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Dark Matter Matters




; Dark Matter

DARK MATTER COMPRISES MOST MATTER IN OUR UNIVERSE
AND TS ONE OF THE BIGGEST UNANSWERED PUZILES TN PHYSIC,

RESPONSTBLE FOR THE EVOLUTION OF STRUCTURE TN THE
DARK UNTVERSE - NO DARK MATTER, NO GALAXIES, NO LIFE.

MATTER

NORMAL MATTER DARK MATTER ALLOWS ASTRONOMERS TO OBSERVE PHENOMEN
OCCURRING OUT OF REACH OF CURRENT TELESCOPES.

Latest Dark Matter result from CMS




Dark Matter Properties

o FROM OBSERVATION WE CAN INFER THAT IT5;
o HLECTRICALY NEUTHAL
o DOES NOT EMIT / ABSORB LLGHT
o WEAKLY INTERACTING WITH REGULAR MATTER
o STABLE
o DITREMELY ABUNDANT TN OUR UNTVERSE
o  MANY THEORIES BXSTS;
o AKLONS (ADDITIONAL FIELD SUPPRESSING STRONIG (P VIOLATION)
O STERTLE NEVTRINDS (RLGHT-HANDED ANALOGUE OF ACTVE NEUTRING)
o MosT PopuLR!
O WEAKLY INTERACTING MASSLVE PARTLCLES (WTMFS)
m S PREDLCTED BY SUPERSIMMETRY )

Latest Dark Matter result from CMS
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arge Hadron Collider (LHC)
& CMS experiment




Deep Learningin New PhyS|cs Searches - g‘;‘ggs;g{ 4
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http://www.youtube.com/watch?v=s2mgZacBgqM

LHC timeline

Run il
Runll
Third era of data taking at the
LHC (slightly delayed due to
Covid-19). Once again, an
increase in luminosity.

Run |
First era of data taking at the
LHC experiments

Second era of data taking at
the LHC. In toal, four years of
data gathered.

Phase Il

HighLuminosity

2011
10 fold
Long Shutdown (LS1) Long Shutdown (LS2) Luminosity
increase.
Planned upgrade work increasing Planned upgrade work
luminosity and centre of mass increasing luminosity
energy capabilities

Latest Dark Matter result from CMS AKC University of




WIMP searches @ CMS




WIMPs @ CMS

VERY RARE PROCESSES (NEEDLE TN A
HAYSTACK SEARCH)

Micsing transverse energy (the invisible

WIMP particle produced in collicion) STNCE WIMPS ONLY INTERACT WEAKLY,

S QUK DETECTION TECANIQUES FROM THE

, PREVIOUS SLTDE ARE HOPELESS!
EVEN THOUGH WE CAN'T DETECT DARK MATTER

PARTICLES DIRECTLY, WE MAY INFER THELR

ms o] ENSTENCE FROM MISSING ENERGY LN Th / =  MOMENTUM MUST B BALANCED (INTTTAL
<3 (OLLISTON. ; \
A\

id

S

TRANSVERSE MOMENTA = 0).
—\_\ I (S
7\\\\\ \\ \\
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WIMPs @ CMS I

1. DEFINE A SIGNAL STGNATURE ian
SIMPLIFED DARK MATTER MODEL (DMSTMP) _ﬁi_
-STANDARD MODEL DECAY TO DARK MATTER VIA (SCALAR / VECTOS) Backg round
MEDIATOR

- HT66S AS A PORTAL TO DARK MATTER

- 111665 COUPLES PROPORTIONALLY TO MASS, MAKING T A VIABLE
PORTALTO DM
- INVISTBLE HTGGS DECAYS PRORIBITED TN THE SM

2. TDENTIFY IRREDUCTBLE BACKGROUND (ALMOST IDENTLCAL STGNATURES)

Latest Dark Matter result from CMS



CMS: Latest Result




H I G - 2 1 - o o 7 CMS PAPER HIG-21-007

DRAFT
CMS Paper

The content of this note is intended for CMS internal use and distribution only

For the first time considers ttH and VH Higgs production mechanisms
and combines all Higgs production modes for the most sensitive
H—invisible measurement ever made.

2022/08/11
Archive Hash: b8edeb3
Archive Date: 2021/06/14

Public result

Search for Higgs boson decays to invisible particles,
produced in association with a top-quark pair or a vector
boson in proton-proton collisions at /s = 13 TeV

Authors:

- David Anthony

- Olivier Davignon The CMS Collaboration
- Henning Flaecher
- Maciej Glowacki s

- Robert White ,
, A search for Higgs boson decays to invisible particles, produced in association with
- 1 1 H H a top quark pair or a vector boson decaying in a fully hadronic final state, has been
Im perlal COI Iege London’ BOSton U nive rSIty’ ECOle pOIyteCh nlq ue performed using 138 fb~! of proton-proton collision data collected at /5 = 13TeV by
the CMS experiment at the LHC Events are categorized based on jet multiplicity, the
CO”abo rato rs number of jets stemming from b quark decays as well as the number of hadronically
decaying boosted top quarks and W bosons reconstructed as a single large-cone jet
in the detector. The observed (expected) limit set on the invisible branching fraction
. . . . of the 125 GeV Higgs boson is 0.47 (0.40), assuming standard model production cross
Confe rence . HI S H U ntl n Pa I'IS 1 2'1 4 Se tem ber 2022 sections. Finally, the results of this analysis are combined with previous CMS mea-
’ ’ Y Y P

surements of the Higgs to invisible branching fraction carried out at /5 = 7, 8 and
13TeV in complementary production modes. The combined limit on the branching

fraction is (.15 (0.08) - the most stringent result from direct searches at CMS to date.

Journal: EPJC

Latest Dark Matter result from CMS SAKC Universicy of




Event selection

MapReduce style operations

Eve nt Selection QCD suppression

* Apmin 1234, TeCOil) > 0.5

ﬁ * Bin > 0.2
Common Selection Signal Region

e  Lepton/Photon vetoes

k HT~> 200 Gelr . A¢(recoil,p¥,‘£§§ck) <0.5, p}'f,"ﬁf,ck> 60
* H*SS > 200 GeV -
* Recoil > 200 GeV Single Lepton CRs
* pr,ji > 80 Gev, pr j > 80 GeV e  Onetightlepton
Hmiss ® 50 < My, <110 GeV

‘p—mrg <12

T

* MET, detector related, and bad jet filters
* Ag(Recoil, HI¥*) < 0.5

Double Lepton CRs

e  Onetight, one loose or tight lepton
* Ag(recoil, pT'7ack) > 1.5 for ttH

* VBF orthogonality: * 60 < My, < 120 GeV
*|nj| < 2.4,|nj2| < 24 "
« NOT of VBF kinetmatic selection ——single Photon CR
(see VBF Hinv talk) * One tight photon, pr, > 230
Hadronic QCD sidebands

* Invert A@min and @i cuts
b * Lepton and photon vetoes

* Ag(recoil, piss ) < 0.5, piniss . > 60

Latest Dark Matter result from CMS LAE University of




Statistical Inference

U Number of data entries=pus + b
= We want to infer the p parameter
= Estimating parameters -- > maximum likelihood
* From the likelihood we can build a test statistic:
A = 2%
L(y, )
U The purpose of the test statistic is to compress our data into
something which we can test our hypothesis against
* Null hypothesis: background only (L=0)
= Alternative hypothesis: background + signal (n>0

=
=
ft )

/ tp’obs
v

p-value

Latest Dark Matter result from CMS

By integrating the test-statistic we can find the p-value
[= =]

p=J,  f(q0)dq

The p-value then quantifies the level of disagreement

between the null and alternative hypotheses, it’s the

probability of obtaining a number of events at least as

extreme as the one observed under the null

hypothesis.



Run 2 Results

Sensitivity breakdown by production mode
e Run 1+2result of 15% (8%), driven by VBF channel.

e Run 1 (and 2015) have little effect on overall picture

o Run1andRun 2015 contributions are as follows:
Analysis Tag | Production Mode | Integrated Luminosity (fb~1)
7TeV 8TeV 13 TeV (Run 2)
VBF-tagged | VBF - 192 1399
Z(1HH 4.9 19.7 1399
VH-tagged | Z(bb)H - 189  137.6
V(jj))H - 19.7 1399
ttH-tagged ttH - - 137.6
qqH-tagged | MonoJet - 197 1399

e 20 excess from null hypothesis.
o 3olevel needed for evidence

Latest Dark Matter result from CMS

hiversity of

49fb'(7 TeV), 19.7 b (8 TeV), 140 fb' (13 TeV

~

- [ I [ [ m
- CMS 95% CL upper limits 3
E —e— Observed ]
:— - ©- Median expected —:
[ 68% expected .
:_ ‘:] 95% expected _:
: 0.49 (0.32)
=, 0.26 (0.30) -
= e
- 021 (0.18)

E 0.18 (0.10)

0.15 (0.08)

|

Runs 1+2
VBF-tagged
VH-tagged
ttH-tagged
ggH-tagged




Interpretation in Higgs Portal Model

49" (7TeV), 19.7 fb™' (8 TeV), 140 fb" (13 TeV)

Interpretation of Hinv limit in the wider € 10 T T AW fF F TErmW 7 % f W
landscape of Dark Matter Searchers S . w CMS 90% CL Limits
(DM-nucleon scattering) _% B(H — inv) < 0.14
2 10°% Higgs portal models
e Alarge number of new direct detection %3 &% Fermion DM

(o}

Scalar DM
= Vector EFT DM

UV-comp
Vector DM, _p0ce

UV-oomp
Vector DM, _ocev

results recently published (LZ, Panda-4X, 10

DarkSide-50...) o

UV-comp

1074 Vector DMy, _cev
e H->DM DM interpretation gives most
stringent limit at the low Dark Matter 10°
mass regime (yellow, orange and red Direct Detection

w— DarkSide-50
DarkSide-50 2022
s CDMSlite
w— CRESST-Il
w— LUX-ZEPLIN
w— PandaX-4T 2021
— PandaX-4T 2022

1 L | et o B B ] 1 1 IIIIIlI | Bl A |
1 10 10° 10°

Mpy [GeV]

curves)

e Model dependence on nature of DM .
candidate 10

Latest Dark Matter result from CMS




TOWARDS RUN 3




Higgs — invisible in Run}

Bufldivd T
INCREASED CENTRE OF MASS ENERGY

INCREASED LUMINOSTTY FOR RUN 3 WHICH WILL
(OMPLIMENT DATA COLLECTED DURING RUN 1 + 1.

[MPROVED EFFICTENCY TN DATA ACQUISTTION
TARGETING EVENTS WITH MISSING TRANSVERSE ENERGY .

[MPROVED IDENTLFICATION AND
RECONSTRUCTION ALGORTTHMS:

DEEP JET (FLAVOURY| Dree JeT (B00STED - : 4 . '
TA(J(J[N(J) TAGGING) CMS Welcomlng Run 3 events backin

June &

Latest Dark Matter result from CMS



Sighal enhancement with Deep Learning

e Traindeep learning algorithm to discriminate signal from background events.
e Re-define signal region in terms of classifier probability distribution for improved sensitivity.
e Many approaches currently under consideration;

REPRESENT AS TMAGE: SEQUENCE OF OBJECTS: REPRESENT AS GRAPH:
prsfuim ot ‘. Crasitn
e “\A,‘ 7:'_5:‘ —{V' B
= \*‘\\ ®
NECURRENT ) GAN
(AN l EDGE CONY
(L5TM) I (PARTLCLENET) l
® LSTM @ ® -
i ‘ T» ’
L A1 habaTll| | car ],
e Comn, Retl) 4 Dense ReLU ® é é

3 i
Azimuthal angl
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A Dark Matter Searches @ CMS:

d  Simplified Dark Matter models are accessible to LHC
detectors in the form of WIMP search.

A Proportional to mass coupling makes the Higgs Boson
the perfect candidate as a portal to Dark Matter.

A For the first time ever, all Higgs Boson production
modes have been combined for the most precise Dark
Matter Measurement ever made!

A Probability of Higgs to DM decays: 8% expected,
15% observed — 20 excess (50 needed to claim
discovery, 30 considered evidence).

(@ Run 3 has commenced. More events, optimised search.

Reach me at:

maciej.mikolaj.glowacki@cern.ch

@ Elic University of
E AL BRISTOL

Official party line? Run 3 Hit or Bust!
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« Start with minimal assumptions « Simplified models
- Effective Field Theories * Resolve the interaction

» Described in terms of Lorentz structure, - Come with different assumptions for
DM mass and cut-off scale interactions/mediators
* Need to be careful at LHC @ 13 TeV * scalar (Ww) * vector wy!y,

« EFT only valid if Q2 << M * pseudo scalar (yy°y) « axial-vector (py+y°y)
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EdgeCony

Cluster (KNN) and convolve along edges to extract features
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Procedure

@ Pick a test statistic T € R
@ Determine T distribution under null hypothesis (S+B)
© Compute the test statistic for the observed measurement, T s

Q Integrate the distribution from T, to the more "B only” like end
— the "p-value” or "CLg, "

T DISTRIBUTION FOR 5+B
=

MORE B LIKE
T VALVES

Reject S+B at 5%
if:

OBSERVATION

INTEGRAL IS

THE P-VALUE —__ [} CLs+p < 0.05
lék

TEST STATISTIC T

PROBABILITY DENSITY




