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Introduction

° Dark Matter (DM) empirical evidence for new physics beyond Standard Model (SM)

- large variety of DM candidates: WIMP mostly studied

- essential model-independent DM searches
Effective Field Theory (EFET), interaction parametrized by effective operators

- EFT approach valid when the momentum transferred Qx P lotr <= D
small cutof scale M- G. Buson et al.. 1402.1275

indirect detection

_—-
J Discovery potential in different experiments:
c DM
2
- direct and indirect searches g
©
g
- searches for production of DM at colllders = -~

productlon at colliders
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° Assuming DM is a Dirac fermion ¥, example of SM-DM effective operators
J. Goodman et al., 1008.1783

| Name ‘ Initial state Type Operator
D1 | qq scalar 5 XXqq
® Scalar interaction T.Lin et al.. 1303.6638

proportional to quark mass, better constraints when DM couples to heavy quarks

|
‘1
{

L Searches performed using data collected by CMS
experiment during 2012, Vs = 8 TeV, 19.7 fb-L:

DM-+tt single-lepton channel CMS-PAS-B2G-14-004
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DM + tt (—blv,bjj): event selection*

Analysis strategy b

(1) Selection of topology

1 lepton, at least 3 jets, at least 1 b-tagged
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Analysis strategy

(1) Selection of topology

1 lepton, at least 3 jets, at least 1 b-tagged

(2) Rejection of background

- signal has large MET from DM particles
which escape detector

| MET > 320 GeV |

— -
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DM + tt (—blv,bjj):

Bz ; a S Sa B
i an - 5 A o

Analysis strategy

(1) Selection of topology

1 lepton, at least 3 jets, at least 1 b-tagged

(2) Rejection of background

- Most W+jets and tt+jets semi-leptonic

events Mt < Mw. Signal events distribution
peaks at higher values

—]

cos(Ag)) > 160 GeV |
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Analysis strategy

(1) Selection of topology

1 lepton, at least 3 jets, at least 1 b-tagged

(2) Rejection of background

- The jets and the MET tends to be more
separated in @ in signal events than in tt

and in single top events
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Analysis strategy b
—y —
(1) Selection of topology !
1 lepton, at least 3 jets, at least 1 b-tagged
(2) Rejection of background W j
\ b
- For most tt+jets di-leptonic events Mtow <
Mtop. Signal ts distribution sh > R
top. Signal events distribution shows
: P I ) 8 10° CMmS + Data
higher tails o t
- mw
~ 103 Single top
| Mr2w > 200 GeV || (see slide 20) 2 —faltond
i e ereer—— 0 10° — M, =1GeV
w o - M= 600 GeV
10} ‘ .
R A e sSsSss !
N 3 TR AR SN NN b
1 :
10

100 200 400
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Analysis strategy b
I W I
(1) Selection of topology v
1 lepton, at least 3 jets, at least 1 b-tagged
L ]
(2) Rejection of background w _
]
b
Variable Cut
MET > 320 GeV > S Rl
I . 8 10° CmS + Data
Mz = \/2p P EDs3(1 — cos(Ag)) | > 160 GeV = i
;| w
min(A®j1,ver, ADj2 meT) > 1.2 J10° Single top
2 == Drell-Yan
Maw >200GeV | g1 L
w M, = 600 GeV
(3) Extract normalization for background NN SRS
1 3 ‘ 3
tt+jets, W+jets: fromdata F %
10

Drell-Yan, single top. Di-boson: simulation o0 o5 - .
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19.7 fb" (8 TeV)

(4) Final yields <
My=1GeV M-=100 GeV % " CMS
Source | Yield (& stat. & syst. unc.) (5 200 ANV e b
=L s Median expected 90% CL
Data 18
= — —— — S E Expected = 10
Signal 383+£0.7+2.1 = il SRR
Total Bkg 164+22+4+27 o 150}
tt 82+0.6+19 |
1% s 3 e et B ) N — ]
Single top 23+£%1+11 = 100}
Di-boson 054+£02+0.2 g :
Drell-Yan 03+03+0.1 o)
S
main systematics on total background 50
13% from background estimation ﬁ EFT not valid
0 I : . S
1 10 107 10°
(5) Results Dark matter mass (GeV)

- 90% CL lower limits on interaction scale M+ for scalar interaction
-u-wab Assuming 100 GeV mass DM particle, M- below 118 GeV is excluded

- 90% CL upper limits on tt+DM production cross section

_ Cross sections higher than 55 fb for 1 GeV and higher than 20 fb
for 1 TeV DM mass are excluded
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DM + tt (—blv,bj)): results

19.7 fb" (8 TeV)

(4) Final yields < T
My=1GeV M-=100 GeV % " CMS
Source | Yield (+ stat. & syst. unc.) (5 200+ ANV e b
— L ssesssee Median expected 90% CL
Data 18 !
s B Expected = 10
Signal 383 7+ 21 ] B Expected : 2
" eas | pected = 20
Total Bkg 164 +22+27 o 150
t 82£0.6+19 £ [ — m—
W 52+1.7+06 £ = = E——2
Single top 23+ 11411 = 100}
Di-boson 054+02+02 Qg’ B
Drell-Yan 0:3:£035+01 3 -
main systematics on total background 501~
13% from background estimation B EFT not valid
0 I N ‘ = | AN e
1 10 107 10°
(5) Results Dark matter mass (GeV)

- 90% CL for scalar interaction

L— Cross sections higher than 55 fb for 1 GeV and higher than 20 fb
for 1 TeV DM mass are excluded
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19.7 fb" (8 TeV)

(4) Final yields

My=1GeV M-=100 GeV > " CMS
Source | Yield (& stat. + syst. unc.) 8 200+ o AReeived 004 bt
~ F  esssssses Median expected 90% CL
Data 18
- S Expected = 10
Signal 383+0.7 +2.1 = Expacted < 20
Total Bkg 164 +22+27 O 1501
tt 82+06+19 e |
1%Y 52+1.7+0.6 — ]
Single top 2351411 = 100}
Di-boson 054+£02+0.2 g :
Drell-Yan 0303101 3
main systematics on total background 50
13% from background estimation : EFT not valid
0 r_l ‘ . ; 1N
1 10 107 10
(6) Run 2 Dark matter mass (GeV)

| SeeC. Doglioni’é l
| and U. Haisch’s talks {,

- Simplified models, EFT kept as benchmark

- Proton collisions from the LHC can shed light on the mysterious DM
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19.7 b (8 TeV)

(4) Final yields

My=1GeV M-=100 GeV > " CMS
Source Yield (= stat. &+ syst. unc.) 8 200+ ook
- L sseseen Median expected 90% CL
Data 18
: S B Expected = 10
Signal BI+0T7 121 re: ] | Expected + 20
Total Bkg 164+22+4+27 O 150
i 82+0.6+19 | —
W 5241706 £ e
Single top 23+£11+11 — 100}~
Di-boson 05+0.2+0.2 g E
Drell-Yan 03+03+0.1 3 B
main systematics on total background S0~
13% from background estimation i EFT not valid
0 —| y i | y ' priggiglg
1 10 107 10°
(6) Run 2 Dark matter mass (GeV)

- Simplified models, EFT kept as benchmark

rious DM |
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° Evidence at different observable length scales for Dark Matter (DM)

- dispersion velocity of galaxies in galactic cluster too

large to be explained by luminous matter

- rotation curves on singular galaxies constant beyond “

luminous region

velocity is expected to go like r -1/2

differences explained by existence of dark matter

° Studies at different scales provide measurements that
universe is composed mainly of non-baryonic matter

Dark matter abundance ~24% of the universe, five times

the amount of baryonic matter

Begeman, K. G., et al.. MNRAS
1991) Vol. 249 523-537

—

L} 1 ] L] ] I L] L] L] l L] 4 L 1

NGC 6503

1 —— Luminous
—

—

.__,-—-"""F-_'""'“""‘“"‘“ -
o Gas

1 ! 1 1 l ' | 1 A A l A A L ]

=

10 20
Radius (kpc)

Dark Energy
71%

® Evidence based on gravitational interactions, no information of what is the nature of

Dark Matter
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- neutral particle - correct relic density

- mass in the range ~10 GeV - TeV - may be detected in different ways

- weak interactions

® Studies at largest and smallest observable length scales
indirect detection

- Indirect searches:
products of DM annihilations or decays - b G
3
- direct searches: o
scattering DM-heavy nucleons =
Q
_ T DM SM
- collider searches:
signature of DM production production at colliders
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L In p-p collisions Dark Matter could be produced

very stable weakly interacting particle which escape detector

- Missing Transverse Energy (MET)

Energy imbalance will be observed in the plane transverse to the colliding
proton beams

Initial transverse momenta of partons considered negligible, rules of
conservations can be applied

METJ (;Ex>2+ (;Ey>2 = E [
.3

- Recaoll ,
I'——— ¥
searches for DM need also visible particles 5 ey
In the event to which DM patrticle recoil against ‘\ { '/\\

searches classified depending on type of
visible particles used to “tag” the event
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DM+t semi-leptonic —




Dominant background (tt+jets, W+jets)
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Scale Factors (SFs) extracted in CRs enriched in background composition and negligible
signal contribution fitting simultaneously two simulated template distributions to data

MET in W+jets enriched CR
(pre-selection + Mt>160 GeV)

Mr in tt+jets enriched CR
(pre-selection but O b-tag + Mt>160 GeV)

1.11 + 0.02 (stat)
1.26 + 0.06 (stat)}

=

| SF(tt+jets)
| SF(WH+ets)

predicted background yields and uncertainties propagated from CR to SR

Vs=8TeV,L=19.7 fb? Pf@'SEleCtlon
N T T T T T T T T T T T T T ]
S‘ 109 B CMS Preliminary B Saia ]
[%) it

c  F s W .
2 ol [ Single top |
(] 1001 [ Drell-Yan -
— I Di-boson _
B —— M, =1GeV .
100 [ M, = 600 GeV .
10° = _|

10

10"
[@)] 2 = T E
& L5E e
B 1;.7++ e —— e, ﬁff
B os ]
OO 1 2 ; : miss
min A<|>(Jl’2,ET )
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Most irreducible background from tt di-leptonic
e Large MET can arise from neutrinos and missing lepton
* M higher than W mass because of additional missing particles

Transverse mass M+, can be used to reject background event
« minimal mother particle mass compatible with assumed
event topology and daughter particle mass

— Missing particles

A variable where the intermediate W are considered on shell can be used

pT + P = EXss, p2 =0, (p1 +pp)? = p} = M}, ]}
(1 + pe +pb,)? = (P2 + Pp,)* = M,

i : : : - Bai, Cheng, Gallichio, Gu
It adds other kinematical info w.r.t to other M, variables JHEP 07 (2012) 110
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Agreement between data and MC samples is used to check the validity of this estimate

(s=8TeV,L=19.7 fb* Vs=8TeV,L =197 fb* -
% 107 CMSIPreIiminary I Dat I % 'CMIS P'reli'min'ary' o Trrrr vt CRl (tt en rIChed)
L4 ata . < 7
©  « 9 10
< . W <
5 10° ] Single top -~ 10° [ Single top
2 [ Drell-Yan k2] =3 Drell-Yan
@ N Di-boson S 10* I Di-boson
S — M, =1GeV >
w | L
10° 10°
102

=
o

10

-

=
Qe
=
=
Q
™

F

" <
1
+
:: I ‘ |
pel [T 9_'}

g [ENESE et R In all distributions good
SO | | L | | e agreement between data and
200 300 400 200 300 400 500 - - -
EP™ (GeV) M (GeV) background prediction is
3 108fé§§1ﬁn§i§ifyf'b s m——— R ——— observed after SFs applied
2 10 =k ; g :
g [ Single top ; [ Single top
] - [ Drell-Yan . = [ DreII—Yan
10°- 2Ty i ¢ ey
:_ ........ M, = 600 GeV ; (i} 5

o 2 o 2 ‘
% 15 % 15f e
3 E e e ++ 3 E JURD G G 4
o 15 P B s i S o E I 1E T | ]
@ 0.5F : @ 0.5F ! :
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0 1 2 n%SS 100 200 300 400 500

, , W
min Aq>(11’2,ET ) M7, (GeV)
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Agreement between data and MC samples is used to check the validity of this estimate

Vs=8TeV,L=19.7 fb* Vs=8TeV,L=19.7fb"
% 108__'CMISP'reIi'min'ary' A % SCI\}ISTDre'Iimina;ry I ' ' ' I ' ' PRE-SELECTION
o " e Data | O 107 + Data
o 10° [ 1t a o
< . W <
-~ — ] Single top ] ~ [ Single top
2 [ Drell-Yan 2 5 [ Drell-Yan
S 10° I Di-boson 7] S 10 I Di-boson
> —— M, =1GeV > =1GeV
w I M. = 600 GeV . T e
10° - 10°
10 10
10" 10"
2F ‘ . o . - - .
2. 1 2. —1 < Inall distributions good
g osp | | 1 Bos \ , f agreement between data and
07200 300 400 500 % 200 400 . . .
miss
EF™ (GeV) Mr (GeV) background prediction is
Vs =8TeV, L =19.7 b V5 =8 TeV, L =19.7 fb* .
S o By T T T A observed after SFs apphed
o [ —y ] S P
IS — . W 7 <
o i [ Single top | ~ [ Single top
Li 10°E [ Drell-Yan — 12} [ Drell-Yan
— I Di-boson . $ I Di-boson
B — M, =1GeV h > =1GeV
105_— ....... M, = 600 GeV . L
103: _

10*
o 2F o 2
4 F 4
o 15E o5 15
E e e - R E ! g + ! *
© 0.5F © 0.5 E
()] OE ) L (&) OE X ) ) ) .3
0 1 2 3 100 200 300 400 500
. . W
min A¢(Jl,2’ET ) M7, (GeV)
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° Uncertainties on backgrounds

normalization uncertainties covered by SFs
shape uncertainties constrained in CRs and SFs propagated in SR

® Uncertainties on signal: 5-6%

Source of systematic uncertainties Relative error on

total background (%)
50% normalization error of other bkg in deriving SFs 10
Statistical error of SFyy . jets 1.5
tt-+jets jet-parton matching 8.2
tt+jets Q° 6.6
tt+jets top pr reweighting 3.9
Jet energy scale 4.0
Jet energy resolution 3.0
b-tagging correction factor (heavy flavor) 1.0
b-tagging correction factor (light flavor) 1.8
Pileup model 2.0

° Limits are calculated using the CLg technique with ROOSTATS software package.
Frequentist treatment of nuisance parameters
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Results: lower limits on M+ =

RS dhadd ik R S S 2 TR < : VB TS R R TR R e i i RS
- . S AL e = e P P Ny S S S A P T S vy SN SR POy P

M, GeV | Signal efficiency (%) (& stat. & syst. unc.) | oom (fb) | o3 (fb)
1 1.01 £ 0.02 + 0.05 4715 55
10 1.01 + 0.02 £ 0.05 46*% 54
50 1.20 + 0.02 £ 0.06 AN
100 1.46 + 0.02 + 0.07 32y 37
200 1.73 +0.02 + 0.08 2T 32
600 2.40 £+ 0.03 £ 0.11 1972 23
1000 2.76 +£0.04 = 0.13 | i71‘§’ 20
Is=8TeV,L=19.7 fb" . S—
% . CMS Prellmlnaﬁ | 1
O 200+ Observed 95% CL 2
e © | e Median expected 95% CL 1
= Expected = 10 ]
g 150 Expected + 20
2
E |
o 100}~
s |
- [
50l
I , EFT not valig |
oli M, < mgm; /4T
1 10 10 10°

Dark matter mass (GeV)
® Values below the observed limit are excluded

° The grey area represent only minimal requirement on M- for the EFT to be valid.
There could be other areas on the plane where the EFT breaks down
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° Can be translated in upper limits on DM-nucleon cross section for comparison with
results from direct detection experiment

L)Q (20G6V

6
g(l))l — 1.60 x 10_37cm2 ( ) Uy reduced mass DM-nucleon system

1GeV M,

{s=8TeV,L=19.7 fb"’

éMS I5reliminary i_

Spin Independent, Scalar Operator % ttyx

\\\ CDMSlite

CMS tt+xx 1 lepton

)
-

—
Q
w
~
ot
/—_’_"__‘,

—

Q
w
o]

CLa g 2 £ o S = v Sl il ST -

j Excluded dark matter-nucleon cross

—

:I
S
-t

e —

N_ SuperCDMS =

—L

Q
FN
w

|

DM-nucleon cross section (cm?

—
Q
i N
(431

— LUX ]

I | 1 1 L1 111 | 1 1 1 LA I 1 1 1 L1 1 11 I
1 10 10? 10°
Dark matter mass (GeV)
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® Trigger: single-lepton triggers: single-electron, single-muon with pr > 24 and 27 GeV

Electrons Muons Jets

Tracker and global

ECAL driven algorithm muon algorithms

anti-kT clustering

Reconstruction algorithm with a cone
size of AR = 0.5
standard muon standard muon
identification criteria identification criteria
Loose Tight pT1230 GeV
pt=230 GeV, |n|<2.5 pt=230 GeV, |n|<2.1 In|<4.0
Selection

b-tagging with medium
working point CSV
algorithm
In|<2.4

lrei<0.1 in AR=0.3 lrei<0.12 in AR=0.4
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MUON
IDENTIEICATION CUTS ‘ JET IDENTIFICATION CUTS
Variables cuts PF Jet ID Cuts
ISC_;II‘)’E&M“‘”‘ :me Neutral hadron fraction | < 0.99
is uon rue _
Zld.of. <10 Neutral EM frac.:tlon < 0.99
Number of muon hits >0 Number of constituent > 1
Number of pixel hits >0 Below for |y| < 2.4 only
Number of matched stations >1 Charged hadron fraction >0
Number of tracker layers >3 ST
Charged multiplicity >0
d .y (VEX) < 0.2 cm -
;zy(vtx) =05 o Charged EM fraction < 0.99
pfIso04/ pr, AB corr. < 0,12
ELECTRON
IDENTIFICATION CUTS
Variables tight cuts
do(vtx) < 0.02cm
d,(vtx) < 0.1 em
Tinin < 0.01(barrel), < 0.03(endcap)
Afin < 0.004(barrel), < 0.005(endcap)
Ain < 0.03(barrel), < 0.02(endcap)
H/E < 0.12(barrel, < 0.10(endcap)
I1/E—1/p| < 0.05
pflso03/pr <01
Matched conversion? false
Missing hits 0
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Pileup distribution different in MC w.r.t data

e MC number pileup reweighted to match data
 Data distribution re-calculated with £5% variation on cross section to cover pileup mis-
modeling syst. unc.

Good agreement data-MC after pileup reweighting

Vs=8TeV,L=19.7fb?

After pileup reweighting

}B C T I T T T I T T T N S' 108 | CMS Preliminlary o
< | CMS 2012, Vs=8 TeV| —— Data (c =69.4 mb) | _ 5 0 _— ]
- —_ _| < 10" [ el ]
50.08_ Data (ox1.05) l é 3 \é\{ngle top ]
u— I — Data (0x0.95) | m F [ Drell-Yan -
(@) [ IPPPPCE MC S10 | 10° — -_ II?AL_EolS%?eV ]
50.06- ] [ M, = 600 GeV ]
.; ) | | . I~ —
(@) 10° — —]
S F |
LL B . — —
0.04— ] 10—
- — 10—1
0.02— — X . . .
i § =R 1 BE JHE O O et o + +
- T 2, Ilttteereeettifiintify
O ] ] | ] ] B bl LIV ] o) OE . . . E
0 20 40 60 0 10 20 30 40
Number of pileup interactions Number of vertices
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Top prreweighting

p+ distribution of leptons and jets from tops softer in data w.r.t Madgraph simulation

« Top differential cross section measurement provide SFs for correction
« Each event weighted by geometric mean of SFs from 2 tops (assumed flat > 400 GeV)

« Syst. unc.: no SF, SF applied twice

CMS Preliminary, 5/12 fb' at (s = 7/8 TeV
IIIIIIIIIlllllllllllllllllllllll

—_
(oa]

data / MadGraph+PYTHIA(CTEQ6T.1) :
—fie— 7 TeV efu+jets {TOP-11-013) —
—ah—— 7 TeV ee/glipp (TOP-11-013) ]
— fit 7 TeV: exp{0.199-0.00166"x)
—— 8 TeV eiu+jets (TOP-12-027)

8 TeV ee/gl/pp (TOP-12-028)

fit 8 TeV: exp{0.156-0.00137"x) ]

—_
(0))]

IIIIIIIII

e

G — p0-156—0.00137xpr

[T K;
|_
;_1

1do
(8] dp;_
mrl T I_L
I.
:ILT"
/I_;
i
| I

o
o))
[T 1
BT "}
|

ratio: (data / MadGraph)
N

(BCC wirt. alpprox NNLO, arXiv:1 l205.3453)

lIIIIlII L IIIIIIIIIIIIIIII |l| L1
50 100 150 200 250 300 350 400
Pl [GeV]

O
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Physics objects: b jets

b jets
b-tagging algorithm: Combined Secondary Vertex (CSV)

e Standard CMS b-tagging algorithm
e Used to identify jets likely to come from b quarks fragmentation-adronization
e Exploits long lifetime of b hadrons
large impact parameter and presence of a secondary vertex as input
e Continuous output: allows selection of optimal working points

Efficiencies, mis-tag rates

for CSV > 0.90 b quark tag: 50% for CSV > 0.50 b quark tag: 72%
c quark tag: 6% c quark tag: 23%
light quark tag: 0.15 % light quark tag: 3 %
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° Supposing a heavy mediator of mass M in the s-channel coupling to DM and SM
with couplings g1 go.

Considering only the lowest order operators in the EFT approach is connected to
the propagator expansion

g---- - t
Al
L X
g- - - - < 3
a5 = (e o (5

the coefficient of the effective operator should match to reproduce
the UV theory, i.e. for D1
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ffective Field Theory

In general the EFT field theory is valid when f.'"..".

The validity of the truncation of the propagator expansion requires

Qtr<M

from the assumed UV details (heavy mediator, s-channel) M. = (

from kinematics Qir > 2m,y,

assuming most strongly coupled scenario in the < dn
perturbative regime V9192

This is a very minimal requirement on M+«and it depends on the details of
the UV completion
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