © 15——_
L ] \ | L ) | ) | ) | ) ] | ] | ] | ]
400 600 100 200 400 800 1000 200 400 600 800 1000
pY (GeV) py (GeV) py (GeV)
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. 24
QCD Control Sample: JetHT
Offline HT: JetHT data vs MC; no A¢ cut Offline HT: MET data vs MC ; Signal Region
w =) s =)
o [ (N c Ze
- Top B Top
10° & I Diboson B I Diboson
E [ QCD I QCD
= 10°
e S
104_5 B
- 10°E
10l -
102;5 10;—
of- :
0 1000 1500 2000 2500 Yo 500 1000
PFHT [GeV] PFHT [GeV]
(EI) N inclusive data_jetht FwdVeto ht inclusive data_met FwdVeto ht
EE 05
1500 2000 1500 2000
4 . N o . N
<> Combine (un)prescaled pure HLT_PFHT{X} paths <> HT distribution in signal region
» Define exclusive offline HT bins (rough plateaus) » Important to cover a wide HT spectrum
» Use a single trigger in each HT bin » Real-MET backgrounds: from 250 to 2000GeV
» Scale up data points by prescale value
» No trigger nor offline HT cut in MC (skim MET>50)
\ % \ /
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QCD Transfer factors : standard method -~

Ad) vs MET QCD Transfer Factor (QCD MC, inclusive)
A¢ o ] T
%2 / ndf 6.609 / 12
e R1 0.02399 = 0.01533
- alphal  -0.003608 + 0.001661
- R2 3.57 + 1.077
- alpha2  -0.02957 + 0.003905
10" 9~
; + ® JetHT Data
B O QCb MC
1072 %’ J:%-‘
- N —
L H]
10°° =
0 : | | | | | | | | | | | | | | | | | | |
100 200 300 400 500 600 700 800 900 1000 0 200 400 600 800 1000
PFMETNoMu [GeV] PFMETNoMu [GeV]
. . 4 . N
<> Compute Transfer Factors in each MET bin < Fit Transfer Factor
» For each MET Bin: TF=N/D » In Data: Single Exponential
» Integral above the A¢ cut / Integral below cut » In MC : Double Exponential
» Combine one exp from MC and the exp from Data
» Obtain TF function of MET
\ / \ /
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QCD Fit uncertainties

QCD Transfer Factor (Data, inclusive) QCD Transfer Factor (QCD MC, inclusive)

+2 / ndf 1.441 / 4 2/ ndf 6.609 /12

1= R 4.017 = 1.732 e R1 0.02399 = 0.01533

- alpha  —0.03381 + 0.005774 - alphal  -0.003608 = 0.001661

B - R2 3.57 £ 1.077

L - alpha2  -0.02957 + 0.003905
i 107

107"+ -

B 1072 =
102 10°F

_I | L1 1 | 11 | L1 1 | 11 | 11 | [ 1 1 | 11 1 1 | 1 : 1 1 1 | 1 1 1 | 1 1 | 1 1 1 1 1 1 | 1

40 60 80 100 120 140 160 180 200 0 200 400 600 800 1000

PFMETNoMu [GeV] PFMETNoMu [GeV]
\

Use fit function values and errors at each x-axis position to build up/down graphs
Fit the shifted up/down graphs

Obtain two additional functions

Re-evaluate the MET spectrum using these up/down functions

/\7\7\7\7\
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QCD Prediction and Closure Test 7

MET Spectrum: QCD MC, Data-driven MET Spectrum: QCD MC, Data-driven
@® QCD Data-Driven @® QCD Closure
10° £ ] _Qacobme 102k O acbMc
=+ F +
10 iéj_fd 10 -4
1;— ﬁk 1';_ —i—
; * $ ; :$:
107 % 107 %
10 2.;— 10-2;—
1O_SEIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII 107SE|||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
200 300 400 500 600 700 800 900 1000 200 300 400 500 600 700 800 900 1000
8% 1(3) Graph 8% 1§ Graph
g ¢ —t g8 ¢
] + / R
2 2
éOO 300 400 500 600 700 800 900 1000 éOO 300 400 500 600 700 800 900 1000
. N N
<> QCD prediction <> Closure test
» Produce MET spectrum from MET data at low A¢ » Produce MET spectrum from QCD MC at low A¢
» Apply event weight using TF(MET) function » Apply event weight using TF(MET) function
» Obtain the data-driven spectrum in signal region » Test pure MC TF function, then MC+Data combination
>
o

Propagate fit uncertainties into error bars here ) » Good closure except in the [400 ; 500] GeV bin

. J
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Cross section ratios

T

V(da*/dp_) variaton/nominal

(do ’ldp'
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Cross section ratios: validation in data

Z(ll)/y Ratio v/s Boson pr Z(ll)/y Ratio v/s Recoil
CMS Preliminary 217 (13 TeV) CMS Preliminary 2117 (13 Tev)
-I LI | LI | LI | LIS L | LI l L | LI | || I_ -I LI | LI | LI | LI | LI I LI | LI | LI I_
0.14- - 014 ]
" —e— Data ] B —e— Data ]
0'12:_ —+—Slmulatlon _: o 0121 —+—Slmulatlon _:
0.1F = T 01F -
C i o C 1
0.08] 2 < 0.08[ ]
_ ] O} C ]
B _ () L _
0.06 - + 0.06- -
- - 1 - -
_ i 3 C i
.04_— o N 0.04_— -
0.02F - 0.02f g
:l L1 1 I L1l ll llllllllllllllllllllllll : :l L1 II llllllll Illlll llllllll Illlllll 1 l:
800 300 400 500 600 700 800 900 1000 800 300 400 500 600 700 800 900 1000
Boson P, [GeV] Recoil [GeV]

JamborllHE - 17/12/2015 - Nadir Daci (IIHE - VUB)



Z(vv)+jets — W+jets Transfer Factor

Z/W constraint
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Validation with Z(l1)/W(lv) Events in Data
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Control region: #Jets
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Control region: Leading jet pT
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y+jets Events
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Control regions: postfit recoil
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Control regions: postfit recoil B

Single Muon Single Electron
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Signal region: postfit distributions
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Signal region: postfit distributions
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MET : 300-350 GeV
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