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Dark Matter Quest at Colliders

- Existence of a DM particle hypothesized to explain a range of astrophysical
medasurements

- DM particles pair-produced in pp collisions at sufficiently high energy

Collider Search q hadronic
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Indirect detection :
M1SS

* At Collider: pp — ET + gluon

e Visible object radiated by initial partons necessary to “see” the event
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CMS

What Fermi Taught Us

Slmpllfled Model: Explicit nature of the Mediator

- Atleast 4 parameters (Mmed, Mbm, gsm, 9om)

- Valid at all energies

« |f mediator couples to quarks, it can also decay
glmt gflnal

to SM particles

(mmedlator

Tae Min Hong

Mediator :> <)’: > <

Vector = Axial-Vector N
eg., Z,¢ e.g., di-jet
Legends
Scalar = Pseudoscalar =t MM
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» Results depending on coupling assumptions | _3
. Alternate | , dq . ) alters conclusions < _?
+ Overlapping coverages important for robustness | /\ e b ?3/—:1\
““““ med [ 1€
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() A Wide Spectrum of final states
pp — Emzss_l_g’uon | - extended ’[O+ pp — Emzss_l_xj

+ Probe different nature of mediators and couplings X = Any SM particle
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q MO"?'V(hCId)
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. Mono-Jet
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* Leptons
u
X
u v
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A Wide Spectrum of final states

pp — Emzss_l_g’uon | - extended ’[O+ pp — Emzss_l_xj

* Probe different nature of mediators and couplings X = Any SM parhc:le
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MET @ CMS

» Key Variable: Missing Transverse energy (MET)
* Precise measurement of all reconstructed physics objects

12.9fb" (13 TeV, 2016)

Pmisscorr __ mlss cOrr = SR I L L L B E
ET ;(pT]et pT,jet)/ 105 = CMS - Top quark .
) ; Preliminary . EWK ;

10° 23‘.’0 Qco 3

E 103: .2090 e Data after cleaning _;

. % -

* MET measurement improved Q % o Databefore deaning
by correcting the pT of the ~ 107 R TR SRS - 2
jets and propagating the jet 5 %%%;
energy corrections 7 10 "

1 E

- Spurious detector signals e §
causing fake MET suppressed. T
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ET™° [GeV]
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Dark Matter Searches ar CMS

2016, 35.9 tb"! EXO-16-054
2016, 35.9 tb! EXO-16-052
2016, 35.8 tb’! EXO-16-051
2016, 12.9 fb! EXO-16-039
2016, 35.9 tb! EXO-16-048
2015, 2.2 fb'! EXO-16-005
Re-Interpretations in terms of DM Simplified Model
2016, 35.9 fb"! EXO-17-001
2016, 35.9 fb"! EX0-16-056
2016, 35.9 fb'! EXO-16-046
2016, 35.9 fb"! EX0-16-047
2016, 35.9 tb"! SUS-17-001

« Reach menu of results with full 2016 data

« Many other under review process : mono-Photon, mono-H,mono-tt

« Analyses working also on 2017 data -> 2018 Conferences
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Dark Matter + Jets

Channel highly sensitive to DM production

ﬂ
e High gluon production cross-section
Mono-jet
e MET > 200 GeV « HT or MET trigger
J e P; AK4-jet > 100 GeV
] Mono-V
High V pT: V—jj decay products merged in
one faf jet
i e MET > 250 GeV * N-subjetiness < 0.6
Mono-V(had) * P; AK8-jet > 250 GeV + Mass: 65-105 GeV
e Veto on leptons/photons
Forces
'  No veto on additional jets targeting also
multijet+MET signature

Livia Soffi- 12/18/2017 arXiv:1712.02345 9
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Dark Matter + Jets: Backgrounds

- Maqgjor background from Z(—vv) + jets (60%) and W(lv) + jets (30%) estimated in

data in several control regions (CR)

Double e/mu Single e/mu Photon+jet
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Dark Matter + Jets: Backgrounds

- Maqgjor background from Z(—vv) + jets (60%) and W(lv) + jets (30%) estimated in

data in several control regions (CR)

Double e/mu Single e/mu Photon+jet
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* Bosonrecoil (W/Z/y pT) used to mimic ETmiss in SR OM

+ Simultaneous likelinood fit to ET™MSS in SR and CRs

DM SR
Livia Soffi- 12/18/2017 arXiv:1712.02345 11
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Dark Matter + Jets: Signal Region

35.9 b (13 TeV)
%106|IIIIIIIIIIL¢I—IIIII|III
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« Recent work of the theory community
[arXiv:1705.04664 |: Uncertainty on R
reduced by ~40% to ~20%
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Dark Matter + Jets: Results

- Given the observed lack of excess, upper limits are set on opy, AssuMing
simplified models for signal as a function of M, ,.q4 and mp,

35.9 b (13 TeV) CMS 35.9 fb" (13 TeV)
S 1200 3 of W T T B
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Fermion portal DM model: exclusion up to 1.4 TeV o 7
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Mono-t(had)
One fat jet PT> 250 GeV with AR=1.5

MET > 250 GeV
b-tagging: loose WP

Top-tagging: soft drop mass and BDT cuts

CRs and SRs based on final topology for
background estimation

Obs / Fitted

Dark Matter + Heavy Flavors

Mono-it (bb)

PT(11) > 30 GeV, PT(I2) > 10 GeV
MET > 50 GeV

Veto event with third lepton
Njets = 2, N b-jefs = 1

W(lv)+jets

[ Z(vv)+jets

Single t
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35.8fb" (13 TeV)

10?
1000 I %
gy =0.25,g = 1[FCNC] @
Median Expected 95% CL | — é
800 | - Exp. + 1std. dev. (exp) | e -1 <10 @Q
—— Observed 95% CL 1 4 >
— .. Obs. = 1 std. dev. (theory) 4 '_a
> 1 4 3
o 600 3
9) ] 41 =
EX 400 | 7
e 1+ 10"
200 —
ool | 10°2
02 04 06 08 1 12 14 16 18 2 22
m,, [TeV]
CMS Preliminar 35.8fb" (13 TeV)
1 I TR T A 10% q
I I 8
= vo_ [ 13 2
0.9 m, =1GeV, gX =1 [FCNC] , { ,;—:I o
Median Expected 95% CL - (44 o
OSRE . Exp. = 1 std. dev. (exp) /l II II_E _ 10§
0.7 ——— Observed 95% CL / ii [ - b
------- Obs. = 1 std. dev. (theory) / ,/ 1
0.6 ' [ 3 ]
> 0.5 =R
0.4 =
0.3 =
] 107"
0.2 —
0.1 e =
T 102
02 04 06 08 1 12 14 16 18 2 2.2

m,, [TeV]
Livia Soffi- 12/18/2017 CMS-PAS-EXO-16-051

2.2 (13 TeV)

| Scalar, Dirac, g

T Ll llllll' T T T

q=1. gx=1, mx=1 GeV CMS

------- Median expected 95% CL

- 68% expected

95% expected

llIlIlII

—e— Observed

m, [GeV]
227 (13 TeV)

T T
o
6 10%F
] N
= N
| -
o
S — -
£
o 10F
Q_ -
a f
) i
1:
|
10
T T
o
6 10°F
Il -
= :
C
S I
b — L
i=
5 10F
Q_ -
a
) i

T lll[lll

I T llllll' T T LI

Pseudoscalar, Dirac, gq=1, gx=1, mx=1 GeV CMS

------- Median expected 95% CL

- 68% expected

95% expected

1 lllllll

—e&— Observed

1 Illllll

N
o

10°
m, [GeV]

arXiv:1706.02581

Dark Maftter + Heavy Flavors: Results
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Dark Maftter + tt(ll)

. Dlv\ In’rerpre’ro’non of a SUSY search for top pair production with large MET

CMS 359" (13 TeV)
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Dark Matter + Z{ll)

Sl |
« . P;(ll) > 60 GeV
X
, . + MET > 100 GeV
L @ 1 Mono-Z(l i i
e Mon0-Z(ll) - Veto event with extra e, u, T, >1 jet
and b-jeft
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Dark Maftter + Z{ll): Results

 Limits evaluated for vector, axial vector, scalar and pseudo-scalar mediators

35.9 fb' (1 35.9 fb’ (13TeV)
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- Maqjor background
and W(lv) + v (15%) from CR

- Data driven background estimation
for QCD multijet, eleciron-photon
fake rate and

: beam halo & spikes

Livia Soffi- 12/18/2017

Dark Matter + Photon

- Well identified y pr> 175 GeV
* K™ > 170 GeV
* AG(v.E™) > 0.4

- Lepton veto

12.9 6™ (13 TeV)
| | ! T T I | T T T
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O = [ Zyo vy I Wy vy
B [ [ Electron— y MisID [ Spikes
T102 [ Beam-halo [ Jet—> y MisID
() = [ Others [ vy
L|>J E 777] Bkg. uncertainty = ------ ADD, MD=2TeV, n=5

10 DM AV (M__m,_ )=(200,50) GeV —e— Data

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

- e m o m e meEmmem o=

Illlllll lIIIIlIlI IIIIIlIll lllIIIlll lIIIIlIIl

I lIIIIIIIl IIIIIIII| [ TTTT

1072 % _
10-351 | | =

Data/SM
© . N w

800 900 1000
p1r7_1|ss [GeV]

arXiv:1706.03794 l 19



https://arxiv.org/abs/1706.03794

Chs,

Dark Matter + Photon:Results

* NO excess is observed in this final state
- Mediator mass up to 700 GeV excluded for vector, axial vector mediators
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* Background estimated using fit to data

-
(o]

-
N

« Simultaneous fit in

-

Events/ [2 GeV]

-
o

two MET
categories: 50-130
GeV, >130 GeV
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Dark Matter + Higgs(yy)

for high Z' mass

Improved photon-id

« Similar analysis as SM H—yy bump hunt search

normal v
_ho
Y
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=}
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Dark Maftter + Higgs: Results

* Results interpreted in term of two simplified models:

CMS Preliminary __ 35.9 " (13 TeV) L' baryonic model
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- Excluded Mz’ <900GeV when mppy = 100 GeV, g7 =0.8 and ma = 300 GeV
» Excluded Mz’ <800 GeV when mpp = 1 GeV, gg =0.25

Early Paper on combined DM +Hiqggs (gg+bb) w/ 2015
JHEP 10 (2017) 180 _ -
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&) MET-less Dark Matter Searches: D

« Complementary information from visible decays of the mediator

« Look for a bump in dijet invariant mass spectrum

Lq

.
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MET-less DM Searches: Dilepton

359" (13 TeV, ee) + 36.3 b' (13 TeV, pu'w)
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CMS Preliminary LHCP 2017
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DM masses and for spin dependent
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CMS Preliminary

The Full Picture

« 95% CL exclusion region on DM mass -Mediator mass plane

Excluded region strongly
depend on couplings
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* Measurements of dijet angular distributions ]

Promising strategy to constrain wide mediators or non-resonant
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* Exploiting advanced analysis techniques and background estimation
methods:

- Stringent bounds are put on parameter space using simplified
models for DM
- Di-jet/Di-lepton/tt+MET BSM results re-interpretation

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:22 to 2017-11-10 14:09 UTC

* Working closely with theorists to develop
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CMS Performances in Run?2

- Good performance and data taking in
2016 and 2017.

« 2017: New Pixel Detector:
* 4 hit coverage; 3 layers/2 disks to 4

layers / 3 disks
/ / n=2.5
77 NEW
X Detector Active Fraction
e —— — N O B s Pixe 1
T
S — o
\ s E8 B Beginning 2016 pp (Apr)
i) n=0.5 P _— n=2.0 z B End of 2016 pp (Nov)
N B Beginning 2017 pp (mid Aug)
 New material budget "
« Commissioning work ongoing with ZZ;E
201 7 d ata 90 91 92 93 B;ract:oSn (%)96 97 98 99 100
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CMS Detector

High sensitivity to a wide spectrum of final states

vacuum chamber

Silicon Tracker 1l

. | 1] —p - 5‘\1’\ '

Pixel (100 x 150 pm) - 66M channels I || S = ‘.’-:::::::enc
MicroStrips (80 x 180 um) - 9.6M channels 11111 - .\ calorimeter

v Prresolutfion ~ 1.5% @100 GeV T P :':g’::":te,
v dE/dx measurement | @ A
Electromagnetic CALorimeter il L '
76K PbWO4 crystals Lj \ ——
=L —— =
v Designed energy resolution | L_L I :
~0.5% for E(y) > 100 GeV | I
s | (LU
v Fast scintillation scale: > 80% of ‘Q\,’,» @
the light emitted in ~ 25 ns St (=
Brass/Scintillator Hadron ' b
Calorimeter

Muon Chambers
Drift Tube - Cathode Strips Chambers - Resistive Plate Chambers
v Single-point resolution ~ 200 um v OpT ~ 3NS5 v ocsc ~ 7Ns
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MET @ CMS

* MET also sensitive to overlapping detector signals from additionadl
Inferactions, particle misidentification, detector malfunctions.

- Detailed understanding of these effects is important for maintaining an
optimal MET performance-> studied in data

spurious deposits due to particles striking sensors in the ECAL
photodetectors,

real showers with non-collision origins caused by beam halo particles
ECAL dead cells

direct particle interactions with the light guides and photomultiplier tubes
of the forward calorimeter.

Minimum energy thresholds in the calorimeters, inefficiencies in the
tracker
Nonlinearity of the response of the calorimeter for hadronic particles

Machine-induced backgrounds, especially the production of muons when
beam protons undergo collisions upstream

interactions in the cathode strip chambers (CSCs), a subdetector with
good reconstruction performance for both collision and non-collision
muons, will often line up with the deposit.

Livia Soffi- 12/18/2017 I 30



i %\,\'UNIV
CMS || /7

i (o

g (V)

Livia Soffi- 12/18/2017

Mono-Jdet @ CMS



35.9 fb' (13 TeV)
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Mono-Jdet @ CMS
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Mono-Jdet @ CMS

35.9 b (13 TeV)
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Background composition and analysis overview
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Low MET
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SM like Higgs boson,
decaying into BSM
invisible particles

ADD Model of EDs,

producing gravitons

that interact weakly
with the detector

minimal extension to
SM with ~ TeV scalar
color triplet mediator
with non thermal DM
decay products

It is a simplified DM
model in which DM
particle couples with a
scalar mediator (¢) and
a SM fermion.

Extension of the
scalar DM model, with
additional scalar and
mixing
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Mono-Top @ CMS
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Figure 8: Post-fit distributions of EFsS expected from SM backgrounds and observed in data in
the signal regions for the (a) semileptonic, (b) inclusive hadronic, (c) two top tags hadronic cat-
egory and (c) less than two top tags hadronic category. The expected distributions are shown
after fitting to the observed data simultaneously across signal and control regions with an as-
sumption of zero signal contribution. The overall post-fit uncertainties are shown in the blue
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Mono-H Theory Motivation
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Final fit preformed
with power law
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Displaced Dark Matter

* No backgrounds from SM processes: S|g HCITU (€S

excellent target for the HL-LHC

« Softer-MET spectrum expected:

1 gets ~20% of the y2 momentum Y1
- DM-recasting: detailed 5%
understanding of the object N Yo
Y2 @ X2
reconstruction and background e
estimation _ /
X1 X

» Plan to include this interpretation
iNn 2017 Mono-Jet and Mono-Higgs
analyses
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Figure 3: Post-fit distribution of the BDT classifier in the diboson control regions: (left) WZ
three-lepton region; (right) ZZ four-lepton region.

Figure 2: Emulated EXss distribution for the WZ — 3/v (top left) and ZZ — 44 (top right)
control regions, and the ratio between both distributions in data and simulation (bottom). Un-
certainty bands correspond to the combined statistical and systematic components.

Livia Soffi- 12/18/2017

55



—110_35 T T T TTTT
|

E 10%E CMS

L. 109 Preliminary

c .

S \

310

D 10940 >

200

100

n 1041

8 10-42 — LUX 2016

5 104 —— PandaX-l|

c 104 CRESST-II

Q 10—45

Q 10—46

g 47 Vector mediator, Dirac DM

< 10 Wb 9,=025g =1(13TeV,359f")

10°
0O 194 f Spin-independent 90% CL
10—50 1 Lol Lol 1 1111
1 10 102 10°
mgyy [GeV]
359fb (13 TeV

3700_.-'--. ---l-(_-;-)u_
= - CMS Preliminary 1
—~ 600F =
N » --©-- Expected
O 500 [ Expected + 1 s.d.
T - [] Expected + 2 s.d.
o 400 —e— Observed
a 3005 —o— Theory,n=4
o =

Livia Soffi- 12/18/2017

- - -
w w w
©w @ ~

-

o
A
o

DM-nucleon cross section [c
5 o© o
5 & &

-

o
IS
kN

BN

w
(3}

Excluded M, (TeV)

1.5

Mono-Z(ll) @ CMS

- I I LI | 1 I L Il ] I 1 LB I:
3 grng?mina 4 —PICO-60
- y — Super-K bb
E — lceCube bb §
u IceCube tt 7
é— ]
: 1
Axial-vector mediator, Dirac DM —;.
- - Ay 3
g,=025g_  =1(13TeV,35917)
. = |
Spin-dependent 90% CL:
L 1 ) l L 1 L Ll L Ll l 1 1 1 L1l 1 IJ_
10 10? 10°
mpy [GeV]
35.9 fb (13 TeV)
| | | | | |
CMS Preliminary --6-- Expected
[ Expected + 1 s.d.
[ ] Expected + 2 s.d.
—e— Observed

llllllllllllllllllllllll




i %\,\'UNIV
CMS || /7

i (o

E (V)

Livia Soffi- 12/18/2017

Mono-Photon @ CMS



—
o
w

Cross section [fb]
o

10

Mono-Photon @ CMS

103 CMS Prelimina 's =13 TeV, 12.9 fb™ — CMS Preliminary \s=13 TeV, 12.9 b’
€107 £ 10-36_L —— PICO-2L
=107 = S ——— PICO-60
107° S 137 IceCube 11
107 % 10 3 Super-K 11
107 2 a8 |
L 1070 EI 10 E
Q10 a -
~ -39
107" — CDMSLite 2015 10— F
o — b I
1 0:3 CRESST-I 109
10 - \
107 - A
10—46 e
47 £ Vector, Dirac, g_=0.25, 9ou= 1
10_4 " Observea 90% CL Axial vector, Dirac,g = 0.25, 9o~ 1
100 F ---.. Median expected 90% CL Observed 90% CL
0% LB e Median expected 90% CL
10—50 L 1 llllll[ L I lllllll L L Ll L Ll L L 1 llllll 1 L 1 Ll 1l
1 10 10° 10 10?
mpy [GeV] mpy [GeV]
CMS Preliminary {s=13TeV, 129"
:] I | I I 1 | I
- - CMS Preliminary
- - m— _IlllllllllIIIIllllllllIIIIIIIIIIIIIIIII_
: B 34F E
L R t. - ADD .
i | 3.2 — CMS (Observed) 13 TeV, 12.9 ft' -
O [ ---CMS (Expected) 13 TeV, 12.9 f5' .
_ = 3 —CMS (Observed) 8 TeV, 19.6 fo' =
g E 2.8F =
2.6F .
24 e T ]
2.2F =
g n=3, Theory LO  —— 95% CL Obs. Limit - ) Ny E
[ - 95% CL Exp. Limit - Exp. Limit +1o i n | Obs. limit (TeV) | Exp. limit (TeV) 1.8F =
B Exo. Limit +2 iy 3 244 2.33 16E B
~ xp' lml_ N --IIIIIIIIIIIIIlIlIIIIIIIIIllIIIIIIlIIIlI-l
4 2.48 2.38 25 3 35 4 45 5 55 6 65
; | 1|5 | 2‘ | 2|5 | 3 > 2.54 245 Number of Extra Dimensions
: ' 6 2.60 2.50

M; [TeV]

Livia Soffi- 12/18/2017

Figure 7: Lower limit on Mp as a function of n.

——————

| 59



i %\,\'UNIV
CMS || /7

i (o

E (V)

Livia Soffi- 12/18/2017

Mono-H(gg) @ CMS
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Mono-H Theory Motivation

2 N2/ . -
A model where a 1 rfA model where @ A model where a 1
vector mediator (Z vector Z 0 is produced scalar mediator S is
O B ) is exchanged resonantly and emitted from the
INn the s-channel, decays into a Higgs Higgs boson and
radiates a Higgs boson plus an decays to a pair of
boson, and decays infermediate heavy DM particles
info two DM pseudoscalar particle
parficles. A O, in turn decaying
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Final fit preformed
with power law
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2HDM signals with ma = 300 GeV are
excluded for Z’ masses helow 900 GeV.
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Observed (expected) 95% CL limits on the
signal strength as a function of ma and mz.
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Displaced Dark Matter

* No backgrounds from SM processes: S|g HCITU (€S

excellent target for the HL-LHC

« Softer-MET spectrum expected:

1 gets ~20% of the y2 momentum Y1
- DM-recasting: detailed 5%
understanding of the object N Yo
Y2 @ X2
reconstruction and background e
estimation _ /
X1 X

» Plan to include this interpretation
iNn 2017 Mono-Jet and Mono-Higgs
analyses
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