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In this talk...

A beyond-Standard-Model search for
additional Higgs bosons:

e Inspired by the next-to-minimal
supersymmetric Standard Model
(NMSSM)

e Majority of background estimation
from data

e Multiclassification using a neural net

e Statistical inference to set upper
exclusion limits on the signal cross
section x BR
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Why search for BSM physics?

The Standard Model (SM) provides our current best description of fundamental particles
However: SM has experimental and theoretical shortcomings (e.g. Gravitation, Dark
Matter) — search for SM extension or new fundamental theory

Supersymmetric theories:
e Class of SM extensions
e Imposes additional symmetry on SM — new particles

e Canbe parametrised in many ways e.g. the next-to-minimal supersymmetric
Standard Model (NMSSM)
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The NMSSM Higgs Sector (1)

Next-to-minimal realisation of supersymmetry. Extends the SM
Higgs sector with an additional SU(2) doublet + singlet

— NMSSM Higgs Sector contains 7 Higgs boson with rich
phenomenology

SM NMSSM
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The NMSSM Higgs Sector (2)

Next-to-minimal realisation of supersymmetry. Extends the SM
Higgs sector with an additional SU(2) doublet + singlet

— NMSSM Higgs Sector contains 7 Higgs boson with rich
phenomenology

We consider the 3 scalars in this analysis:

e Consider hto have properties of previously discovered
Higgs boson
e h.isconsidered ‘light’ H is considered ‘heavy’

e m(h)and m(H) are free parameters
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Scalars: h, hs, H

Pseudoscalars: A, A

Charged: H*



mailto:felix.heyen@student.kit.edu

H — hh_final states with b quarks and tau leptons (1)

We target final states with a b quark and tau lepton pair (i.e. H — hh_ — bbrr).

e Decaysto b quarks (which hadronise to form b-jets):
o (+) high branching ratio
o (-) less well understood background
e Thert leptons are identified via their decay products (e, y, hadrons) :
o (+)well understood background
o (-) lower branching ratio

Well Sufficiently
understood high bra‘nching
background ratio

/A
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H — hh_final states with b quarks and tau leptons (2)

An analysis targeting H — h(zz)h_(bb)
was published in 2021 by the CMS
collaboration [1]:

e Considered to full CMS Run-2 data
(2016 + 2017 + 2018 data taking
periods)

e Targets 3 most common z-pair
decay modes

[1] https://doi.org/10.1007/JHEP11(2021)057
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H — hh_final states with b quarks and tau leptons (3)

This analysis is a proof of concept to extend [1] with the H — h(bb)hs(m') final state.
A number of simplifications w.r.t original analysis are made:

e Onlyconsider 2018 period
e Only consider 7,7, decay mode

[1] https://doi.org/10.1007/JHEP11(2021)057 T
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Signal Simulation

H — h(bb)h_(z7) / h(zz)h (bb) samples
have been privately produced:
e MadGraph5_ aMC@NLO
e 27 mass combinations with
m(H) = 1000 GeV and
m(h ) =[60, 850] GeV were
produced (on-shell)
e 200,000 events for each mass point
e Productionrequired ~ 100,000 CPU
hours (local resources, NEMO)
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Background Estimation (1)

ThTh
Processes that produce QcD- .
. . , Z (t7) - T-embedding
e Agenuine or fake’ tau lepton - R
pair tt (jet) —- Fe-method
e Agenuine or ‘fake’ b-Jet pair riggs ] Simuation
tt (IT) - Simulation
Most prominent int, 1, channel: wn ] ey
.o . jets - Fe-method
e QCD multijet production wijers
e / —TT Z (1) -I Simulation
1OI% 20|% 3OI% 4OI% 56%
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Background Estimation (2)

ThTh
1. T1-embedding for all events withtwo  oco- Fr-method
genuine tau leptons AtEsly B "9
tt (tT) - T-embedding

2. F_method for events entering the

tt (jet) -- Fe-method
analysis due to misidentified igos N—_—
quark/gluon induced jets t () - Simulation

. . TT) - T-embeddin

3. Monte Carlo (MC) simulationfor """ 1 ’
W+jets -I Fg-method

SM h — 1T events + misc. -
Z (1) -I Simulation
1OI% ZOI% 3OI% 4OI% 5(5%
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Background Estimation: Tau-Embedding

Used to model background processes with

genuine z-pairs:

H 0w

Selecting uu events from data
Remove muon energy deposits
Simulate z-leptons in place of muons
Merge simulation with original event

—

2019 JINST 14 P06032

Z — 77 Simulation

>

s

2

| Z — pup Selection

R

Z — pp Cleaning

Simulate 7 leptons
with same kinematic
properties as muons.

N

Reduced associated uncertainties vs full MC estimation
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Merge simulated and
cleaned event to hybrid.

Remove energy
deposits from muons.

J
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Background Estimation: F_Method

Sideband region: e.g. same sign QCD taus

Used to model jets incorrectly identified as T, Misidenifed
1. Bckgd. processes are selected by process specific o
: .
properties e.g.: D,
o QCD:same sign H*H
. i+ Multivariate 44
© tt- addltlonal |eptons transfer Discriminating Variable
2. Definesideband region enriched in fF”(“p“;f": | Signal Region
i‘FT Tjet™!
misidentified jets R b
Misidentified
3. Calculate multivariate transfer function F. +H++’°“ -

A

— apply to sideband region 4 l\

No MC corrections needed in estimating signal region E———
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Background Estimation: Simulation

Used to estimate a number of minor
backgrounds e.g.:

e SMh—orTT
o /—ee /l—ud
o tt(I)

Events are weighted with a factor

1 e L _:Integrated luminosity
:B — Lint -0 - ® O:process cross section
Nsim e N_ :#ofsim.events
Felix Heyen - felix.heyen@vub.be Inter-University Institute for High Energies, VUB, Brussels
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Kinematic Fit of bb + 7z Mass (1)

h(n)hs(bb) simulation: m(hs) =500 GeV

x? estimate of the mass of the bbzz-system: | _mg
u =904 GeV, o = 188 GeV
— Moo+ oy
e Minimise x*for range of m(h_) hypotheses 0'4_ =864 eV, 0 = 212 GeV
([30 GeV, 3000 GeV)) _ m(H), .= 1000 GeV
e Fit with lowest minimal x? value is chosen
e Output: m(H) estimator, m(hs),)(2 value of fit L
e Improves resolution of the reconstructed |
massm,, i
I ¥ m|
2 2 2 2 00 - _'__E(;O - I10|00I 1__'_l15100l — I2000
A = Xbl = sz + Xrecoil m(H) estimator value (GeV)

CMS Simulation: Work in Progress
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Kinematic Fit of bb + 7z Mass (2)

Fit performed once for each signal final state, outputs of both are saved

h(bb)hs(rc) simulation: m(hs) =500 GeV

CMS Simulation: Workin Progress

3
(]
B u =940 GeV, 0 =176 GeV
correct final state assignment
0.4
B __ u=550GeV, 0 =292 GeV
incorrect final state assignment
0.2
o i .. L L | S 1
0 500 1000 1500 2000
mEInFIt (GeV)
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a.u.

0.6

0.4

0.2

h(bb)hs(m:) simulation: m(hs) =500 GeV

mu=8,o0=12

correct final state assignment

u=350=28
incorrect final state assignment

100
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Event Classification (1)

Multiclass classification based on Neural
Net (NN) with 4 background categories
and 2 signal categories:

e 28 Input features

e NN returns a probability-like score
for each category. The event is
assigned to category with highest
score with value NN

Felix Heyen - felix.heyen@vub.be Inter-University Institute for High Energies, VUB, Brussels

Example input

X Hidden layers
variables

Input nodes Example output
score

Output categories

0.64

A\ //ﬂ\ =

] l
p,(1,) = 61GeV ’vl ‘V 'l/ {\‘V "/’ 009
\ N 7N 7
\4 ‘4
/ml 43 ‘L \ ,«"/
p,(bjet)=160GeV ~—* ‘v’v' / “)vov(. ‘\ ,‘ 0.02
2 A ‘0 “ ¥ Vo
m(H)iFit b = 98 GeV/ ‘é“‘& \ ,‘) /“ ‘\V ‘,‘ ‘\’ 005
SN

'I‘A\

1.65

Xt oo = 009

17


mailto:felix.heyen@student.kit.edu

Event Classification (1)

Multiclass classification based on Neural
Net (NN) with 4 background categories
and 2 signal categories:

Felix Heyen - felix.heyen@vub.be

28 Input features

NN returns a probability-like score
for each category. The event is
assigned to category with highest
score withvalue NN

7 NNs are trained for 7 different
mass groupings

Inter-University Institute for High Energies, VUB, Brussels
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Event Classification (2)

NN features:

e Fully connected feed-forward
network

e 2 hidden layers with 200 nodes

e Minimise the empirical risk function

(balanced batches, N = 600)
log(y?)

N 2

J

Remp == ),/ 1
J=i i=1
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Example input

X Input nodes
variables

Hidden layers

Output categories Example output
score

)

NMSSM _tautaubb 0.64

@ o

RO = -

)" M P

prlbjetl =160GeV  — ‘%6(57 Q\‘Q,O,(:lk “\\ ’\’ ,.' 002
O

m(H)KinFit b = 982 GeV/ (A‘ (.’\ ‘\’

0.05

lo'\ wm\' 'lmw
ﬁ S 5f“

0.09
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Event Classification (3)

Comparison of different m(h ) mass points:

m(H) = 1000 GeV
m(h,) = 120 GeV

m(H) = 1000 GeV
m(h,) = 500 GeV

emb 0.37 0.12 0.17 0.09 0.00 0.01 emb 011 0.22 0.10 0.01 0.01
0.8
tt 0.28 t 0.30 0.11 0.11 0.00 0.00
0.6
a misc] 018 w misc{ 012 0.03
i m o
Cl I o
2 g B
o a =
e LI
o ff 0.14 [ ff 0.13 0.08
0.4
NMSSM_MH1000_6_bbtautau 0.01 NMSSM_MH1000_3_bbtautau 0.01 0.00
0.2
NMSSM_MH1000_6_tautaubb{  0.03 NMSSM_MH1000_3_tautaubb{  0.01 0.00
0.0 P
2 ] 8 ® ] 2 2 ] 3 2
K] ] S = E]
2 B 8 5
© © m m
= = o' o
S S S S
S S =1 S
=1 = = =
T T x T
E‘ E‘ EI &
= ] = =
a a a I
= = = =
z z z z
True class True class
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Statistical Inference

Calculate 95% CL CL_ limits on H — hh_assuming

absence of signal:

e Calculate likelihood function based on a
poisson ansatz for individual bin content

k-2 a
P = L(d|y-s(e)+b(e))=]_[P(d,»ly-s(e)+b(9))x[_]C(Hjlf)j)- S S W —

k!
i€bins

e Profile likelihood test statistic

(L(dw-s(é”) +b(é,,>)
qu = —2In| ———— . n
L(d|f-s(0)+b(0)

o CL method

Gl =
l—po
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JjEnuis.

7,7, h(tt)h_(bb)

s
— T T T T T T

59.7 b (2018, 13 TeV)

o %
g =

—

3|Z [ CMS |:|1: embedded [ ]Jetor Mz 1

=°|Z 800} 1 i

= % | Own Work . i
[ m)=1000Gev [ Wovoson  [Jsingren

r m(h,) = 500 GeV

Bkg. unc.
600~ BR o, = 0.01pb

—h(bb)h (1) — h(zD)h, (bb)

400 —

200 —

—
TTT

Analysis is model-independent until this
point

Can be interpreted in terms of any X—xh
model by scaling expected yields of the
signal final states (assume equal yields
here)
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Results (1)

J CMS Work in Progress m(H) = 1000 GeV
s T T T ' ' - T T T
:3!- BLLLLE X: h(xt) h_(bb) + h(bb)h_(t0) (59.7 b, 7,,) exp. 1
Analysis sensitivity is gauged by the < [ [ es%en.
. . . ) I 95% exp.
calculated expected exclusion limits on o L. X: b (o) + hBb o) (507 5" 5..) xp. prol 10 138 ™
< oy m—— X: h(rr)h(bb) (138 fo™, 7,7+ ut + ex,) exp.
O-B(H —2 hhs — bb + TT) t 10 1_ A X:H - hg(w) hy,(bb) ATLAS result (138 fb™, 7,7,) E
I
. @ :
Combination of h(bb)h_(zz) + h(zz)h_(bb) ° :
final states (red) improves upon sensitivity 2
. .. £ ;
of h(zz)h (bb) analysis (blue) significantly = 102} & =
O .._.-‘ “’o 4
for m(hs) > 80 GeV PR S B _
Tp) s _..: ------ :- ’---"-.-
®  faaeet '--.'~ Rl O P P e : s am
A .......
10—3 L 1 1 I 1 L 1
70 100 200 300 400

m(h,) (GeV)

[2] http://cdsweb.cern.ch/record/ 2777236/files/ATLAS-CONF-2021-030.pdf
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Results (2)

Taking a look at the results split by signal final states:

= T
Q
o [ aaans X: h(z7) h_(bb) + h(bb)h (t7) (59.7 1b™, 7, 7,) exp.
X + \:J 68% exp.
o . :I 95% exp.
o R X: h(zo)h (bb) (69.7 o, 7,7,) exp.
o -
R (¢ T — X: h(bb)h (7) (69.7 b, 7,7, ) exp. ]
: E
o) ‘s N
c B '
o ‘\ .
= 2 .
g - 1‘ "l
- 10 “‘ o
®) E:..-‘ . ‘-”,-
o\o o a3 .....-: T et : i
To] N .-..---. PR L IR Sl Ly
3 ammw .._.-.-....--.._",-..._.n 1

CMS own Work
1

m(H) = 1000 GeV

1072

PR |
70 100

200 300 400
m(h,) (GeV)

(Selection efficiency)™?!

=
[=}

[ee]

(o))

»

== = h(bb)hs(TT)
== = h(TT)hs(bb)

A
I\
r\
\
1\
\ I
\ I
L\ I
\ I
\
]
/
/
/
\\ 7
’
\ ’,
P o & ________’/
g\_ ______ —— ]
70 100 200 300 400 ‘

— Analysis sensitivity is driven by selection efficiency
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m(hs) (GeV)
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Conclusion

A novel search for H — hh_decays was presented:

e NMSSM inspired but largely model independent
e Employs background estimation methods such as T-embedding and the F_

method
e Multiclassification is performed using multivariate NN with two signal

classes
e Significant improvement in exclusion sensitivity is achieved when

h(bb)h_(z7) + h(z)h_(bb) final states are considered simultaneously

Felix Heyen - felix.heyen@vub.be Inter-University Institute for High Energies, VUB, Brussels 24
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Thank you!
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Backup - F. Method

more T, -like
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medium

vvvloose

A signal region

[genuine,
Mjet-t, misident.

determination regions

QCD

W+jets 1 tt

e B B

final discriminator 7,-p; (GeV) TP (GeV) | 1,p, (GeV)

= data) . |

NSR NAR( ) FF numerator :
7*7/" Qcp w!*:iiﬂ‘ii&ii*ij
. . jets !
FF =3 frac'- FFI L 1Fe(py) R RSP :
QoW | 1
SN 3 4 e A @.t #f_ 44 1
0 0 o !
TP, (GeV) Tp,GeV) ! L
Nfracocn/wm (mT) denominator | |
N N 3 N 3
m, (GeV) : H :
app|icati0n I’egion TP, (GeV) T,7P; (GeV) ! TP, (GeV) :
opposite sign same sign f :

Ny g™ 0 Nyog=0

no add. leptons
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