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. Introduction




Dark matter: introduction

Astrophysical and cosmological observations confirm that Dark Matter exists and represents a significant
part of the total mass of the Universe

ENERGY DISTRIBUTION OF THE UNIVERSE Rotation curve
Normal Matter 15'}_’ I 1 ) T r r r ' I s r_
. NGC 6503
Dark Matter i
i halo
Dark Energy
Thermal relic of the Universe cooling/expansion process [ T dimk
|r I“
Hypothesis: U Stable GF | |
Q Neutral o 10 20 30
Dark Matter =\WIMP?  — . .
d Massive (few GeV — few TeV) Radius (kpc)
_ U Weakly interacting

DM evidence based on gravitational interaction
=$ DM interacts with standard model particles?
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Mono-X searches

= Neutral
Dark Matter {- Weakly interacting

C Mono-X searches )

For triggering events it is necessary that a standard model particle

DM particles do not leave
a directly detectable
signal in the detector

new physics

("X") recolis against the missing transverse momentum (p%’”'ss)
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Undetected

Search for non-resonant

( Mono-X signature )

miss

pp = X+ pr

— X can be:

O Hadronic jet
O Heavy-flavor quarks
O Photon

SM particle &————

O W/Z bosons
O Higgs boson
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Mono-X searches

| DM particles do not leave Search for non-resonant
Dark Matter NeUtlr(? : . a directly detectable I:> new physics
Weakly Interacting signal in the detector
C Mono-X searches ) ( Mono-X signature )
For triggering events it is necessary that a standard model particle .
m\/n - - . . miSS _) X _I_ mlSS
("X") recolis against the missing transverse momentum (pt"°) pp Pt
. Normally for mono-X analysis, X emitted

as Initial-state radiation

( Higgs boson )

- » Process suppressed for small Yukawa
cupling of the Higgs boson with light quarks
and loop-suppression cupling to gluons

= Higgs can be produced as final state
radiation or interacting with DM
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- Undetected

- SM particle




The paper

®
C Data sample )

= pp collisions at /s = 13 TeV collected in 2016
= L...=359fb"1

/7

K"ﬁ‘:u‘ CERN-EP-2019-141
574 2019/08/06

. . ] CM\S-EXO-IB-Oll
! First search of DM particles produced in

association with a Higgs boson

Search for dark matter particles produced in association

« First statistical combination based on with a Higgs boson in proton-proton collisions at

—e 5 Higgs boson decay channeﬂlpir /5 = 13TeV
B ZZ
= h-bb
" h- VK B Different theoretical models are compared to data:
—" h-r1 I B i O Decay of a DM boson into a Higgs boson and a
" h->W'W pseudoscalar mediator
" h—-> 77

O Higgs boson produced as a final state radiation of a
Dark Matter particle

TT

144

~ 88% of Higgs deacy channels @
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Models

Z New massive gauge boson corresponding to U(1),- h - SM Higgs boson, mj, ~ 125 GeV/c?
+
2HDM || simplest extention of SM with 5 Higgs bosons h, H, A, HE H, A, H* - Scalars with m > 300 GeV/c?

Decay of a DM boson into a Higgs boson

and a pseudoscalar mediator g 09 CMS  Z-2HDM, Dirac DM
= L irac
= i S*m“’am g,=08,9 =1,m =100 GeV
X 2 0.25/- =10 m, =me
S i =600 GeV, m, =300 GeV |
e - J =EDIL‘J GeV, m, =400 GeV H
- B m = 1200 GeV, m, = 300 GeV _]
< 0.7 eece M= 1200 GeV, m. = 500 GeV
) q X i —— m, =2000 GeV, m, =300 GeV ]
S L : m,. = 2000 GeV, m, =600 GeV
7! S 0.15 ]
0.1:— I _:
L |
- N i
=» Z'=gauge b ding to U(1 0.05- T
= gauge boson corresponding to U(1),- ! ) ] ]
=» h = SM Higgs boson I — v, ]

=p A = heavy pseudoscalar with large BR in DM patrticles 00 ‘ ‘:200 400 600 800 ”LDSO[% LZ]DD
! e
Pl

= x = dirac fermion - DM particle
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Models

[ Barionic Z ] Existence of a new stable batyionic state couplig to quarks and DM

Higgs boson produced as a final state
radiation of a Dark Matter particle

q

=p Z'=vector boson corresponding to new baryon
number associated to the U(1)z simmetry

=9 h = radiated Higgs boson
=p ) = dirac fermion - DM particle
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ZD gq(i”/""qZ,’,+{

o
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(32

Arbitrary units
o
)]

0.15/
£

—

I IR P DL BRI L

0.1

0.05

Ty |
UIILI'IIJIIIIII

-~ my = 100 GeV, rn =1 GeV

H ¢
ig XTO*xZ,, + 92|x|*Z,,Z'* scalar
Ix XV X2y, fermion
_IIIMIIIIIIIII|III||III||II||IIIIIII
" CMS simutation
Baryonic Z'

g,=025,g =1,m =1GeV
m, = 1000 GeV, m_= 500 GeV

m,. = 1000 GeV, m” =100 GeV
m, = 1000 GeV, ml— 1 GeV

m, =500 GeV, m =1 GeV

,=10GeV, m, L 1Gev

0 100 200 300 400 500 600 700

P> [GeV]
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JData analysis

Ch(—> bb) + p’T"iSSD
Ch(—> YY) + pi )
(o) +ppiss )
(" n(> ww) +ppi=?)
(h(o z2) +ppiss )




Analysis strategy

h J v large B.R. (58.2%)
(h(_) bb) + p¥1l58> X low S/B 77.2 b (13 TeV)

S fcms ¢ o
. % [ -VH.H—m_E
=$ Search for events with p7**s* > 90 GeV/c % 1000k %"H"”" "
2 S+B uncertaint
U Different boost for the different models = different jet algorithm: f
7]
Z-2HDM, large boost = AK8 (distance parameter 0.8) 500 |
« Jetpr > 200GeV/c, [n| < 2.4
 h — bb topology selected requiring at least 1 sub-jet b-tagged :
e 105 < my < 135 GeV/c? R
Barionic Z, low boost = CA15 (distance parameter 1.5) 60 80 100 120 10 160
m(j) [GeV)
« Multivariate double b-tagging criteria for background Higgs production in association
and light flavor jet discrimination with vector boson

« 100 < my < 150 GeV/c?

Difference in mass given by the difference in the performance of the 2 algorithms for the jet mass resolution

®
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Analysis strategy

: v~ high mass resolution 19.7 fb (8 TeV) + 5.1 fb (7 TeV)
miss . )
(h(—> YY) + o1 ) @ low B.R. (0.23%) = CcMS

S/(S+B) weighted sum
¢ Data

X

-

o
w

w
o

w
TT gl T 11
HH

S+B fits (weighted sum)

------ B component

= Search for events with 2 photons and asymmetric pr threshold of 30
and 18 GeV for leading and subleading photons
* m,, >90GeV/c*
* Photon isolation criteria:
AR = /An? + Ap? > 0.3
* At most 2 jets to with pt > 30 GeV/c to reduce multijet background

N
(831
Tt

N
LN LA

15F

roo- +0.26
Cow =1.147y5,

0.5F ,=124.70 = 0.34 GeV

S/(S+B) weighted events / GeV

(h(—) TT) + pr}niss ) v large B.R. (6.3%)

X low S/B

110 115 120 125 130 135 140 145 150

m,, (GeV)

=» 3 final states under study: t7, Ty, Te
O Online selection: presence of two isolated 7 (h — 1), single muon, single electron (h - 7+ u/e)

Q Offline selection: ps$ > 105 GeV/c , p¥ > 65 GeV/c
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Analysis strategy

v large B.R. (21.4%)
(h(* WWw) + pmlsa ( low mass resolution

359 fb (13 TeV)

> T T T T T T
. . . . . @ - nggs boson - Z+jet8
=p Search for fully leptonic, different flavor, opposite sign final state © - CMS B Others WW i
o | Z' — DM + h(WW) Top Nonprompt |
- ¢ Data []Syst. unc.
h->WW - eu 24000 o Z-2HDM: m = 1200, m, =300 GeV ]
Significant contribution of undetected o . 6 x B=1.75b (x 500) _
miss L Baryonic Z': m_, = 500 GeV, m, = 1 GeV
neutrinos to P B ox B=24.5 ﬂ% (x 100) T
O Online selection: suite of single and double-lepton triggers 2000__ .* _
Q Offline selection: . Ta |
= Leading (subleading) lepton required to have pt > 25 (20)GeV/c - A ‘**, .
» Electron and muon candidate well-identified and isolated to reject L T 3
background from lepton inside jets o e —————————————
= my > 12 GeV/c? to exclude leptons coming from low mass = 1-5;;- i et
resonances S 05k e AL,
O 5 3
[ ] Ok : ' '
p¥ > 30 GeV/c to suppress Z/y* — tt background 0 100 200 300 - [Ge@?o
I
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Analysis strategy

" mass resolution
Ch(* Z7) + pmws> v = backgound under control
X small BR (2.6%)

=p Search for 4-lepton signature N 35,9 15" (13 TeV)
. . 5 ' ' '
=9 Higgs boson candidates fully reconstructed! G 10 %CMS =g-t%%fsboson §\+/>< ;
AT :g Z'— DM + h('ZZ) ¢ Data ] Syst. unc. g_
. . ] . 8] E e Z'-2HDM : m,. = 1200 GeV, m, = 300 GeV 3
O Online selection: 2 isolated leptons (ee, uu o eu) S 103 ox B =002 _
. . > = —_— = G GeV 3
with asymmetric pr threshold G o panonie ?  mp = 200 Gev.m = 1GeV E
Q Offline selection: - s E

—_
o

= 2 Z boson with 12 < m;; < 120 Gev/c?
» ZZ candidates not sharing any of the leptons

—

107
= my > 4GeV/c? To suppress low-mass 102_5
= my > 70 GeV/c? dilepton resonances o e —
% 1.51§h§ ++++ 444 H#HHHHH{'H%
= More than 1 ZZ candidate — event discarded g 05 } £
0" 100 150 200 250 300

m,, [GeV]
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Analysis strategy

(> z2) +pipiss )

=p Search for 4-lepton signature

= Higgs boson candidates fully reconstructed!

O Online selection: 2 isolated leptons (ee, uu o eu)
with asymmetric pt threshold
O Offline selection:

= 2 Z boson with 12 < m;; < 120 Gev/c?

v .
X

mass resolution
backgound under control

small BR (2.6%)

» ZZ candidates not sharing any of the leptons

= my > 4GeV/c? To suppress low-mass
= my > 70 GeV/c? dilepton resonances

= More than 1 ZZ candidate — event discarded

25/10/19

35.9 fb' (13 TeV)

108
10°
10
10°
10°

10

Events / bin

107"

CMS

T T T T T 17T I
I Higgs boson i Z+X

B Others ttv
Z' — DM + h(ZZ) —+Data [J Syst. unc.

------- Z'-2HDM: m,. = 1200 GeV, m, =300 GeV

cx B=0.02fb

————BawochHwE=SUOGeVJq==1GeV

oxB=030fb

1072
1072

—

Data / MC

e
(e s ) BN S, |

10
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Analysis results

35.9 fb' (13 TeV)

_E = I T T I I |
° 10tk CMS — Combination— h(ZZ) ]
O™ E Z'-2HDM, Dirac DM W t1sd  —h(WWE
& C m, = 388 ge\\; +2s.d. —h(yy) 1
2] B = m

m, e —h(bb) — h(t1)
°1O3§QZ,= 8,9, =1 tanB =1 ~
= my = mHt =my 3
[ Solid (dashed) lines: o .
10“ & observed (expected) 95% CL limits =

|

|

|

|

|

_I 1 | |

+ 1000 2000 3000

800 m,. [GeV]

The 5 channels are statistically independent

U

¥ The analyses can be combined

Z-2HDM

Combination dominated by h — bb

= h — bb not valid for m, < 800 GeV /c?

= h-yy significant role for
" h > 1T myr < 800 GQV/CZ

form, = 300 GeV /c?

500 < m, < 3200 GeV/c? excluded at 95% CL
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Analysis results

35.9 fb' (13 TeV) l
= P - L
<1200 Lol 10° <
5 Ez2iom Discll :
%1 100 :_'tgz‘x E 106 d‘ev ... +1 sdtaeg% N :\g
- tanp = —— Expect %CL3 3
e 1000Fmy=m,. = T ... o 10 ©

900
800
700
600
500
400

10~

IIII]IIIIIIIIIIIIIIlIIIIIIII

: -2
500 1000 1500 2000 2500 3000 3500 4000 10

m,. [GeV]

The 5 channels are statistically independent

s

! The analyses can be combined

Z-2HDM

Combination dominated by h — bb
= h — bb not valid for m, < 800 GeV /c?

significant role for
m, < 800 GeV /c?

" h-oyy
= h>1TT

500 < m, < 3200 GeV/c? excluded at 95% CL
form, = 300 GeV /c?
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Analysis results

Og59 cL/ Ot

10°

35.9 fb'1 (13 TeV
| I I I | | I | I I I | I
- CMS _ Combination h(Z ) _
= Baryonic Z', DiracDM @ £1s.d. —h(WW)E
B g-025g-1 t2s.d. h(yy) -
i =1 Ge\/( — h(bb) —h(TT) -

Solld (dashed) lines: o
observed (expected) 95% CL limits

T-
-
n‘.
T

1 I 1 ]
1500 2000
m,. [GeV]

] | ] | |
500 1000

The 5 channels are statistically independent

U

! The analyses can be combined

[Barionic Z']

Combination dominated by h — bb

= hoyy } Non-negligible
" h—>1T

contribution

100 <m, <1600 GeV/c?
form, =1 GeV/c?

excluded at 95% CL
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Analysis results

35.9 b (13 TeV) I
B 0| P.Y Y PN | ,-.A,“.Ag,AALA,A qqqqq ‘
1
;700_C'M-S'_| S S _ 3 1025
% 'DM + h(bb + yy + 1t + WW + ZZ) Ba L
O, - —— Observed 95% CL ' o
< 600F ... £18.dy,, 2
- Expected 95% CL 110 ol
500 +1s.d.
400
- 1
300
2008 10”"
100

il —2
2000 10

m,. [GeV]

500 1000 1500

The 5 channels are statistically independent

s

! The analyses can be combined

[Barionic Z']

Combination dominated by h — bb

}

100 < m, < 1600 GeV/c? excluded at 95% CL
form, =1 GeV/c?

Non-negligible
contribution

h—-vyy
h- 1T
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Other searches...

Constraints on mediator-based dark matter and
scalar dark energy models using Vs = 13 TeV pp
collision data collected by the ATLAS detector  JHEP 1905 (2019) 142

=» The ATLAS collaboration perform a similar search considering h — bb + EMSS and h — yy + ETSS

;1200: LI S L B B Y B L B B ] S‘ L L L | T T T T T T LR B LELR O
[0) - ATLAS . [0) N ATLAS m— h+E7" observed i
O, 100E s =13 Tev, 36.1 ™ E E 10k {s=13TeV, 36.1 fb" e hzi")"“Eexpected o
< E_ Al limits at 95 % CL - = All limits at 95 % CL = === h(bb}+E"™ expected 3
£ 1000F E 2HDM+Z',, Dirac DM ] 3 "~ 7, Dirac DM uses EFL)lg.ﬁfgnlfefO“ -
900 tanp = 1 g =0.8,m =100 GeV 1 - 6,51 g=18 g, =my, Pgé 96T(2017’; 112004 |
800"+ = M = 300 GeV : } 1E sin(0)=0.3 g .
B ) 2 R 00 3 = =
700 h+E}. observed — N i
= Wem h+E;” expected t1o6 3 | e i X _
600 === h(bb)+E”"“ expected — 10 = . 3
= PRL 119 (2017) 181804 3 = . 3
500 === h(yy)+E™" expected — B ' i
- PRD 96'(2017) 112004 > > '

300 a :

200:'.:" ||||| |: 10—3 1 vl 1 [ S N | ||:1|| P S T B

500 1000 1 500 2000 2500 3000 3500 102 10" 1 10
my. [GeV] my, [TeV]
m, < 2500 GeV/c? excluded M, < 1900 GeV/c? excluded
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Other searches...

= Limits on baryonic Z' model can be
interpreted as limit on s-channel .
simplified DM model

s-channel simplified DM model

U Used for comparison with direct-detection Brifttiia

experiments Particle _Eaillal indicates depth
O Couplig of the Z' mediator with DM Dirac = }’1””_”"',.'!.!Illi’|“\“\\\\\\\\\ ‘
fermions and SM quarks e i ., 1 . S1
Q Spin-independent DM-nucleon cross L
section can be calculated as: ..ol
N UV scintillation photons (~175 nm) iriage by CH i (Brow)

S| fz(gq)gng.urzzDM
o= mm? . Direct detection experiment (LUX,...)
0 Two-phases Xe TPC, photomultipliers
QO Interaction produce photons & electrons from ionization
Q S1, S2 allows to reconstruct 3D vertices
O WIMP interaction would appear as nuclear recoil (electron
recoli due to the interaction with photons)

= m, =DM particle mass

" Mypeq = Mediator mass

= g, = mediator-DM coupling

= f(g4) = mediator-nucleon clupling
" u,pm = reduced mass DM-nucleon
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Other searches...

= Limits on baryonic Z' model can be

- - - -1
interpreted as limit on s-channel —10°% 3991 (13 TeV

T T IlllTIl T T Tllllll T T IIIlll]

CMS observed exclusion 90% CL

. .- o Vector med., Dirac DM
simplified DM model 5,107 CMS 9,025,910
) - 51038 DM-+h(bb WW + 77
s-channel simplified DM model 5,09 0D ob ) d( +|W.+T;; ’ CL+ |
< observed exciusion %
. . . . _=
Q0 Used for comparison with direct-detection %210 —— rXir 1500.01515]
. 41 CDMSIi
experl_ments | _ _ _ 10_42 — frxg:i;?:g.ozmaj
d Coupllg of the Z' mediator with DM dirac 10_43 —— (X 1708.06917]
fer_mlc_)ns and SM quarks 10_44 arXiv: 1608.07648]
O Spin-independent DM-nucleon cross 10 Y ToXion 1805, 12562]
: . 1074 ‘ CDEX-10
section can be calculated as: 104 [arXiv: 1802.09016]
2 2,2 —47 L Lol I Lol I Ll
55T — f (gq)gX“nDM 1074 10 100 1000
TMeq m, [GeV]

= m, =DM particle mass

" My.q = Mediator mass _ — )
= g, = mediator-DM coupling CMS cross section limit more stringent for 1 <m,, <5 GeV/c?

= f(g4) = mediator-nucleon clupling
" u,py = reduced mass DM-nucleon
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Summary & conclusions

=% First search of DM particles produced in association with a Higgs boson decaying to a WW and ZZ pairs
=$ [First statistical combination based on 5 Higgs boson decay channels

= Exclusion limit at 95% CL set for different DM models:

('z-2HDM ) (Barionic ')

500 < m,r < 3200 GeV/c? 100 < m,r < 1600 GeV/c?
300 < my < 800 GeV/c? 0 < m, <400 GeV/c?

= Comparison with the spin-independent cross section of direct-detection experiments

—> HL-LHC could be important in order the increase statistics and put
more stringent limits on the models

—> Mono-X searches important to:

O search for deviations w.r.t. SM < SM precision measurements
O test all the possible final states including new (DM) processes
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