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Jet Substructure and
Related Searches
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Why Jet Substructure!?

® When the masses of new particles get higher
and higher, their decay products also get more
and more boosted

p Decay products can be W, Z, top, or Higgs

® The decay products of boosted particles tend
to be collimated and reconstructed as one
merged object in the detector

p We have to use new techniques to reconstruct
these merged objects and study the inner
structure
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Jet Reconstruction Efficiency

R=0.5 R=0.8 R=1.5 | R=0.087

W 320GeV | 200 GeV | 110 GeV | 1.8 TeV

Higgs | 500 GeV | 312 GeV | 170 GeV | 2.8 TeV

Top 688 GeV | 430 GeV | 230 GeV | 4 TeV
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https://link.springer.com/article/10.1007%2FJHEP12%282014%29017

Jet Reconstruction Efficiency
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Boosted Topology

Unmerged RPV

hadronic top gluino =+ 3
quarks

Partially merged
hadronic top
(W jet + b jet)

SUSY . %

Fully merged
hadronic top jet SUSY
Accidental
Substructure

Leptonic top with non-
isolated lepton

Jet Substructure HATS@LPC - June 18-19 2014



But ...

i Top Jet
Separating Typical Jet .

QCD and
boosted
objects is
tough!

Calorimeter
energy deposit
pattern:

Circle = position of particle within the detector
Circle area = energy of particle



But ...

Larger radius jets are more likely to contain
noise, such as pileups




* Pileup

— Additional pp collisions in the same or adjacent bunch
Crossings

CMS Average Pileup, pp, 2012, Vs = 8 TeV
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* Pileup
— Additional pp collisions in the same or adjacent bunch
Crossings

CMS Average Pileup, pp, 2015, Vs = 13 TeV
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* Pileup
— Additional pp collisions in the same or adjacent bunch
Crossings

CMS Average Pileup, pp, 2016, Vs = 13 TeV
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* Pileup
— Additional pp collisions in the same or adjacent bunch
Crossings

CMS Average Pileup, pp, 2017, Vs = 13 TeV
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* Pileup
— Additional pp collisions in the same or adjacent bunch
Crossings
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Jet Mass

Jet mass is the main observable for discriminating between
heavy object decaying with substructure (W/Z/top/etc.)
and a QCD jet (quark or gluon)

Experimentally, it is the four-vector sum of all the jet constituents.

For PF jets, simply the four-vector sum of PF Candidates

For Calo jets, the four-vectors are determined by the cluster n, ¢, E, and
mass (assumed to be pion mass)

|10



QCD Jet Mass

Jet mass is a perturbative quantity,
at LO the jet mass is the parton mass ~ 0.

s 5

(M?) =~ C- —pi R’
s

Jet mass is proportional to R, pT
C is a form factor related to originating parton and clustering
algorithm. For non-cone algorithms:

quarks: 0.16

2 ~/
(M) =~ gluons: 0.37

} X ovgp; R

Eur. Phys.|.C 67,637
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Run-1 Jet Grooming

Jet grooming methods are used to clean the jet
of soft QCD and PU contributions

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

. <R default:
filtering _— Fee = 0.3
Nfile = 3
cluster with
<R
. . default:
trimming — ree = 0.2
| o
PTfrac = 0.03
veto soft or
. recarmbimatons = default:
pruning

e - g~ 0 | —
min(pT.pT;)/pTi; < Zew - [5) : —
or ds > reex2m/pT rcut - 0.5

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



Run-2 Jet Grooming

mMDT / Soft Drop is a widely used substructure technique

[Dasgupta, Fregoso, Marzani, Salam JHEP 1309 (2013) 029]
[Larkoski, Marzani, Soyez, Thaler JHEP 1405 (2014) 146]

1. Undo last stage of CA clustering tree

1 Soft Soft-Collinear
and label two subjets 7, j2 of jet J. ]:z I oy /
) 8>
2. If &
of‘“?"
/ = Collinear

then j is the soft-dropped jet. e o B =0
3. Otherwise define j to be the harder \\\/1<() R

subjet and iterate. "0

» For p =0, drops soft radiation entirely.
» Provides handle on UE and PU, identifying hard substructure.

13 talk by Frédéric Dreyer



Subjets
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Final jet
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Jet Declustering
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Final jet 2 subjets 3 subjets



Comparison of Performance for QCD Jets

CMS,L=5fb"at Vs=7TeV, AK7 Dlje'[S
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https://link.springer.com/article/10.1007%2FJHEP05%282013%29090

Pruned Mass from QCD and W-Jets

W+jet 8 TeV
CMS
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Mass Distribution of Pruned Jets

Simulation
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Mass Distribution of Pruned Jets

L2+L3 corrected pruned mass<30 GeV
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Mass Distributions of Soft-dropped |ets

subjet b-tagging applied
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Mass Distributions of Soft-dropped |ets

subjet b-tagging applied
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Mass Distributions of Soft-dropped |ets

subjet b-tagging applied
- —— AK8p=0,z=0.1

044 ANGPENEE _______________ T
i —CA15B1ZO15§ -

o AK862337452015 _______________ B

S CA15B Oz o1

0.10}
0.08}

0.06}

0.04f

0.02kL

-0 20 40 60 80 100 120 140 16T9 180 200
eacorr [Gev

SDDUPD

10



N-subjettiness

1 .
™ =4 > premin{ARy ARy, -+, ARy x}
k

generalizing subjets...
N-subjettiness:a measure
of how consistent a jet is
with having N subjets, Tn

k, sum over particles in the jet
N subjet axes for computing TN

do = ZPTJ;R()
k

Ratios of Tn are traditionally
used for discriminating signal
from background

5.5}

4.51

Boosted Top Jet, R=0.8
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Performance Compared with Other Variables

W+jet 8 TeV
[
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Subjet b-tagging for Higgs Jets

Y Scale
LHC beams : ~1mm |
orthogonal
to the screen Tracks ‘fYDM
> B-hadrow decay
X

oxy~20ym )/
0z~ 20-100 pm Y4 Secondary vertex

Primarg Interaction Vvertex ¥

mpact Parameter [gg : 18?1%? .

Other tracks in the event Caterina Vernieri (Boost 2015)
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Subjet b-tagging for Higgs Jets

A

I e | sub-jets

LHC beams 'ﬁ' ‘.‘ J

orthogonal

to the screen Tracks from “

X B-hadvron decay Defines sub-jets
I b-tagging observables for each sub-jet
Tracks from b-quark
hadronization

Oxy ~ 20 um
Oz~ 20-100 pm

Privaa ry Interaction Vvertex

7 |

Other tracks in the event Caterina Vernieri (Boost 2015)

21

dxy ~ 100 pm

| oxy ~ 10-100 pm

mpac‘c Parameter [




Subjet b-tagging for Higgs Jets

AKS8 subjet and AK4 b-tagging: |
efficiency 83% with a mis-tag rate 10% |
(loose working point)

efficiency 69% with a mis-tag rate of 1%

(medium working point)

A

/ ey | sub-jets
LHC beams ~1mm ‘; ]
orthogonal
to the screen Tracks from

> B-hadrow decay

Defines sub-jets
, b-tagging observables for each sub-jet

X

hadronization
oxy~20um )/ e
0z~ 20-100 pm 4 Secondary vertex
Primarg Interaction vertex dxy ~ 100 pm
/ oxy ~ 10-100 pm

Other tracks in the event Caterina Vernieri (Boost 2015)
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Observations

R (x 10001y)

Coma Cluster
0.5-2.0 keV

5

Dark Matter Ring in Galaxy Cluster Cl 0024+17 (ZwCl 0024+1652)
Hubble Space Telescope «+ ACS/WFC

NASA, ESA, and M.J. Jee (Johns Hopkins University) STScl-PRCO7-17a




Radiation:
0.005%

Chemical Elements:
(other than H & He) 0.025%

Neutrinos:
0.17%
Stars:

- 0.8%

If | had been present at creation, | would have suggested a

simpler scheme. - Alfonse the Wise
I N & Me

Cold Dark Matter:
(CDM) 25%

Dark Energy :
(A) 70%

+ inflationary perturbations
+ baryol/lepto genesis

Rocky Kolb
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Complementarity of Dark Matter Searches

e Evidence of dark matter well established from astrophysical observations

® The exact nature of DM is still unknown

Dark Matter Searches

(arXiv:1305.1605)
Dark Matter
268% = (—— = S
\Ordipary Matter . 1€ .@gf f
Dark Energy 497 ;ﬂ Sﬂ O
638.3% :

(
(
d C

F‘? (.ﬂ :?
' ¢ I
‘ O ‘ ;
( -
: -

Matter/Energy Today ~ 2. & . 2 & ~
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Complementarity of Dark Matter Searches

e Evidence of dark matter well established from astrophysical observations

® The exact nature of DM is still unknown

Dark Matter arXiv:1305.1605

Leptons
electrons, muons,
taus, neutrinos

Photons, Other dark
W, Z, h bosons particles

Nuclear Matter
quarks, gluons

DM DM

, DM DM , DM SM _ SM DM '
Direct Indirect Particle Astrophysical
Detection Detection Colliders Probes

SM SM DM SM SM DM DM DM

Shin-Shan Eiko Yu 24



Dark Matter Searches at Colliders

e | HC provides a prime laboratory for production of DM

® (Can probe a wide range of DM/SM interaction types

1 GeV~1 TeV
€
Collider Reach mpi
~ 10720 eV« — | > ~ 100Mg
~ 100 eV ~ 1017 GeV
TMPDM

Shin-Shan Eiko Yu 25



What Is Dark Matter at Colliders?

e Neutral, weakly-interactive, massive, and stable on the distance-scales of tens
of meters

e Dark matter appears as missing transverse momentum in collider detectors

=5
~ || B
CMS experiment at LHC, CERN
Data recorded: Mon Sep 28 03:40:40 2015 CEST ===cecoeee—i
C Run/Event: 257645/597084610 - § e e i
At . ==EEE SEEEE
— E;"°°=425 GeV & i
Missing
Ao &
N transverse momentum &
1.___-».._.__ R F m
subjet1 7 ' ™M |+
pr =132 GeV —
n =0.35 subjet2 =
¢ =-1.88 pr = 356 GeV ~& | _
n =-0.21 o \\\\\\
AKS jet ¢ =-1.63 r .gg. ey e, %%
pT=486 GeV - € éé N §§
n =0.06 55 /;5 g
(I) =-1.70 ;é% @ .
o | 22522 ~

e Cha
= = = - Neu

Key:

Shin-Shan Eiko Yu 26



Search Approaches at Colliders

e Dark matter produced directly e Dark matter in cascade decays

® Pair production of DMs e SUSY WIMPs, with R-parity
conservation, 2 LSPs in final state
® Mono-X signature where X=j, y, W, Z,
h, bb, tt, t e NLSPs, LSPs, gluinos, or stops with
long life time—displaced vertex,
disappearing tracks, heavy stable

e Search for mediators charged particle (HSCP)
® via dijet, dilepton, or Higgs R (_1)2s+3B+L » ~ bW
/t// >~<:|: )2?
{+1 SM } e F
— tN = . 5(?
—1 SUSY p t 1%%4
b
SeesccammsstmGTT

Shin-Shan Eiko Yu 27



Evolution of Models for Direct DM Production

Effective Field Theory

“ 8,8, 8,8, O
> > > 14 ~ O
0 -M M M
88, 1
_ Mz o Mz
g M

e mpm, M+, underlying coupling type,
DM types

¢ Valid when Qu? « M?

Shin-Shan Eiko Yu 28




Evolution of Models for Direct DM Production

Effective Field Theory Simplified Model
X
q X “
Mediator
X
g X “
q q
e mpm, M+, underlying coupling type,
DM types Mediator
e Valid when Qu2 « M? ST

q
Shin-Shan Eiko Yu 28 q



LHC Dark Matter Forum and Working Group

. » arXiv.org > hep-ex > arXiv:1507.00966 a I’XIV 1 50 7 : 00966
e SUSY simplified models to search = i creray ehysics - experimen S —

for DMS in CaSCade deCayS are Dark Matter Benchmark Models for Early LHC Run-2 Searches: Report of the ATLAS/CMS

Dark Matter Forum

Sta n d a rd ized aI read y at Ru n I Daniel Abercrombie, Nural Akchurin, Ece Akilli, Juan Alcaraz Maestre, Brandon Allen, Barbara Alvarez Gonzalez, Jeremy Andrea, Alexandre Arbey

Ceorges Azuelos, Patrizia Azzi, Mihailo Backovi¢, Yang Bai, Swagato Banerjee, James Beacham, Alexander Belyaev, Antonio Boveia, Amelia Jean
Brennan, Oliver Buchmueller, Matthew R. Buckley, Giorgio Busoni, Michael Buttignol, Giacomo Cacciapaglia, Regina Caputo, Linda Carpenter, Nur
Filipe Castro, Guillelmo Gomez Ceballos, Yangyang Cheng, John Paul Chou, Arely Cortes Gonzalez, Chris Cowden, Francesco D'Eramo, Annapaol

e Starting from Run II, simplified o e oo o e .o . o PP o . 1 s s oo
models for direct DM searches are
standardized and discussed in th
LHC DM forum and workin

GitLab

1603.041

1703.05

arXiv.org > hep-ex > arXiv:1603.04156

arXiv:1603.04156

Recommendations on presenting LHC searches for missing transverse energy signals using
simplified s-channel models of dark matter

High Energy Physics - Experiment

io Boveia, Oliver Buchmueller, Giorgio Busoni, Francesco D'Eramo, Albert De Roeck, Andrea De Simone, Caterina Doglioni, Matthew J. Dolan,
Mafie-Helene Genest, Kristian Hahn, Ulrich Haisch, Philip C. Harris, Jan Heisig, Valerio Ippolito, Felix Kahlhoefer, Valentin V. Khoze, Suchita Kulka!
eg Landsberg, Steven Lowette, Sarah Malik, Michelangelo Mangano, Christopher McCabe, Stephen Mrenna, Priscilla Pani, Tristan du Pree, Anton
Riotto, David Salek, Kai Schmidt-Hoberg, William Shepherd, Tim M.P. Tait, Lian-Tao Wang, Steven Worm, Kathryn Zurek

® Consensus of simplified models for
MET signatures

arXiv.org > hep-ex > arXiv:1703.05703 X - 1 7 O 3 O 5 7 O 3 Search or Ar
a r IV n L (Help | Advanced

® (Guidelines for the comparison of

LHC and non-LHC DM search Recommendations of the LHC Dark Matter Working Group: Comparing LHC searches for
reSUItS heavy mediators of dark matter production in visible and invisible decay channels

High Energy Physics - Experiment

dreas Albert, Mihailo Backovic, Antonio Boveia, Oliver Buchmueller, Giorgio Busoni, Albert De Roeck, Caterina Doglioni, Tristan DuPree, Malcolm
Fairbairn, Marie-Helene Genest, Stefania Gori, Giuliano Gustavino, Kristian Hahn, Ulrich Haisch, Philip C. Harris, Dan Hayden, Valerio Ippolito,
Isabelle John, Felix Kahlhoefer, Suchita Kulkarni, Greg Landsberg, Steven Lowette, Kentarou Mawatari, Antonio Riotto, William Shepherd, Tim M.P.
Tait, Emma Tolley, Patrick Tunney, Bryan Zaldivar, Markus Zinser

® (Guidelines for the comparison of

direct DM searches and visible . y :
med|ator Searches arXiv.org > hep-ph > arXiv: | arXIV. 1 705.04664

High Energy Physics - Phenomenology

Precise predictions for V+jets dark matter backgrounds

® Prediction of major background

J. M. Lindert, S.Pozzorini, R. Boughezal, J. M. Campbell, A. Denner, S. Dittmaier, A. Gehrmann-De Ridder, T. Gehrmann, N. Glover,
Kallweit, P. Maierhéfer, M.L. Mangano, T.A. Morgan, A. Miick, F. Petriello, G.P. Salam, M. Schénherr, C. Williams
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Simplified Models for Direct DM Production

Features of Mediators

Charge Q Qmed = 0 for s-channel

Mass m unknown
Dark sector H v,Z,Z’
bosons similar to [1609.09079]
scalar 1 vector yH
~telizE SileL G pseudosc. ys| axial v. ytys
Coupling “g” o« mass « charge
Consequences BEUPERNE Qb = Qq

Tae Min Hong, LHCP 2017
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® Mediator has minimal decay
width

e Minimal flavor violation

® Minimal set of parameters

® coupling structure, Mmvep, Mpwm, gswm
(Jq), DM

q mpm X

MwmED
Mediator
(Ja) gou

q Mbm X



DM Searches with
Missing Transverse
Momentum Signatures



Mono-X Diagrams of Direct DM Production

X
Y
-
Z
q/‘/“"“""’”<:i o
Mono-jet Mono-Z(leptonic) Mono-W/Z(hadronic)
] , g t (b)
2
' x
A (
] 7 g t (b)
Mono-photon Mono-h (bb, yy) Mono-tt/bb

Mono-top
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Challenges of Missing Transverse Momentum

_ CMS-PAS-JME-16-004 129 fb™" (13 TeV, 2016)
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. m Lo .
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e Noise in ECAL or HCAL S ? Y e
ﬁj 10

IIIIII| ] IIIIIII| ] IIIIIII[&X
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EMsS [GeV]

Raman Khurana Ching-Wei Chen
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https://cds.cern.ch/record/2205284?ln=en

Mono-X Searches in Hadronic Final State

Mono-tt/bb

Mono-top

R=1.5
Shin-Shan Eiko Yu



Mono-X Searches in Hadronic Final State

e Rely on MET triggers (offline MET cut =200 GeV)

® Major background from Z(—vv)+jets, W(—>1v)
+jets

Shin-Shan Eiko Yu 35


https://arxiv.org/abs/1705.04664

Estimation of W+Jets and Z+Jets Background

q -
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Estimation of W+Jets and Z+Jets Background

Vv

Z
q -
\'/

_'0
! 000"
If we remove the muons from a Z— JJu event,
it mimics a Z—vv event

\‘“"‘\\\ Take out muons

Jet ';.»z";f(:’; . puon > ';.-/.."';'“b'*;:* /
/\ N\ 7 / N\ 7

Shin-Shan Eiko Yu 36



Estimation of W+Jets and Z+Jets Background

7 Vv

q -

q

Z ! ; Y w < |
q - > q >
I '/
Y ! Y
(7 - (7 - (7 2
Same pT spectra as Z—w Similar pT spectra as Z—w Similar pT spectra as Z—=w
but... statistically limited Statistically rich! Statistically ~ Z (w)
Z—uu branching ratio ~3% but... but...
Z—w branching ratio 20% large theory uncertainties large theory uncertainties
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Mono-X Searches in Hadronic Final State

e Rely on MET triggers (offline MET cut =200 GeV)

® Major background from Z(—vv)+jets, W(—>1v)
+jets

e Estimated from a binned likelihood fit to five control
samples: Z(—ee), Z(—uM), ¥, W(—ev), W(—pv) +
jets data, transfer factors from MC reweighed with
NLO QCD and nNLO EWK, uncertainty studied
following 1705.04664

e 3 QCD uncertainties: scale variation, shape with pr
dependence, difference between K-factors

e 3 EWK uncertainties: missing NNLO effects,
difference between NNL Sudakov approx. and NLO
EWK, unknown Sudakov logs
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https://arxiv.org/abs/1705.04664

Estimation of Z+Jets and W+Jets Background
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® /(—vv)+jets constrained from Z(—ee), Z(—puu), and y+jets
o \W(—#)+jets constrained from W(—ev), W(—pv)
o \W+jets/Z+jets cross section ratios constrained with theory input
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-048

Ratio W(In)/y
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Improvement of Uncertainty on Transfer Factors

e Uncertainties on the ratios reduced by at least a factor of 3-4
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Ratio W(In)/y

Data / Pred.

Improvement of Uncertainty on Transfer Factors

e Uncertainties on the ratios reduced by at least a factor of 3-4
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Mono-X Searches in Hadronic Final State

e Rely on MET triggers (offline MET cut =200 GeV) 35.9 b (13 TeV)
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O F —¢— Daa ]
® M ' r b k d f Z +' t W ;r (\D 105'2_ CMS H(125) — inv. E
_aJO aC groun rom (_)VV) Je S’ ( v) _.(L) f monojet = = = Axial-vector, mmed=2.0 TeV E
+JetS GCJ 104 B zvv)+jets _;'
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I 103EE8 0 memmeeeeeee
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- Top quark ]
] zy(n), y+ets E
[ Jacop : ]

e Estimated from a binned likelihood fit to five control 102
samples: Z(—ee), Z(—py), Y, W(—ev), W(—pv) +
jets data, transfer factors from MC reweighed with

NLO QCD and nNLO EWK, uncertainty studied 1
following 1705.04664 10~
10% [ |
¢ 3 QCD uncertainties: scale variation, shape with pr b ' LRI & j ol
dependence, difference between K-factors OQW"“ %:%
08 ] ] | ] ] ] ] ] I I ] ] ] ]
I I | I I I I I

e 3 EWK uncertainties: missing NNLO effects,
difference between NNL Sudakov approx. and NLO
EWK, unknown Sudakov logs
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https://arxiv.org/abs/1705.04664

Mono-X Searches in Hadronic Final State

e Rely on MET triggers (offline MET cut =200 GeV)

35.9 fb' (13 TeV)

% : | | I I I | I I I E
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® Major background from Z(—vv)+jets, W(—»Iv) ~ 210'F VS 4129 v
. wn C - - = = Axial-vector, m _ =2.0TeV ]
+jetS CICJ 10%E B z(vv)+ets =

= F ] wiv)+ets :

L 102 ] wwwzizz ]

e Estimated from a binned likelihood fit to five control ? B 7o quark :

] zivy, y+jets

samples: Z(—ee), Z(—uM), ¥, W(—ev), W(—pv) + 10 ] aco

jets data, transfer factors from MC reweighed with
NLO QCD and nNLO EWK, uncertainty studied
following 1705.04664

e 3 QCD uncertainties: scale variation, shape with pr

dependence, difference between K-factors <
e 3 EWK uncertainties: missing NNLO effects, ¢
difference between NNL Sudakov approx. and NLO & I IR ST AU NR RT N
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Mono-X Searches in Non-Hadronic Final States

Mono-h (yy)

Mono-photon
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Mono-X Searches in Non-Hadronic F

® Rely on lepton or photon triggers, can probe
models with lower MET

® Mono-Z (ll), mono-photon:

® Major background is W/Z+X where X=Z or v,
estimated from a binned likelihood fit of MET in
the control regions (by reverting the lepton-veto)

® Transfer factor derived from simulation with
NNLO QCD and NLO EWK corrections

® Mono-h (yy)

® Fit to the my, spectra in data, background
iIncludes resonant and non-resonant contribution
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Searches for Visible
Mediator Decays



Visible Mediator Searches
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® high-pt/Hr trigger for large-Mjj, ISR y/jet tag
or data with only trigger-level objects (data
scouting) for small-Mjj
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-16-056/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-001

Dijet Angular Distributions CMS-PAS-EXO-16-046

e Sensitive to wide mediators or non-resonant signature "\ J9 7" al

® Dijet resonance searches exclude gq in the range of 0.07-0.35
depending on Mmep
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http://cds.cern.ch/record/2273455?ln=en

Mono-X With Vector/Axial Mediators

Mono-Z(leptonic) Mono-W/Z(hadronic)
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Collider Results Only
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If We Use Different Parameter Values

Discussion in the

CMS Preliminary arXiv:1703.05703 LHCP 2017
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Collider v.s. Non-Collider Experiments (Sl)
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Collider v.s. Non-Collider Experiments (Sl)
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Collider v.s. Non-Collider Experiments (Sl)
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10 10°
Dark matter mass m,, [GeV]

Upper bound limited
by mediator mass
(collider energy)

50

CMS observed exclusion 90% CL
Vector med., Dirac DM; g - 0.25, g o= 1.0

Boosted dijet (35.9 fb™)
[EXO-17-001]

Dijet (35.9 fb™)
[EXO-16-056]

DM +j/V__ (35.9 fb™)
[EXO-16-048]

DM + v (12.9fb™
[EXO-16-039]

DM +Z, (35.9 fb™)
[EXO-16-052]

DD observed exclusion 90% CL
CRESST-II
[arXiv:1509.01515]

CDMSlite
[arXiv:1509.02448]

PandaX-ll
[arXiv:1607.07400]

LUX
[arXiv:1608.07648]

_ XENONIT
[arXiv:1705.06655]
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Collider v.s. Non-Collider Experiments (SD)

2 4 2
. T .
O.gl);lal ~ 2.4 % 10—42 c11,12 gquM 1 eV l‘t Y
0.25 M_., 1 GeV
CMS Preliminary

CMS observed exclusion 90% CL
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-37 . -1
10 Boosted dijet (35.9 fb™)
S [EXO-17-001]
IS _38
a 10 Dijet (35.9 fb™)
As [EXO-16-056]
nAa
© 107 DM + /V__ (35.9 fb)

DM +Z,, (35.9 fb™)

ha 8. /4 [EXO-16-048]
40 A
10 \ S\ DM + y (12.9 o)
’ [EXO-16-039]
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[arXiv:1702.07666]
Super-K (bb)

\
ﬂ/

1074 & — — = [arXiv:1503.04858]
= gq 025’ gDM 1 = IceCube (bb)

10—45 B ] Lol 1 Lol > ] Lol - I[(a:l;)gztzsztzt)05949]
1 10 10 10 [arXiv:1601.00653]

Dark matter mass m,,, [GeV]

For the model parameters considered here, collider experiments can probe SD cross
sections 2-3 orders of magnitude smaller than the non-collider experiments.
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Mono-X with Scalar/Pseudo-Scalar Mediators

Mono-Z(leptonic) Mono-tt/bb
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Collider Results for Scalar/Pseudo-Scalar

c/ Gtheory

10°

10?

10

107"

e For the mono-V channel, pseudo-scalar/scalar limits
iInclude ggZH diagrams only because VH generators

do not yet include mixing with SM Higgs

e ttbar is the best at low-mass

CMS Preliminary
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EPS 2017
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Reinterpretation of Searches

® Recast for mono-tt, limits better than mono-jet for low-mass scalars

t CMS Preliminary 35.9 fb' (13 TeV)
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-17-001/index.html

Searches for Mono-h at
CMS (arXiv:1703.05236)


http://arxiv.org/abs/1703.05236

Why Mono-Higgs?

e DM searches at LHC have been
performed with various mono-X +
missing Et signatures (where X=W,
Z, jet, ory).

e Here, X could be emitted directly
from a quark as ISR or as part of
new effective vertex coupling of
DM to SM

e Unlike W, Z, jet, ory, Higgs ISR is
highly suppressed—mono-Higgs
signal could probe directly the
structure of the effective DM-SM
coupling

4,9

4,9
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Mono-Higgs Models on the Market

arXiv:1312.2592
axXiv:1402.7074

hidden sector X

e [ffective Field Theory: DM
couples directly to Higgs via n-
dimensional operator, valid at / ns b6/
energies below cutoff scale A.

¢ Z°-2HDM 1 \ (4 scalar # )

' X \ X
6 EFTs AO\( " \y/
o Sim_plified Models: New massive 7 o X ] o p
particle mediates Higgs-DM
interaction, including baryonic Z', (g o8 N
Z’ from hidden sector, pseudo 7 el
scalar A° from 2HDM, and scalar __’_’f(' ’
mediator t h, S, o\ a X - X
T
\g () X & (© X y
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https://arxiv.org/abs/1312.2592
https://arxiv.org/abs/1402.7074

Events/20 GeV

Our Benchmark Model: Z'-2HDM
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Mwmep=1TeV
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Model Parameters We Considered

C )
z/ .",
e Higgs sector: Type-ll 2HDM with ®, and dq o ( X
® Gauge sector: extended by a U(1)z’ group
\q (b) X )

e mDM: mass of dark matter particles, mDM=< 100 GeV

® mA: mass of the pseudo-scalar boson A, 300 < mA < 800 GeV
e mZp: mass of Z', 600 < mZp < 2500 GeV

e gDM: coupling of A with DM particles, gDM=1

e gZ': coupling of Z', gZ'=0.8

e tanf3: ratio of the vacuum expectation values, tan3="1
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Generator-Level Kinematic Distributions
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Generator-Level Kinematic Distributions

e MET distributions have little dependence on model parameters

genMET_true
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o
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o
o
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CMS Data Used in This Analysis

CMS Integrated Luminosity, pp, 2015, Vs = 13 TeV

Data included from 2015-06-03 08:41 to 2015-11-03 06:25 UTC
. . —4.5

—',A B LHC Delivered: 4.22 fb '
—28 2

g ] CMS Recorded: 3.81 ! |l barn=10" m 4.0
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o
c 3.0}
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Why H—bb And H—yy?

e H—-bb

WW

e \Wide mass peak (10%), with highest
branching ratio (58%)

LHC HIGGS XS WG 2013

N
N

® |n general, this decay dominates the
search sensitivity

Higgs BR + Total Uncert

* H—vyy

e Narrow mass peak (1-2% mass
resolution), but lower branching ratio

(0.2%)

e Not limited by the MET trigger, can 1080 " T00 720 146" 760 180200
probe models which predict lower M, [GeV]
MET
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H—bb

“‘
W 7 — /|
< — \\
4 J - ., M
\ ¥ S \
X 7
v' 4
- < N\ v
T T §
| v
0 ‘_:f N
R N
B W
/mwf‘\ ‘g& }

e de Gruttola

H—YYy

B =

Livia Soffiw Margaret Zientek Peter Wittich
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Mono H—Dbb: Resolved and Boosted Jets

e QOur average Higgs pT spans from 120 GeV to 1200 GeV
e Two different jet cone sizes are used: 0.4 (AK4) and 0.8 (AK3)

Ny~

Anti-K, AR=04 — AR=0.8
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Combining the Two Decay Channels

e 600 (770) <mZ <1860 (2040) GeV excluded for g»=0.8 (formula)

2. 3 fb 13 TeV
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Combining the Two Decay Channels

Resolved

Boosted

2.3 (13 TeV)
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231" (13 TeV)

Z'— DM+h(yy) 986.6 225.1 208.4 292.0 516.7 2554
(617.6) (238.7) (220.0) (310.0) (549.5) (2689)

m, [GeV]

232.0 479.3 2406
(246.3) (505.0) (2543)

187.9 439.2 2309
(199.9) (467.4) (2442)

405.1 2151
(428.4) (2281)

340.2 1941
(358.6) (1968)

182.5 979.3
(193.0) (1034)
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Expanding the Mass Of A
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