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Introduction



Motivation

e Higgs decays to invisible particles
® [Shrock, Suzuki, 1982]
e Higgs portal models
® [Silveira, Zee, 1985]
® [Burgess, Pospelov, Veldhuis, 2001]
® [Patt, Wilczek, 2006]

® [Englert, Plehn, Zerwas, Zerwas, 2011]
e Dark matter candidates

e Scalar (minimal/extended Higgs sector)
e Fermion (NMSSM) [Butter, Murgia, Plehn, Tait, 2016]
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gluon fusion WBF associated Vh
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Invisible Higgs decays

[Higgs productionj

gluon fusion @BF [associated Vh]

mono-X 2 jets zh | vnh ‘
| searches + MET Z — Ul \V — jj/

strongest channels




Weak boson fusion



WBF signature

EW process: Jets 4+ missing energy
Trigger

o CMS-HIG-16-016:

e 2 jets with Large m separation o pr; > 40 GeV
3

e opposite hemispheres 11 - 1m> < 0O ® mj; > 600 GeV
o ETSS > 140 GeV
e Large MET
e Anj; > 3.5
e no central jet activity e 71 % M2 <0

e outlook for HL-LHC

o ETS > 200 GeVv?
e . ..7

e How dangerous is this?

[Eboli, Zeppenfeld, 2000]

[Bernaciak, Plehn, Schichtel, Tattersall, 2014]
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Tagging jet content



How to suppress QCD backgrounds?

e QCD dominates over EW
processes (LHC)

e central jet veto

[Eboli, Zeppenfeld, 2000]

=» analyze third jet,
veto additional jets

[Bernaciak, Plehn, Schichtel, Tattersall, 2014]

e recall: for QCD background Z
tagging jets can be gluons
=» can we use this to suppress
QCD backgrounds?

[AB, Keilbach, Moutafis, Plehn, Thompson, 2017]




Quark gluon discrimination
QCD backgrounds more Likely to have hard gluon jets
e wider angle soft emissions
e more splittings in parton evolution
Variables for quark gluon discrimination

® TMppr. number of particle flow (PF) objects (Delphes)

[ ]
> prejet PT.PFARPFE jet
WprF =
2 pFejet PT,PF
® 0.2
_ Yiprger PTaPTs (ARy)™
(ZipF pT,i)z
[ ]

2
\/ EPFEJet pT,PF

prD =
> PFejet PT.PF

[ATLAS-CONF-2016-034, CMS-PAS-JME-13-002]

Theoretically not well defined




Parton content in WBF
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preselection: pT,; > 40 GeV, mj; > 600 GeV, Anj; > 3.5, NLep = 0, pT (V) > 80 GeV



Parton content in WBF
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Parton content in WBF
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preselection: pT,; > 40 GeV, mj; > 600 GeV, Anj; > 3.5, NLep = 0, pT (V) > 80 GeV



Parton content in WBF
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Expect best discrimination power for second jet.

preselection: pT,; > 40 GeV, mj; > 600 GeV, Anj; > 3.5, NLep = 0, pT (V) > 80 GeV



Quark gluon discrimination - distributions
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preselection: pr,5 > 40 GeV, mj; > 600 GeV, E7m_iSS > 140 GeV, Anjj > 3.5, NLep =0




Quark gluon discrimination - distributions

CMS preselection, second jet dashed CMS preselection, second jet dashed CMS preselection, second jet dashed
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Quark gluon discrimination variables are pr dependent

preselection: pr; > 40 GeV, mj; > 600 GeV, EFT”‘SS > 140 GeV, Anjj > 3.5, Niep =0




Quark gluon discrimination - distributions
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Third jet gives

best separation (here: pr > 20 GeV)

preselection: pr,5; > 40 GeV, mj; > 600 GeV, EFT”‘SS > 140 GeV, Anjj > 3.5, Niep =0




BDT analysis



Boosted decision tree analysis - TMVA
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Boosted decision tree analysis - TMVA
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Boosted decision tree analysis - TMVA
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Boosted decision tree analysis - TMVA

9103%““
ﬁ A jet-level j1-j3 + subjet-level j1-j3 ]
= ]
[} 4
—
2102
S 10°E 3
] c Bl
o E ]
® L ]
E . 4
[ L 4
g
£
10 3
L jet-level j1,j2 + subjet-level j1, NN
)
v oo b b b N
02 o s os T

éignal eff
Set Variables
Jjet-level 71, 72 PT.51 PT.ap ANy5 Abs M5 B Ddjy g Dby iy
subjet-level 71, 72 NPF,j1 MPF 55 le Cjz pTDjl pTDJQ

J3 angular information  AnNj; 53 ANjp .53 Adjq 53 Adjs 53
jet-level 71-73 jet-level 71, J2 + 73 angular information + D755

subjet-Level j71-73 subjet-level 71, 72+ 7pFj3 Ci3 DT D55
preselection:

P75 > 40GeV, mj; > 600 GeV, EMSS > 140 GeV, Any; > 3.5, Niep = 0, P73 > 20 GeV

10




Boosted decision tree analysis - TMVA
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Associated Zh production



Zh production - signature

e boosted SFOS Lleptons my ~ m> +

missing energy , - \’
e event generation with Sherpa + Delphes ‘f > x\:
< BDT |- e/
e 7+ jets not taken into account \\ //

(irrelevant at high MET)

Goal: Compare Zh reach with WBF reach for invisible Higgs
searches for different WBF triggers

11




WBF and Zh reach - triggering
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default: pr; > 40 GeV, my; > 600 GeV, ET'S > 140 GeV
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WBF and Zh reach - triggering
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WBF and Zh reach - triggering
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Deep Learning for quark gluon

discrimination

Nicholas Kiefer, Jennie Thompson, Tilman Plehn



Quark gluon discrimination - deep Learning (1)

Motivation

e discrimination variables Like npr theoretically not well defined
(infrared safety)

=» use 4-momenta of jet constituents

e use LolLa architecture developed for DeepTopLolLa tagger

[Butter, Kasieczka, Plehn, Russell]
e tested on pure quarks/gluon samples

e application of mono-jet searches planned

13



Quark gluon discrimination - deep Learning (2)

Combination Layer (CoLa) acts on 4-momenta k,; of the jet
constituents

1 1 0 -+ 0 Cing2 -+ Cim
-~ 1 0 1 .G RN &
kus 28 %y, = kus Ci;  with C = O 2N+2 2M
. . . - 0 .
1 0 0 -+ 1 Cnn+2 -+ Cwnwm

Pass ColLa output to a Lorentz Layer (LoLa)
m2(k;)
DT(EJ)

D7 (Kj) AR jet

EJ LoLa /22_7 — “©
wjm( )E(k:m)
da) 42
Wi d.]m

ET(EJ)ET(EW)(ARJm)Oz
added for quark gluon discrimination

train deep neural network on GPUs

14




Quark gluon discrimination - deep Learning (3)

Network trained and tested on pure quark/gluon samples
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e LolLa performs better than standard BDT analysis

e Loss of performance when Delphes is included
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Conclusions



Conclusions

WBF
e Backgrounds: different behavior for Njets
e Useful quark gluon discrimination variables: npg, C
e Third jet best for quark gluon discrimination p+ > 10 GeV

e However, no Large improvement by QG variables when full

information of additional jets is present (overconstrained)

o WBF will still provide strongest constraints after trigger

update

e future: LolLa approach has improved sensitivity

16
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Tool chain

—

SHERPA DELPHES
event detector
generator simulator

L

Root
cut-and-count|
analysis

TMVA
multivariate
analysis
with BDT

=

evaluation
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BDT settings

Use TMVA with

70 trees

3 layers

nCuts = 20

minimum node size 5%

preselection
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WBF distributions

Sherpa 4+ Delphes,
merged sample (2 4+ 3) jets

no cut, QCD dashed
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WBF distributions

Sherpa 4+ Delphes,

merged sample (2 4+ 3) jets

no cut, QCD dashed
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WBF

Sherpa 4+ Delphes,

distributions

merged sample (2 4+ 3) jets

no cut, QCD dashed

Normalized distribution
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WBF distributions - Njets

merged sample (2 + 3) jets
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Normalized distribution
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WBF distributions - Njets
merged sample (2 + 3) jets
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W and Z backgrounds different for Njets distribution

e W background has more 3-jet events




WBF distributions - Njets
merged sample (2 + 3) jets
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W and Z backgrounds different for Njets distribution
e W background has more 3-jet events
e W background contains single-top events
(mj; > 200 GeV: 30% 2jet, 50% 3jet; preselection: 5%, 12%)

preselection: pT 5 > 40 GeV, mj; > 600 GeV, Anj; > 3.5, p7(V) > 80 GeV
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WBF distributions - Njets
merged sample (2 + 3) jets
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W and Z backgrounds different for Njets distribution
e W background has more 3-jet events
e W background contains single-top events

(mj; > 200 GeV: 30% 2jet, 50% 3jet; preselection: 5%, 12%)
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WBF - dependence on jet cone size

Simulated process: h + 2/3 jets merged (Sherpa, parton shower)

variation of jet cone size in Delphes
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WBF - dependence on jet cone size (2)

without CJV (dashed = 2jet, solid = 3jet, dotted=4jet) without CJV (dashed = 2jet, solid = 3jet, dotted=4jet)
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preselection: pT,; > 40 GeV, mj; > 600 GeV, Anj; > 3.5, NLep = 0, p7(V) > 80 GeV
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WBF - dependence on jet cone size (2)

without CJV (dashed = 2jet, solid = 3jet, dotted=4jet) without CJV (dashed = 2jet, solid = 3jet, dotted=4jet)
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similar results in fixed-order calculation [rauch, Zeppenfeld, 2017]




Dependence on jet cone size - hZ, Z — | |
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Dependence on jet cone size - hZ, Z — | |
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Dependence on jet cone size - hZ, Z — | |
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Zh production - backgrounds

zZZ

ww
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Zh production - backgrounds

zZZ wz ww

tt Z+jets
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