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Standard Model

Very successful theory.

o Precise measurements in great agreement with predictions.

Standard Model Total Production Cross Section Measurements satus: March 2019
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Standard Model

Very successful theory.

o Precise .n\leasurements in great agreement with predictions.
fiducia

Standard Model'Production Cross Section Measurements

Status: March 2019
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Standard Model

The Higgs discovery further validated the SM
(self-consistent theory).
O 3500 ATLAS ¢ Data
Run I legacy. Higgs discovery & — Sig+Bkg Fit (m =126.5 GeV)
The discovery of a new particle 2 8000~ . Bkg (4th order polynomial)
also opened a new channel for 3 2500
searches. 2000 0 e
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beyond Standard Model?

SM is a self-consistent theory, with predictions in agreement with measurements, but...

o Hierarchy problem (of mass scales).

o Large discrepancy between weak force
a;nd. gPa;Vlty: me/ mplank’" 10-16.

o Fine tuning needed to avoid
divergences in Higgs mass corrections.

o No Dark matter candidate.

o Baryon asymmetry.

o Neutrino masses.
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beyond Standard Model?

SM is a self-consistent theory, with predictions in agreement with measurements, but...

o Hierarchy problem (of mass scales).

o)
o Large discrepancy between weak force
, o)
and gravity: Mgyw/Mpam~101°.
. . . O
o Fine tuning needed to avoid
divergences in Higgs ma.ss corrections. O
o No Dark matter candidate. o)
o Baryon asymmetry. o)
o Neutrino masses. o
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How to solve these?
SUSY.
Extra Dimensions.
Compositeness.
Sequential Standard Model.
Hidden Sectors.
Top partners,

... New TeV scale
interactions/particles!
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Observational evidence for dark matter

Presence of a dark matter component in the universe inferred
i from the observation of its gravitational interactions.

Cosmic Microwave Background
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NGC 6503

; Rotation of stars around the center of
the galaxies is not consistent with the
amount of mass observed.
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Collisions of cluster of galaxies.
The bullet cluster.

Gravitational Lensing:
Large distortion of images of distant galaxies due to
gravitational lensing (indication of DM in galaxy clusters).

Interacts gravitationally.
Cosmologically stable.
Electrically neutral.
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Qearches for dark matter

Indirect detection

<€

>

SM DM

Direct detection

SM

Collider production

WIMPs do not interact with the detector,
thus they leave a signature of
missing transverse energy (B,Miss),

To be able to select the event, we look for
visible particles produced in association
with the DM particles.

In colliders like the LHC, WIMPs
can be e.g. be produced in pairs.

In general, we require some theoretical
framework to define the production mechanism.

grnWzH,..

q X
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ATLAS detector data

Excellent performance by the LHC and high data taking efficiency by detectors
in the 13 TeV pp collisions period (Run 2, 2015-2018).

~150 fbl @ 13 TeV recorded in 2015-2018
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ATLAS-CONF-2018-023
PRD96 (2017) 072002
ATLAS-CONF-2017-063

ATLAS detector data

These analyses rely in a good measurement of missing transverse momenta,

and understanding of jet calibration up to multi-TeV scale.
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For further discrimination against backgrounds,
analyses also use boson-tagging techniques.
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ATLAS detector data

Energy depositions in calorimeter used to form topological clusters:
reconstruct large R-jets: Anti-k;, R=1.0 jets.

.......

/@ O\ Trimming
o 1O .O : —
\@ ® Remove softer components

.
-
e

Initial jet ® P /Py < feu Trimmed jet

Re-cluster with R, = 0.2. Improved mass resolution.

Remove sub-jets with £, < 0.085.

....... (mainly from UE and pileup).

Il



cmassorse AT AQ detector data

Discriminating against background: boson tagging.
Use differences in the jet characteristics between signal and background jets.
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Optimized large-R jet mass computed using combination of calorimeter and tracking
information
Jet mass is consistent with my, or my,,
Masss windows for e.g. W/Z bosons are pr-dependent.



Theoretical Framework

E ffective Field Theories Simplified models
Effective field theories (EFT) Natural solution to EFT UV complete models, typically
of DM interaction with WIMPSs. validity. Simplified not restricted by Higgs
Effective Lagrangian approach models considers the measurements.
with parameters: M* and mpy,. production of a mediator A much larger parameter
Theory only valid if M * is particle. space affecting the
much larger than the energy E.g. for a s-channel kinematics, cross sections,
scale present in reaction mediator we can have: couplings, etc.
(potential issue at LHO). Mmed> Mpym, Spmy Eg- 81 Much richer phenomenology!
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Theoretical Framework

Simplified Model: Spin-I mediator

E,pmiss + jet,

ETmiss +Y

Epmiss + Z(11)

Emiss + V(had)

Di-jet (low/high mass)
Di-b-jet (low/high mass)
Di-tops

E xtended Higgs sector DM models
Vector or

axial-vector
mediator

ETmiss + H(bb) CMS-PAS-EX0-16-050

Epmiss + H(yy)
BEpmiss + Z(11)

Epmiss + V(had)
BEmiss+bb/tt
4 tops

O O O O O O O O
arXiv: 1903.01400

Di-leptons

arXiv: 1903.01400

Vector-baryon ° By 758 + H(Db)
charged ~ © Er™+H(Y)
mediator ETmiss + H(tt) JHEP 09 (2018) 046 ZHDM_'_Z,U .

arXiv: 1903.01400

ETmiss + H(bb) ATLAS-CONF-2018-

039

i Xiv: 1807.02826
BEpmiss + H(yy) 4 PRD 96 (2017
112004

Simplified Model: Spin O-mediator o Epmiss+H(TT) - JHEP09(2018)046

Scalar/Pseudose o Epmiss + jet
alar mediator Emiss + bb  ATLAS-CONF-2018-
Epmiss + tt

Sealar colour B ™miss + jet e
charged mediator Ep™ss +b 051

Arely Cortes Gonzalez BNL Seminar 02.05.2019 '4



Theoretical Framework

Short description Acronym Symbol J P Charge Signatures
Vector /axial-vector V/AV ) Zy 1T - jet /v /W | Z+E5ss,
mediator difermion
resonance
Vector VBC Zg 1~ baryon-number h+ ET°°
baryon-number-charged
mediator
Vector flavour-changing  VFC 2o 1 flavour tt, t+ Ep
mediator
Scalar /pseudo-scalar S/PS o/a 0= - jet+Eg ",
mediator tt /bb+ B
Scalar colour-charged SCCq /1 Nq/b)t 07 colour, 2/3 jet—l—E%lss,
mediator electric-charge b+ Ex™™,
t+ ET™
Two-Higgs-doublet plus  2HDM+2,  Zv 1 - h+ E1r™
vector mediator
Two-Higgs-doublet plus 2HDM+-a a 0~ - W/Z/h + ET",
pseudo-scalar mediator tt /bb+ E%iss,

h(inv), tttt
See arXiv:1903.01400 for further details and references.

Arely Cortes Gonzalez BNL Seminar 02.05.2019 [5



arXiv: 1807.00966

arXiv:1810.09420

Simplified Models

Spin 1: V/AV

g 9V

Zv)a

Qpin O: §/PY

Scalar and pseudo scalar
mediators: better sensitivity
from Eq™ss+HF searches.

Arely Cortes Gonzalez

X

s-channel mediator Z’: mediates
interaction between SM and DM.

Most sensitive X+E™Miss channel:
jet+E™iss| “jet” has a4 couplings to initial
state quarks.
Vector/Axial-vector mediator,
Parameters: mpyy, Mz, Spm, 8q, S1-
Channels: jet/y/Z/W+E™iss

g

>)4~ v Similar topology as stop and
, zf" o sbottom SUSY searches.

BNL Seminar

Zv)a

1 f

fermions: limits from
resonance searches!

02.05.2019

Mediator can decay into
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EXPERIMENT

SATLAS
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Event: 738941529
2016-06-20 07:26:47 CEST




JHEP O1 (R018) 126

E xperimental searches: Emss+jet

Benchmark DM model

Axial-vector (s-channel)mediator,
gDM = 1, gq= 0.25.

g Signal region:
veto on muons
and electrons.

9q 5%

q X Jet pr > 250 GeV
In[<R.4

Most sensitive Mono-X channel
“let” has as couplings to initial state quarks.

o Dominant bkg: Z (vv) +jets, followed by W(lv)+jets.

oW/Z bkg modelled at NLO QCD & EW.
o Sherpa WLO(LO) for 1,2(8,4) partons *
theory corrections as a function of p.(W/Z).
o [arXiv:1705.04664]

o V+jets and top bkgs normalized in dedicated CRs.

o DiBosons from MC. NCB and Multijets data driven.

Arely Cortes Gonzalez BNL Seminar

Njets (Pr>30GeV)<4

A(Ess | jets) > 0.4

W/Z +jets background
e.g. W(uv) CR used to constrain Z(vv).
Muons treated as invisible:
E 158 ~boson Do

W(pv)

A‘

Similarly for Z(1l) CEs.

02.05.2019 '8



JHEP 01 (20

E xperimental searches: Emss+jet
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JHEP O1 (R018) 126

E xperimental searches: Emss+jet

o 8-8% background uncertainty in SR.

. Ll T T T T | T T T T | T T T
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Limits on a vector model are also given.

This channel has sensitivity to several SUSY
stop/sbottom compressed decgy channels and

LED.
20
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mworcomizs Experimental searches: Eqmiss+jet

o Egmiss > 250 GeV, leading jet pp > 100GeV.
o Reject mono-V events:
o R=0.8 jets, pr>250 GeV,
OIMyer ~ Myy/z, congistent with & prong
o It also includes y+jets CR in the global fit.
o Normalization factors extracted for E75¢ bins.
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35.9 fb™' (13 TeV)

CMS —@— Data
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ATLAS

EXPERIMENT
Run: 305777
Event: 4144227629
2016-08-08 08:51:15 CEST




PRD96 (2017)052004 Experimenfal Seg rcheQ: D ijet

ATLAS

E 10" — Pythia Dijet.
2 10°m {s=13TeV, 37.0fo” JES Uncertainty )
LY p‘fa‘“e‘>o.44 TeV, m>1.1TeV, |y*|<0.6 e Data Events selected with lowest

10°
107
10°

un-prescaled single jet trigger (o> 380 GeTV).

Datave MC

leading subleading | *l | | —_
16° Pt Pt Y YB JJ
12: Resonance > 0.44TeV >0.06TeV < 0.6 - > 1.1 TeV
e w* >044TeV >006TeV <12 -  >17TeV

Bin widths are chosen to
approximate the my resolution

10

Angular >044TeV >006TeV <17 <1.1 >25TeV

Rejects forward peaking

$| = [v. -
17| = [y1y=l/2 t-channel QCD processes.

Data-MC

MC
o0 oo
ANVoOoNE o

Sliding Window Fit

Perform the f(z) fit in restricted (sliding)
f(2) = p1(1 - Z)PZ 7P3 7P4 logz ranges (more flexible!).
The limited range allows to use a
With increasing luminosity and 3-parameter function.

corresponding my range extension, a Excellent linearity between injected and
single global fit may not necessarily work. extracted signal.
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PRD96 (2017)052004 Experimenfal Seg rcheQ: D ijet

-E % 1 1 1 1 1 1 1 1 I 1 rrrrrri LI IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII“?
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Significance
=)

No evidence of a localized

o] 0.5 i 141l
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-5 ||||H Lo ﬂ observed.
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ATLAS-CONF-2018-51 Experimenfal Seq rCheg: dUef

New limits from di-top and di-b-jet

dijet resonances
J 4 resonance gearches!
O LOW m-. region mc' 1 _I T T 1 1 1 1 1 1 I rrrrrrri IIIIIIIIIIIIIIE;IIII‘I'I'
1 — ATLAS vg = 1 3 Tev, 3-6'37-0 fb Y — 95% CL upper ||m|ts
db ' pp
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analyses using: -1 --- Expected
trigger-level . BT un R ¥ AN - Dijet 8 TeV
- 20307
° . e I | W A S S—— Phys. Rev. D 91, 052007 (2015)
o'?:]ects or —— Boosted dijet + ISR
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the ISR object, jet — Resolved dijet + ISR (1)
. ’ _ ATLAS-CONF-2016-070
or photon, is used R et tribger — Resolved dijet + ISR (j)
to trigger the ATLAS GONF 2016070
—— Dibjet
event). In the R
latter case, the — —— Dijet TLA
— 36&29.7fb"
le et System can 'be - PI-'lys. Rev. Lett. 121 (2018) 081801
resolved or i ] e
Axial vector mediator e Lo
boosted. 0.05F DiracDM™ Dijet
0.04| m-i0Tev.g 10 e
o Dijet angular 0 03 ] L L ] 1 T NN EREEEE |||||||||||||||||||||||||||,|,|l|,|,|,|,| :;'71;);:;‘"D96'°52°°4(2°17)
analysis allows to 7100 200 1000 2000 GeV
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( ) pl New limits from di-top and di-b-jet
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o B s + jet provides the largest sensitivity among the searches for invisible.

o Exclusion from dijet resonance searches include multiple analysis techniques to cover a

large mediator mass range. 2 6
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Simplified Model

Scanning the mass-mass plane for different operators (V/AV) and different choices of couplings.
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Details of conversion: arXiv:1603.04156
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Simplified Model
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Vector mediator, Dirac DM
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arxiv:1701.07427

arXiv:1810.09420

Extension of type-II ZHDM in the alignment limit.

Pseudoscalar mediator a couples DM to SM

and mixes with heavy pseudoscalar A of
2HDM.

Rich phenomenology of E, 55+ X signatures
(complementary sensitivity).

Additional sensitivity from resonance
searches (A/H(bD, tt)).

(d) (f)

Alignment limit: SM Higgs is the lighter of CP-even

states h. m, : mass of heavy
sin(f-a) =1, my =125 GeV, v=246 GeV pseudoscalar A
Fix quartic coupling Az = 3 chosen to ensure stability m,: mass of mediator a
of Higgs potential. sin®: mixing angle

Az =Apy =Apg =3 between a and A
My =My = My tanf3: ratio of VEVs of

Fix DM mass and coupling (between a and DM).
m, =10 GeV,y, = 1. 9
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arXiv:1810.09420

2HDM + 3
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Interesting kinematic dependence on model parameter
suggests multiple parameters scans are of interest.
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smssconaneos  E xperimental searches: Eqmis+H(bb)

. Mono-Higgs signal provides direct probe of DM-SM coupling,
Ef“'ss"'H(bb) H->bb dominant decay mode.
2015-2017 datal Selection & Strategy
Resolved and Merged analyses defined. Multiple CR and SR defined by the leptons and
Resolved: 150 < Emiss < 500 GeV (3 bins) N(b-jets) multiplicity and E™iss regions.
Merged: E™iss > 500 GeV + h(bb) tagging. Simultaneous my;/m,shape fit in all regions.
3
> >_<'1|0'"|"'|"'|"'|"'|'"|"'|"'|"'|"'|"'_ >60_'|"'|"'|"'|'"|"'|"'|"'|"'|"'|"'|_
8 i~ ATLAS Preliminary ;gmh 7 8 - ATLAS Preliminary ;gmh -
p - Vs=13TeV, 7981 [ Diboson ] o 50 Vs=13TeV,79.8 fb" [ Diboson 7
- L tt + single t _ C . tt + single t 7]
208 S . S| gt Sl ;
e - +et . T +et -
GC) NN Ba(:Egsround Uncertainty n E 401~ [~ 2b-tags AN Ba(isgsround Uncertainty -
> FET T sg Pre-fit Background 7 o - e Pre-fit Background ]
w 0.6 — - mono-h Z’-2HDM (x 100) __ Lﬁ 30 O — - mono-h Z-2HDM T
=1400 GeV, m, = =600 GeV _| - my. = 1400 GeV, m, = 600 GeV
GSlgnaI =3.751b i C Ogignar =375 fb .
0.4 - = ]
SR (Resolved) : 0 lepton - 20 -
200 GeV<E7"" <350 GeV ] - .
0.2 ~ 10 -
. : B RS v 0 B e A= =
2 1 5 T T T T | T T T T | T T T T | T T T T | T T 2 1 5— T T T T | T T T T | T T T T T T T | _:
w wn E 3
T 1eeeye® “"‘""“’*""’w’w&%\ﬁ\ﬁ T IR \\\\\\\\\\\\WM\\Q\@W&%‘&\\X%
CD“ 0'5 Il Il Il Il | Il Il Il Il | Il Il Il Il Il Il Il Il Il Il 8 O 52— Il Il Il I Il Il Il Il Il Il I | Il _;
50 100 150 200 250 50 100 1 50 200 250
m; [GeV] m, [GeV]
Resolved _ two distinctive beiet Merged region: boosted I—Ilggsélarge -R jet
esolved reglon: two distinctive b jets. with substructure selection. 3'
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smascomaoeoss  Experimental searches: Eqmis+H(bb)
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X O - : ] . . . . .
3 - 3/; ) ::08 seV A FR2btag VR 2 b-ag . subjets is based on a jet algorithm using tracks
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JHEP 09 (2018) 046
PRD 96 (2017)
112004

E xperimental searches: Eqmiss+H(y4,C¢)

E miss-+H(3p5,62)

Both CMS and ATLAS do a
search for Eq™iss+H(yy), by
selecting a pair of photons with
an invariant mass close to
m;=125GeV.
Backgrounds are extracted by
fitting an analytic function to
the m,, distribution.

35.9 b (13 TeV)
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‘ > 16f-
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CMS also performs a
search for Eq™iss+H(TT),
and combines it with
Emiss+H(yy) results.

It combines 3 final states:

€Thadr) Mlnhads UhadUhad-
Limits extracted from fit

to total transverse mass

distribution.
0.5_— ]
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ATLAS-CONF-2018-52

CMS-PAS-16-050

— 2000p———7+————r—r—————— miss
% HATLAS it _IIDEEB 7J;§((!z)17) 318
] o A AL AL AL AL ALl ]
O 18005 =13 TeV, 361 fo" oHDM+a, Dirac DM~ ]
< i Limits at 95% CL |
e 1600:‘ — Observed rT:lX =10 GeV, gx =1 ] —E.rl.niss+h(b5)
Z -- Expected sinb = 0.35, tanf = 1 1 PRL 119 (2017) 181804
1400 My =My =My, .
] _Emiss_l_h(yy)
1200 ] PFTzD 96 (2017) 112004
1000F .
- 1 =—ET**+Z(qq)
800§ —  JHEP 10(2018) 180
600 =h(inv) ys=7,8 Tev;4.7,203 o™
400 1 JHEP 11 (2015) 206,
200
100 1 50 200 250 300 350 400

m, [GeV]

Assuming tanf3=1 and sin6=0.35, scanning the masses of A and a.
Exclusion sensitivity dominated by E55+Z(1]) and E/55+H(bb).
h(invisible) BR limits used to constrain very low values of m,, being only sensitive
to the a boson production cross section.
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ATLAS-CONF-2018-52
CMS-PAS-16-050

Parameter chosen to have H and Z produced resonantly, dominating exclusion at low m,.

E m1ss+H(bb) 35,91~ (13TeV) Using 2015+2016 data results in ATLAS.

z CMS Prel/mlnary o ARRRSReoAAaanng —
@ c JHEP 09 (2017) 088
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F sinf = 0.35, my = 10GeV, ma = my = my+ = 600 GeV Limits at 95% CL
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o H . T miss
= : 1 —E"+h(yy)
=, : tanf =1 PRD 96 (2017) 112004
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tan 8 m, [GeV]
10500 = U¥2, M, =300 GeV *Only &g fusion production considered in this ATLAS plot.
L =300 fb!
sl ]
gg
o Interplay between gg
6l ] .
= arXiv: 1701.07427 fusion and bb
af | annihilation production
N along tang.
100 200 300 400 500 . 3 5
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ATLAS-CONF-2018-52
CMS-PAS-16-050

3590~ (13 TeV)

CMS Preliminary _ Exploring mixing angle sin®

100 |
2HDM+a, h — bb
tan 3 =1.0, m, =10GeV, ma = my = my= .
o 2 The production diagrams for E;™5+h
10 b ] have different dependence on the mixing

angle (low and high m_, assumptions).
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1 T =
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e e 200GoV, s - 600 GeV Other signatures presented for
mjy = 350 GeV, ma = 1000 GeV . .
b T different tanR assumptions.
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CMS-PAS-16-050

FRelic density predicted by RHDM+*a has a strong dependence on m,.
Two a-funnel and A-funnel regions at m,=125 GeV and m,=300 GeV, respectively
(relic dengity depleted by the resonant enhancement of x> A/a—->SM).
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; Limits at 95% CL 35
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Higgs to invisible

Many beyond Standard Model theories predict Higgs boson decays to invisible final
states, with the final state particles being the DM candidates.
Higgs portal model: Higgs boson mediates the interaction between DM and SM.

Current limits on branching ratios (BR) still leave room for BSM properties
—> this decay channel is an excellent search channel for new physics.
SM BR is ~0.12% (4v).
It can also be used to probe deviations from SM Higgs couplings.

Production modes

T
H
Vector Boson Fusion Associated VH prod. gluon-gluon fusion
Eniss + 3 jets Epmiss + Z/W (1,9q) Buiss + jet
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Candidate in signal region of H = xx with two VBF jets (m; = 3.6 TeV)

Longitudinal view

' Perspective x-y view
% W ow T =564 GeV

¢ ( ER S

Run 280862

Event 228417606
Date Oct. 3, 2015
Time 17:17:46 CET  http://atlas.ch




e s Higgs portal: Emiss+VBF
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The 2016 data results from VBF, VH associated production and g€ fusion searches are combined.
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JHEPGR 017 135 Higgs Portal

. . Observed limit @ 90% CL
016 combination H(inv) BR < 0.22 (obs)

35.9 b (13 TeV)

CMS 90% CL limits
B(H— inv) < 0.22
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=== Fermion DM
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™ J =ATLAS Vector Z'
Vector mediator, Dirac DM
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Looking forward...

Exciting new results from ATLAS and CMS collaborations!
Introduced simplified models for interpretation of Dark Matter
searches at the start of Run 2.
Now: new generation of UV complete models being explored for the
Run 2 legacy analyses.

Many other DM models not discussed.
Scalar/Pseudoscalar mediator, vector baryon charged mediator,
2HDZ’, ...
SUSY naturally includes a DM candidate. E.g. in GMSB scenarios the
gravitino is often the LSP, thus a DM candidate.
Multiple models predicting long-lived particles signatures now being
explored (more challenging reconstruction/triggering!).

New 2HDM+a model probed with 2015+2016 data... improved sensitivity
expected for full LHC run 2 dataset.
This model highlights complementarity between different signatures,
both Eq™55+X and resonance searches.
Great prospects for future exploration of the parameters space.
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LHC legacy

LHC
Run 1 Run 2 Run 3
WM‘ ST X
splice consoldaton sryclim nomina
7 TeV 8 TeV BmIOn GOl matoes ;‘:lm H;ra-:-n HL-LHC JMINOSIty
— RIE project P2-PT(11 T installation

L} =
e experiment

gt wowen | e ™% | | upgrade phase 2
LHC Run LHC Run 2 LHC Run 3 HL-LHC
30 150 fb 300 ' ~3000 b

Legacy discoveries/measurements?
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Beyond the LHC
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HH(bbbb)

Beyond the LHC

T T T T T

LI LA B B B B

Improvements using the variable radius jets
(as recently introduced in the E;™+H(bb) analysis).
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SUSY-ingpired models

Standard Model

Superpartner v Vi
for every SM particle. il st
o Spin differs by one half.

. o Mostly heavier than SM
partners [broken symmetry].

Hggs

Quarks . Leplons . Force particles Equarts () sleptons O SuSY1orce

Whlle SM does not have a viable DM candidate, in SUSY if R-parity is conserved, llghtest
SUSY particle (LSP) is stable - Good candidate for Dark Matter.

10— F T T T T T T T L
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Kb 06 (o169 10 SUSY-ingpired models

Electroweak sector

B (bino), W (wino), H (higgsino) Well-tempered neutralino SUSY model may provide a
viable DM candidate, while addressing the problem
o Some models can give a relic density of naturalness by targeting an LSP which is an
consistent with measurements. admixture of bino and higgsino.
o Pure higgsino obtains relic density
for masses 1TeV. Bino/Higgsino Mix Model: T, b/, production, Am(¢., %.) = 20-50 GeV, March 2018
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ATLAS-CONF-2018-51

Simplified Model

Scanning the mass-mass plane for different operators (V/AV) and different choices of couplings.
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0 [SUS-17-001] S5 e

=

o
s

(c) t/t+ DM, tW-channel

="

1071\\\\I\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
50 100 150 200 250 300 350 400 450 500

Mediator mass M,,., [GeV]
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ATLAS-CONF-2018-039

CMS-PAS-EX0-16-050 B a rg (014 ic Z ’

JHEP 09 (2018) 046

The baryonic gauge boson Z’y arises from a
new U(1)g baryon symmetry. Requires to
introduce baryonic Higgs (additional g%
coupling). There is mixing between the hy
and SM Higgs boson.
q

q X
; : T T T T ].I T : I T T T T T 1rrr Imiss T T T T T1rrrj
o ~ ATLAS Preliminary h+E, " observed i
= 1oL Vs=13TeV,36.1 b EEEE h+ET expected tlo |
= 3 - o = === h(bb)+E™* expected 3
= - 9," “g}'::caéiﬂs % CL PRL 119 (2017) 181804 7
- Ze = === h(yy)+E™ expected ]
g=19g=13 g, =m, T
= Y vl PRD 96 (2017) 112004
1E sin(6)=0.3 3
10" T

EEEEEEE R R N4

10—3 1 1 Ll 1 1 TR |

§7oo_"'l"'l"'I"'I"'I"'I"'| 1025
o CMS Preliminary —— Observed 95% CL 8
9 - Baryonic Z' —— Expected 95% CL \b
£090} 7 owen o E

[ Dirac DM, g9,=0.25g =1

400
300
200 1
107
100

lllllllllllllllllllllllll

1072

200 400 600 800 1000 1200 1400 1600 1800
m,. (GeV)

35.9 b (13 TeV)
— T

o) L L L AL |
o 10F CMS =
= Baryonic Z', Dirac DM, gq =0.25, gX =1, m = 1 GeV ]
x
x
1
N Ui . T =
1 C bbb L L
Q C
e i
°© L =" O s, |
== h(yy) .
107 == h(ry) N 3
- == hiyy +) T ]
| Solid (dashed) lines: observed (expected) 95% CL S .
| Shaded band: = 1 s.d. on expected RN
10_2 s 1 . . : i 1 2 R . N 1 N 2 2 : 1
500 1000 1500 2000

m,. [GeV] 5 3
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arXiv: 1402.7074 ZHDM + Z’

arXiv: 1807.00966

[ 2HOM + 2° ] Extension of type-II 2HDM in the alignment limit.

o 4’ decays to a Higgs boson h and pseudoscalar A of a 2HDM
(A2x0)-

o Assumes 2HDM for DM coupling.
o A couples to DM and complies with EW precision measurements.

o Parameters: gauge coupling g, = 0.8, ratio of up- and down-type
vacuum expectation values, tanf3 =1, m,= 100 GeV.

o Charged Higgs bosons: My, = 300 GeV (CMS: my, =my,).

[ MET | [ MET |
[
12— iv:
83 arxiv: 1507.00966 §oz arXiv: 1607.00966
a L —— M,=1000GeV, M_=400GeV,tan(=0.3 — . a8000 23000
® 0.1— —— M,=1000GeV, M =400GeV,tanf=1 w18 R : :‘ #mz':"&:
- —— M;=1000GeV, M .=400GeV,tani=3 0.16 ”t_'_ 1m; 8. m.;, ;B:ﬂ
0.08— - "“::mzz :fgzz':"g:fo 0.14 —— M,=1200GeV, M =300GeV,tanfi=1
L — - A A'= JLan — ‘- El
- o1 M,=1400GeV, M_.=300GeV.tanj=1
0.06/— Kinematics 0.1
0.4k Independent of tanps, & 0.08 Scan
- orm, 0.06 m, and mzy
- : arameters.
0.02}- (Ifm, <my/2). 0.04 p
- 0.02
PE TR T readP . .
0™ 200 400 600 800 1000 1200 1400 T TR

1200 1400
Missing Energy GeV Missing Energy GeV 5 4
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ATLAS-CONF-2018-039
CMS-PAS-EX0-16-050
JHEP 09 (2018) 046

2HOM + 2’

35.9fb" (13 TeV)
= Observed * "’
—— Expected
+ 1 std. deviation
- + 2 std. deviation

10?

-
o

95% CL upper limit on o(Z') B(Z' — Ah — xx bb) (fb)

—_

1

_.
2

800550 1506 2000 2500 3000 3500 4000 10
mz' (Gev) ; : T | T T T T | T T T T | T T T T | T T T T | T T T T | T :
T © 1000 ATLAS Prelimi VR track jets 2b
Best limits from CMS o e 18 ToV, 79 816" (+10 and +20) - ATLAS
< 900 - T ___ FRtrackjets 1+2b — miss
heavy resonance search. £ E Expected limits at 95% CL (scaled) ] E,™ss+H(bb)
. CMS 35.9 b (13 TeV) , 800 - h(bb) + E7'$5: Z’+2HDM simplified model = a:na.].ySiS
= 00 10° ¢ - tang=1,9-=0.8, m =100 GeV, my = my= = 300 GeV - .
o 7 5HDM. Z' > DM 4 h L 700/ , 4 Improvedby the
O, 650 2HDM. 2/ DM + hlyy + 70 S - 2017 datal: i
= Dirac DM, m_,, = 100 GeV £ ook atal] use of variable-
600 9,=08,g,, =10 © - g radius jets
—— Observed 95% CL 500 & 4  (compared to
550 SN - - - - Expected 95% CL 10 Y . . . .
+1sd. 400f- </ - fixed-radius jets
500 E !-/‘/| FAR T T TN T A SO NN A N R N I - used previous]_y).
500 1000 1500 2000 2500 3000
450 mz [GeV]
400 JEESE N , o
B ‘ 1 o Epmss + H(yy) has better sensitivity at low m.,.
350 %\\\ Ep™*5+H(TT) o CMS also includes results from Emiss + H(tT)
800 o e 1400 1600 1800 2000 covering the ~medium mediator mass region.
oo . 55
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Extension of type-II 2HDM in
the alignment limit.

Z’ decays to a Higgs boson h
and pseudoscalar A of a ZHDM.
Assumes 2HDM for DM
coupling (A-2>yp).

@)

@)




gerseanse - Experimental searches: Eqmiss+2([l)

10° — ZH(ll+inv) with B(H—inv)=0.3 APp(Z,Eq™iss) > 2.7,
2 leptons ee/pu (small ARy, near my).

> ' - —————

[0) ATLAS * Data Z+jets :

(D 104 v§_13 TeV 36.1 fb-1 w77 = Non-resonant-I| SeleCtlon & Stra’tegy.

o . - o mm WZ == Others

— 10 ee+up 72 Stat. + Syst. . :

0 ..DM(m_, m =500, 100 GeV)x0.27 Ess> 90GeV, Eq™sS/Hrn > 0.6,
'E med x

2

L

Background strategy:
o ZZ(1lvv) estimated from MC (irreducible).
o WZ: normalized in 3 leptons CR.

o 14 — T T T T T o WW/top: normalized in ey CR.
..E T Y /é-f?f/,‘ iz 49 P, /,'%?ff,;
L%) : I I I _ ;‘ 400 _| T 1T I L I L I LI T TT I T 1T IEI LI Idlly;/l(l ‘II I)I |_
@ - ATLAS Preliminar === Expected Jimit (+10)  J
100 200 300 miss 1000 O 350 '~ 13 TeV. 361" y —— Observéd limit =
E [GeV] = A eV, S0 S0 Relic densit -
T 300 - Axial-vector, Dirdc, g = 0.25,g =1.0 nelic density 3
Main uncertainty from ZzZ modeling. - =
250 =
E™i88 +W/Z (ij) 150 |- =
search also 100 E- - =
A C -
performed: viA ot/ A~ -
JHEP10 (2018)180 3y 4 -
q X 0 AP il -
0 100 200 300 400 500 600 700 800 900

m,. [GeV]
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—— Higgs - invigible

The 2016 data results from VBF and VH associated production searches are combined.

Observed (expected) limit @ 95% CL
H(inv) BR < 0.26 (0.20)

35.9 b (13 TeV) 35.9 fb™ (13 TeV)
¥m 1 .5 _I LI I LU | | B B O | | TTTT I A 1 O ) l 0_7 E | | |
B n —
1.4 B CMS (% 1.4 CMS —_
- 0.6 .
13F # LHChbestfit - —¢ Observed g
. —68%CL e ' --©- Median expected e
1.2 [ 2. 959% CL ’ 0.5 . 1
: SM production :" 1 . 087% expected ]
1.1 ' 1

95% expected

0.4
1

0.9 0.3

o
)

----
™ -...
-~

0.8

©
>

0.2
0.7

95% CL upper limit on ¢ x B(H — inv)/c
o
o

95% CL upper limit on o x B(H— inv)/o

o
N

0.6 0.1

035 06 07 08 09 1 11 12 13 14 15
Ky
From the combined measurements of
the Higgs boson couplings (2016 data), Observed (expected) limit @ 95% CL
visible+invisible combination H(inv) BR <0.23 (0.17)

| | | |
Combined VBF-tag Z(hH-tag V(gq')H-tag  ggH-tag
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e el Higgs - invigible

> I I I I I
= - imi ‘ . .
N ?TL:‘TSVPT;':L‘_'P”V —_ Brand new combination from ATLAS!
T = S = ev, 4. i
2] C Vs =8TeV, 203 b ] Run 1 + Run 2 (2015-2016) result:
c 0.8 (s=13TeV,36.1fb"  —
_S — Observed limit ]
k= 0.6 LLILLL EXPGCIGE” :!mii f;ﬁ . Observed (expected) limit @ 95% CL
= . e EXPEcCted lmit t2c — .
. Alllimits at 95% CL ] H((inv) BR<0.26 (0.17)
§ 0.4 :
o .
0.2
0 | | | | | 2 14 — T T
V(had)H Z(lep)H VBF  Combined Combined Combined = i ]
Run 2 Run 2 Run 2 Run 2 Run 1 Run 1+2 £ ATLAS Preliminary 4
< 12 Vs=7TeV, 4.5 fo" _
o\ \ Vs=8TeV,2031b" ]
—~ b N ' "\ Vs=13Tev,36.1 b ]
=< o 10 . _
= ATLAS Preliminary L — Run 1 combined -
3 - A1 . . - \\ — Run 2 combined .
N s Run 2 combination gl \\ — Run 1+2 combined -
! — V(hai inv . B i
101\ — Zenking includes results from X :
—_— nv, - a
8 — Combined VBF+H(inv), Z(DH(nv) 6 ]
and V(had)H(nv) 4 I i
6 L i
Observed (expected) limit @ 95% CL i ]
40 H (inv) BR < 0.38(0.21) 2K g
2 | | I | ]
i -0.2 0 0.2 0.4 0.6
02 0 02 04 06 B inv

BH» inv 5 8
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JHEPGR 017 135 Higgs Portal

C
\\

EX:IE-}!TMENT ’ -1
10 I - ....|35'9.fb .(1.3.Te.\./.)
r— NE L
™ . SO, ..s CMS 90% CL limits
- B, <0.24 ATLAS Prelim. g 10 B(H-> inv) < 0.22
O, Al limits at 90% CL Vs =7TeV, 47 fb" 3 0% N
=140 (s=8TeV,20.3fb" - ermion
0'_1 0 s =13 TeV, 36.1 fb” 28 4o M. Scalar DM
% HiggsS gggarllsv - 104 Direct detection
b _42 = — LUX
10 = Fermion WIMP 10 ¢ ! —— CDMSLite
Other experiments . o XEN(S)2—1T
Cresst-lll 107" | ——omessT
107 DarkSide50 - \ p o e
LUX /
PandaX-ll 107%° =
10746 - Xenon1T D
III 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII3 1 1 IIIIIII 1 1 11 10 -
1 10 102 10 104 10—47 L Lol 1 L llllll|2 1 1 ||||||3
Myivp [GeV] 1 10 10 _ [Ge\}]o
DM
Observed limit @ 90% CL Observed limit @ 90% CL
H(inv) BR < 0.24 (0bs) H(inv) BR < 0.22 (obs)
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JHEPO2 (2017) 135 Higgs -> inViSible

Direct searches for invisible Higgs boson
decays in VBF and VH associate production
modes are statistically combined.
Upper BR limit: 0.25 (0.27).

The use of measured visible decay rates
improves the upper limit to 0.23 (24).

Arely Cortes Gonzalez BNL Seminar

<10""|""|""""I""""__.:‘""
c - ATLAS T
N[ is=7TeV, 45471 ]
8 \s=8TeV,2031b" 7
- Obs.: ; .
6_— — Vis. & inv. decay channels |
S Inv. decay channels : .
I - Vis. decay channels i
4= S w
21~ .

BR.

02 -01 0 01 02 03 04 05
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02.05.2019

60



Higgs Portal

I‘_IIII[II T IIIIIII| T T T T TTT

L -39 T Ml
5107 : ATLAS B
= ATLAS S 1074 B
O, \ 13TeV, 36 fo’! S L -
c10™% * 90% CL results B 0B e, T N
o % ST A
2 Higgs portals S 0B s :
2 . a0 — Scalar wimMP | ¢ v Y
a 1 O == Fermion wWIMP 8 10_47 i \s=7TeV, 4.5-4.?1fb _—
= Other expts S i \s=8TeV, 20317
= C.I’GSSH” < 10_49 Vis. & inv. Higgs boson decay channels |
© 10—44 — Picasso % [icws Kz, Ky K, Koy Ky Kgy Ky Kz BRUT ]
— LUX > - No Ky assumption: BR_ <0.22 at90% CL |
PandaX-Il - 0 . B
| —— DAMA/LIBRA (99.7% CL) % N
s — XenoniT — @ CRESST Il (95% CL) fiot o pota.
0 10°58 3 CDMS Sl (95% CL) o e
Ll Lol 1 Lol 1 Lol 1 11 | -COGeNT(Qg%CL) ’:’:;‘"’" c?ar ]
1 10 10° 10° 10* - —— CRESST Il (90% CL) <= Majorana WIMP —
V 107 -oeoe- SuperCDMS (90% CL) wszs Vector WIMP - —
Mwivp [Ge ] ....... XENON100 (90% CL) _]
T LUX (90% CL) 7
1 0_57 — | | L1 1111 I 1 | | I I I I | | 1 1 1 111 I'I_I'

Observed limit @ 90% CL 1 10 102 10°
h(inv) BR: 0.32 WIMP mass [GeV]

Observed limit @ 90% CL
h(inv) BR: 0.22
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ATLAS-CONF-2017-32

g b/t

b/t/(x)

: b/t

(@) (b) (c)

b/t/(X)

bE

(d) (e) ()

Production cross-section for the lightest pseudo scalar, a, is dominated by loop-induced
gluon fusion, associated production with HF quarks or Higgs/Z-boson.

Higgs/Z-bosons can be produced in resonant decay of the heavier bosons into the lightest
pseudo-scalar.

A can then decay into a pair of DM or SM particles (dominantly top quarks if
kinematically allowed.
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LHC DMWG

All analyses follow the parameter values and limit interpretations
as recommended by the LHC-DM WG (aka DM forum).

Simplified Models : : : :
2 Assuming DM is a Dirac fermion (stable).
Describe the model by a small Consider different types of mediators
numbers of free parameters: (minimal decay width).
O Mpeq (media,tor IIl&SS) Vector mediator: gpy = 1 and g, = 0.25.
me b
o Mmpy (WIMP mass), Axial-vector mediator: gpyv = 1 and g, = 0.25.
© 8w &q (couplings). Scalar mediator: g, =1 and gpm = 1.
1000— ; . :
[ Vector, Dirac, g, = 0.25, gou = 1 ] Pseudo-scalar mediator: g, = 1 and gpy = 1.
= Observed 95% CL
Uncertainties 1
800 o Rl ensity : My Cep(DM-proton) plane  mpyog(DM-nucleon) plane
% 600 L 4 0_34 — \:cclmf\.ll)llrli:;?:togg?bg;gnl‘z 1 10_34 : — -’:xml—/\\llctl(:g‘gli:ct. Z?’}:h[)glg‘ gom =1 |
< — j el — o o — PICO-21, Run-2 ]
p i - 5 077 = g ] 5 T Tescuberz ]
EQ 400" \; 1 : 3 F R 1 : 10—36' — Sup;:r—Ka.miokandc hb 1
; b g \ E |
- ! - S r 1 2 107
200¢ b = 10-4°r\\\ 1 o ’ 1
-------- i 2 10-42(’f 1 5 107 *
------ \ X ~ 9) L
500 1000 1500 2000 € 10| ] € 12— j
[GeV 1
Presenting G'XOJ uszlon limits in 10746 - s 10744 - ,
the M, p-m,.., plane 1 10 10 10 1 10 10 10°
DM+ "med mpm [GeV] mpm [GeV]
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SUSY-ingpired models

Standard Model

Superpartner v Vi
for every SM particle. il st
o Spin differs by one half.

. o Mostly heavier than SM
partners [broken symmetry].

Hggs

Quarks . Leplons . Force particles Equarts () sleptons O SuSY1orce

Whlle SM does not have a viable DM candidate, in SUSY if R-parity is conserved, llghtest
SUSY particle (LSP) is stable - Good candidate for Dark Matter.

10 E T I T T 1 ' U 1 1 l T L] T I 1 T T l ] 1 1 I T T T | L] 1 T E E 1 02 ;I T l TT 1T l L l L l L l T T 1T l TT 1T l T T TT IE

I E & c = ]

mz[Pb] pp —> SUSY - - N ) \s=8TeV 1

i g 10 3 — ifiz (pure wino) 3

1 B VS =8 TeV - § E — - %%, (pure wino) ;

E Strong : % 1k : z:z;’ (higgsino-like) _

I production | 8 N W

-1 (1+2 gen. squarks, =i N Ty -

10 and gluinos) E 10 E , 3

i 102 E

-2 E =

10 \ . : -

3 -3 . -

E 1 0 § .. \\ E

10 '3 . I L | N _ 1 0—4 —I 1 I 1111 I 1111 l 11 l,'l l 1111 I 1111 l 111l l 1111 I_
200 700 600 800 1000 1200 1400 1600 100 200 300 400 500 600 700 800

a\erage [GCV] msparticle [GeV]
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JHEP 03 (2018) 160

SUSY-ingpired models

CMS public page
v H
PP — 13 %} , PP — X% pp > 1T uuy 2018 ’
;‘ T | T T T | T | T T T | T T T | T T T | — D 212) ‘Jfﬂ . h 212) .’, ....... i(l)
Lert T e X1 Lt
& 1200 CMS 35.9 fo' (13 TeV) o
— [ —1709.05408, 3| (13—, BF(I)=0.5, x=0.5) .., ] P s e X y XN Xi
2 [ 1709.05406, 31 (T72—~7vI, x=0.5) | _g’;pede‘; * \-\_L \‘\ .
1200(— —1807.02048, 21 comb. (1:73—7v1%, x=0.5) served - W we
[ —1807.07799, 2| OS (%>, x=0.5) i -
- ==1807.02048, 2t comb. (X%—)tvvr, x=0.5) . +y0 1
10001~ _1801.03957, comb. (12—>WZX%) 1 _ QMS. __Pp= )Ic1lx2 _ 85.91b7 (13 TeV)
[ —1801.03957, comb. (7(*7(2—>WH)~(?5(?) 1 > a0l ! ! ! ! _—
800l — 1806.05264, 2108 (8 ol ) e 1 @ [ — 23/ (WH)  —2/0n-Z(WZ) .. Expected
B PR 1 O, - —1¢2b (WH)  —2750ft(WZ)  —Qpeerved 1
B x i 83 300:_ — H—-> yy (WH) — 37 (W2) _:
600 7] i & S e ]
i Z - “ S gt ]
4001~ s - 250: N
200/ ' 7 200 pa— 7
0 B il E [ | 150 AF £ 7 S, _]
200 400 600 800 1000 1200 - ]
=My, Of mgufm% [GeV] 1000 7
Production of pairs of the lightest chargino 50 -
and the second-lightest neutralino, of .
chargino pairs, and of slepton pairs. 9% =
My, = M, [GeV]
e 65
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ATLAS SUSY Public gUSY'ingpired m0del9

3500 Vs=13 TeV, 36.1 b July 2018
; L T T T ‘ T T T I T T T I T T T I T T T I T T T ]
3 [ oo, olep.(17120252) AT| AS Prellmlnary-
. eg ® . (O] -
In GMSB scenarios the gravitino is = ao0ok. I bl oo E
. s [ G- 1’ >3bijets+ >2lep. SS[1711.01901, 1706.03731] ]
often the LSP, thus a DM candidate. =4 F G QAWK 0lep.+ 1 lep. [1712.02332, 1708.0232) 1
L 0> qoWZy 27-11jets+ 1lep. + >2lep. SS i
25001 [1708.02794, 1708.08232, 1706.03731] 7]
. - G quliwE via 19 2lep. OS SF + 3 lep. [1805.11381, 1706.08731]
July 2018 ATLAS Preliminary s=13TeV, 36.1 fb L > 117 [SUSY-2016-30] ]
'@'100_III|III\IIII|IIII|IIII|IIII|IIII|bII T T T 1] 2000__ >1y[1802.03158] ]
= E ! - L Alllimits at 95% CL ]
P — g 15001 —
Q) C . C ]
- C ] C ]
T = = 1000}/;/—’ ﬁ— N\ -
Q [t _ = ~ =
= :'L — L ]
—_ - — 500— x -
o ] n
m [ —_ C 1 1 1 ‘ 1 1 1 | 1 1 1 | Il 1 1 n I)I I\ \I 1 ]
" 3 1000 1200 1400 1600 1800 2000 2200
= m() [GeV]
~0 ~ . . . =8- .3-36.1 b March 201
P - hGorzG 3 2 [ G-5d3e ATLAS Preliminary -
Expected limits — = 2500 7
=== Expecte '_ml_s . T [ G- q 0lep. +monodet [1712.02332, 1711.03301] ]
—— Observed limits ] E L aLani? 0lep. + 1 lep. [1712.02332, 1708.08232] i
All limits at 95% CL — - > 2 y[1802.03158] .
i . 2000? G, —qWzz 27-11jets + > 2lep. SS 8 TeV -]
— 4b, arXiv:1806.04030 = L G, - qUvwi via Tv 22 lep. ][1507.b5525] §
- 4L, arXiv:1804.03602 . i 21t ]
0||||||||I|II|||||||l|||||||||||||||l||||||_ 15007_A”"mnsat95°/°CL _7
200 300 400 500 600 700 800 900 1000 r ]
~1 ~ ~0 L _
m(%x,. X, X, ) [GeV] 1000 .
500/ ]
F_— i
;\I 1 IRI 1 I\_l\ 1 1 | 111 | 111 | 11 | 11 1 | 11 I_

400 600 800 1000 1200 1400 1600 1800 2000
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#RD96 (2017 072002 ATLAS detector data

ATLAS-CONF-2017-063

These analyses rely in a good measurement of missing transverse momenta,
and understanding of jet calibration up to multi-TeV scale.

S‘ SO:I LIS L I L L L L L L LB B | L |: g 1'1: ' ' ' ' T i ATILAIS i T :
8 28F- ATLAS Preliminary —=— EMTopo MC - EE C Vs=13TeV, 3.2 fo! .
lE' 26:— Vg =13 '_I'eV 36 fb—1 EMTopo MC Syst Err _: § 1.05 — anti-kt R = 0.4, EM+JES
2 - Tight E™® —e— EMTopo Data 3 c C ]
=] - T . L ]
S 24 Z-ee —+— PFlow Data E 1 -
c 22F = n ]
n l ) . s - ]
= 2% E,™ss resolution - 0-95¢ .
g 18E  in Z(ee) events - 0ok o Z-jet E
& 16E- soee® Y N A y-jet _
N M::*f**“ : - » Multijet ]
£ x - - *—A—**** ] - -
u - i - prb s ] 0.85 = Total uncertainty ]
C DX S il _- C .

12E ftl: ﬂ:?*“. | | | | | : - [l Statistical component
0 5 10 15 20 25 30 35 40 0.8 P E—— s

) . 20 30 10° 2x10 10°  2x10

Average number of interactions (u) Ijet [GeV]

a

- ATLAS Simulation Preliminary '

- Vs =13 TeV, WZ — qqqq
0.25|—antik, R= 1.0 jets, in| < 2.0

[ Trimmed (fCut =0.05, F{sub =0.2)
- LCW + JES + JMS calibrated

Large-R jets

Illlllllllll

Fractional jet mass resolution

0-2;— Optimizes large-R jet mass computed using
. 15: b COMbination of calorimeter and tracking information
- . pcalo
™ ot = Calorimeter mass ] T
0-1: et gralckasstisted mass ] mJ = wcalo X m?alo + wu'ack X (m}raCkM)
o Combined mass ] pT

PR T S S TN SR NN T ST SRS AN SN ST ST S N S SR S
0.05—"500 1000 1500 2000 2500
Truth jet p_ [GeV]
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—— Z(vwv)/ 2(ll) ratio

Measure the ratio: o(E™=s+jets)/o(Z—2>1"1+jets)
versus various kinematic variables Z(vv) +jets numerator: W-bkgs estimated in

> 1 jet+ ETIDiSS W(->ev,uv) CRs. MC used to extrapolate into
: SR: out-of-acceptance leptons and in-
vs. B85, my, Ady VS, Hpmes acceptance-leptons.

Z (11) +jets denominator: other bkgs from MC.

Since SM E™sS+jets is Z(vv)+jets 2> Many uncertainties cancelled out in the ratio.

> T T T l T T T I T T T | T T T | T T T I T T T > T T T I T T T I T T T I T T T I T T T | T T T
[0} 3 ) 10? J
0] 10 ATLAS e Data 2015 0] ATLAS e Data 2015 E
~ \s=13TeV, 3.2fb" ﬁ :Afga'z(SYS‘- l;“C- ~ Is=13TeV, 321" X\ MC Syst. Unc. ]
[22) miss ; — VVv)+jets [7)] - . . B
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A —— Z(vwv)/ 2(ll) ratio

The ratio is corrected for detector effects (“unfolded”),
SO can be ea,sﬂy remterpreted in terms of any BSM models
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arXiv: 1707.03263

Z(vwv)/ 2(ll) ratio

The ratio is corrected for detector effects (“unfolded”),
S0 can be easily reinterpreted in terms of any BSM models.
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aseaszxorons B xperimental searches: Dijet (low mags)

CMS Prellmlnary 35.9 b (13 TeV)
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History of the Univerge

Universe expansion —_—

HISTORY OF THE UNIVERSE A

Dark energy

accelerated SM a,nd DM paPtiCIGS are

expansion

o oot Initially In thermal

Accelerators is visible equilibrium.
<. As the universe expands
and start cooling, different
types of particles start
freezing (thermally freeze
oub).

Temperatures go

down, universe cools.

Density lowers.
“Freeze out” happens when
particles can no longer

interact (annihilate).

y iverse
Size ) Jisible unty

t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10710 joules)

black
hole

The concept for.the above figure originated in a 1986 paper by Michael Turner. Particle Data Group, LBNL © 2015 Supported by DOE
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WIMP miracle
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In the early universe WIMPs annihilate,
keeping thermal equilibrium.

The universe expands and cools off. The
DM productions drops rapidly. The amount
of WIMPs freezes out.
Abundance of DM remains constant
(relic density).

Weakly interacting particles (imasses at
weak scale) can reproduce the correct DM
relic abundance.
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