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The Higgs bosons connections to new physics

symmetric
M,=M,=M,=0

If the top quark were slightly heavier relative
to the Higgs boson, the universe would have
collapsed long ago
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BSM Higgs scenarios

e Well-motivated BSM scenarios designed to address specific issues of the SM. In particular:

o

o

o

Matter — antimatter asymmetry in the Universe — CP violation.

Flavor problem by providing mechanisms or symmetries that explain the patterns and hierarchies of masses
and mixing angles among different generations of quarks and leptons.

Muon g-2 anomaly — Offer more parameters to adjust, potentially providing a solution to the anomaly.

Dark matter: Models with axion-like particles as a potential candidates for dark matter.
m  Extremely light and weakly interacting (outside the scope of this talk).

...and more. These scenarios typically induce sizeable modifications of the Higgs couplings.
m ... and involve extensions of the scalar sector, e.g. Two Higgs Doublet Models, N2HDM (
2HDM+Singlet, Triplet... ), NMSSM, etc.
m Composite Higgs models.



The Two-Higgs-Doublet Model (2HDM) 7 PP basons
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e The 2HDM is an effective theory with extra SU(2)L double; neutral o

o ooy

P =
®; = ( (vi + 7 + ipi)/V2 )

e The free parameters of the model in the physical Higgs masses basis after EWSB are:

o mh, mH, mAand mHz .

o  The mixing angle between the two CP-even Higgses (a). Type up-type quarks down-type quarks leptons
. . [: Fermiophobic ) ) )
o  The ratio of the two vacuum expectation values (tanp = v2/v1). _ ’ : ’
II: MSSM-like ®, o, o,
o  The light CP even h is SM-like for cos(3-a) ~ 0 (alignment limit).  X: Lepton-specific 0, o, o,
Introducing a Z2 try to avoid tree-level FCNC HARIDE 4 i .
o Introducing a Z2 symmetry to avoid tree-leve s
9 y yto I II: FCNC at tree level @, 0,0, 0,0,
allowed to be softly broken bring an additional parameter m12.
FCNC-free 0,0, 0,0, 0,0,

*By convention, ®2 is the doublet to which
up-type quarks couple. 4



The search for the unknown! HIQGS BOSON

e In a comparable scenario regarding the Higgs bosons: 7
o  Theoretical considerations left a broad range, spanning from 10 GeV to 1 TeV, » 197 1" (8 TeV) + 5.1 1" (7 TeV)
without a clear indication of where to look. ssp SUS /(5+8) weighted sum
E ¢ Data
- . 35 S+B fits (weighted sum)
o No much clue about the additional heavy Higgs bosons masses (h, A, H, H®), X -

B 220

but extended scalar sector models still favor the alignment limit cos(B-a) ~ 0.
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arxiv.1711.02095

The landscape at the start of LHC full run2

B yy decays
B bb decays
I T decays
00 pp decays

Bl WW decays
W ZZ decays
[ All signal strengths

HEP[{T

Which parts of 2HDM parameter
space are favoured after imposing the
latest experimental data from the
LHC?

e  Constraints from Higgs boson
coupling measurements and
flavor physics

e  Electroweak Precision

e  Perturbativity and tree-level
unitarity

o efc...

Higgs signal strength push 2HDM
toward the alignment limit

| cos(B-a) | <<1
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https://arxiv.org/abs/1711.02095
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Charged Higgs in WH decays (H* — W*H)

e H*searchthroughthe HT — H W™ and H — Tt decay modes: The H is a heavy CP-even Higgs boson (my=
200 GeV) and K= in the mass range of 300 to 700 GeV.

For (my+ > m¢ — my) the single-resonant t production dominante.

Tt final states
3155+ 02
2705+ 01
2195 + 1
2135+ U
lth+ 12
e 1T, + 209F
11, + 2005
1Ty + 2155
Ot + 2105
0tp, + 2£9F
Ot + 3755
Oty + 305

e Four final states are targeted: etr, utn, etrhtn, PThTn
o  Cover 43% of theoretical BR (30.7% + 12.3%)

e Different fit discriminants are employed, depending on the final state:

o Ut :an MVA boosted decision tree with gradient boost (BDTG)

o U tnth: the transverse mass of the charged Higgs boson

+ ) > > > =2 mi
my = (B} + B3+ EY +pP™)2 — (B} + 3 + By +PP=)>


http://dx.doi.org/10.1007/JHEP09(2023)032
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Charged Higgs in WH decays (H* —s WTH)

e  Four mass points (300, 400, 500 and 700 GeV)
are generated for neutral Higgs mass at 200

GeV. Model Independent Limits|

e  Observed upper limit between 0.080 pb at 300 M8’ 3813 TeY) 1‘?."’,'75'.‘.._..,‘.,,.I.,..l.‘.?f?ft,’. {15 Ts Yy
F my= 200(3 Vv 95% CL r I|m| ] =
GeV to 0.013 pb at 700 GeV. = ’ e omsomes - 1 8 b --Combinedhurs,  — Combmeders,
"l: e, Median expected - = [ s Comblned/mh oS Combined/et, OS ]
*i_) r [ 68% expected g 0.8 Combined/m:h SS  --- Combined/et, SS |
e Expected sensitivity: T 0 96 expected B
: - T S I
o ! thth is the most sensitive channel. %- So6- __————_ __
o Ut improves sensitivity by 20-35%. T e I
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The relative expected
contributions of each final state
to the overall combination 8
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MSSM H/A — TT

e 4 gzt channels: pyth, erh, thzh, and ep High mass vector-like

leptoquarks contribute to

gg¢ and bbg

e Two search regions: “low-mass” (60—200
GeV), “high-mass” (250-3500 GeV)

via t-channel exchange.

e  Production of additional Higgs bosons via § Uy | 77 events mainly
A o

e Non-resonant production of 7z by t-channel '
leptoquark exchange: 5 mass points !
generated between 1- 5 TeV |

Event categorisation:

e In erh and prh channels, split into 2
sub-categories based on: ggoQ

mr(A,B) = \/2 pr4 prB (1 — cos Ap(AB))

e ey channel, splitinto 3 categories based on
DZ:

A

) . pg‘iSS =Ykl  is the vector that
Dé — pfngS _ 085;%’15 |:> bisects P’} and P’

p® = (Fr+71)-¢



http://dx.doi.org/10.1007/JHEP07(2023)073
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MSSM H/A — TT

e Dominant backgrounds: mc
o  Genuine di-t pairs or jet—7h misidentifications
o  Other backgrounds from processes with <2z e.g. diboson, tt, Embedding | ] FF
Z— U

o  Di-r, jet—>th backgrounds, and QCD (eu) estimated from data.

e Embedding method to estimate
backgrounds with real di-r ¢
pairs— Z—tr, tt and diboson.

7 — 71 Simulation 7 — pp Cleaning

Background mOde"ing: Z — ppv Selection
f— —\' - Fo= Y wi R
9 i

A w; AR

Fr Z N{&R
J

i,j € {QCD, W+jets, tt}

AR

%

e The “fake factor (FF)” method is % Z—rr Hybrid

Simulate 7 leptons

H Remove energy
used to estimate all with same Kinematic & 3

" 3 deposits from muons. FQ CD‘WN‘H@S F lg‘t

. . . I)I‘O])e! L1es as muons.

backgrounds with jets faking P £ —

hadronic taus (j—7h) ¢ e th
A

Merge simulated and
cleaned event.

Taken from simulation

Scale events by:

FF = (nominal ID) /(relaxed ID)  Full details in: JINST 14 (2019) P06032 FF: measured as a function of plzh,
, Njets, and pTjet/pTrh



http://dx.doi.org/10.1007/JHEP07(2023)073
https://iopscience.iop.org/article/10.1088/1748-0221/14/06/P06032

MSSM H/A — Tt

Two local excesses observed for gg¢ with
local (global) significance of

o 3.10(2.7 o) at 100 GeV

o 280(240)at1.2TeV

7,7, b tag 138 fb™ (13 TeV)
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Model Independent Limits|
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Z* — h/HA — 4T

e Type X (Lepton-Specific) 2HDM: The additional bosons in the 2HDM

o  No suppressed production cross-section. can explain the muons g-2 anomal
P 9 Y
e 7 decay channels: ? §
o Six 47 final states = accounting for = 87% of Mg § i f
\ ! - % &
the BR. il e
T ot I i Y
o A3t channel to catch events where all T fa U # 7 il
leptons decay hadronically but one T 0o CMS Priminary 138 b (13 TeV) CMS Preliminary 138 1™ (13 TeV)
. . . 1 a el clalele @
candidate is lost due to reconstruction § a0 2 I O HEHEHE E 4 oomnain
P @ 100 Detees, | @ 217588 8 ety
inefficiencies. i3 Boenier, 22|z 2 Moo
1400 Wother 30 [l I 5 W other
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. . .- . 8007 ‘ ’
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-007/index.html

CMS-PAS-SUS-23-007

Z* — h IH A — 4T a0q MS Pretminary 138167 (13 TeV)

é? )
2 ¥
55 10 %
e me>>mZ:H— ZA decay dominate = The limit 8
for this search becomes weaker for decreasing =t 1
mA. + B
3 35
: : : 5
e MSSM h/H/A — 17 analysis (shown on slide 11) = o8 . 2 £
constrain the parameter space to a minimum limit o
of tan B = 10 ~ an order of magnitude smaller than % 8o 100 120 140 t
the area of interest for the g-2 anomaly. Ma (GeV)
Type X 2HDM Alignment Scenario 138 fb™' (13 TeV)
95% CL excluded:
o ForZ* — h/H A — 4t search, as the ey o RS
. . . [ ] HiggsTools-1
production cross sections are independent .
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& 180 £
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140 =
120 =
1005 =
; =3
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https://arxiv.org/pdf/2104.10175.pdf
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-23-007/index.html

SM-like H — yy

H — yy for low masses (70 — 110 GeV) = First search for new
resonances in the diphoton final state in this mass range.

Use of BDTs to find diphoton vertex
Use of the photonID MVA to distinguish prompt photons from
others.

Events are then classified according to the output score of the
DiphotonBDT distinguishing signal-like from background-like
events = Untagged classification

Dijet and Combined MVA are trained to distinguish VBF like
events = VBF classification

Events that do not pass the VBF class requirement go into
untagged classes.

All production modes (ggH, VBF, WH, ZH, ttH) from 70 GeV to 110
GeV with a 5 GeV granularity are used.

CMS-PAS-HIG-20-002

Events /0.5 GeV

180
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80
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40
20

70 75 80 8 90 95 100

CMS Simulation Preliminary 2018

Frrrrprrrryprrrrprrr o rrrrpr Ty

H— vy All classes

4%* Simulation

Parametric
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FWHM =2.97 GeV
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html

CMS-PAS-HIG-20-002

SM-like H — yy

e Inflated “f” uncertainty on the DY component normalization, to reduce
bias observed at ~90 GeV in some classes™.

o NiEieleiRelaldlaPP RIS ieleiMPIM is used to fit the bkg

mass (“envelope”). “N” left floating.

e The maximum local significance corresponds to 2.90 at 95.4 GeV for
all production mechanisms and event classes combined (1.30 global

from LEE). CMS Prefiminary 132.2 fb™ (13 TeV)
e  Signal strengths at 95.4 GeV - 0. — Observed

are compatible among 2016, g B expected £ 1o

2017, 2018 and for all the - Expected + 26

event classes.
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See also talk by Muhoammad Aamir
Shahzad (Nov 28th, 11:20 AM): here
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-20-002/index.html
https://indico.ihep.ac.cn/event/18025/contributions/141806/

Summary

e CMS has conducted numerous searches for additional heavy Higgs
bosons, with many results already published and others still
underway...

o  Abroad spectrum of signatures, targeting both additional
neutral and charged Higgs bosons across various models.

o With LHC run 3, and the future HL-LHC we are entering the
LHC precision era for measurements of the Higgs properties

v Indirect constraints will also become more relevant.

e Extensive efforts (e.g. search strategies and object reconstruction,
including the application of ML techniques, etc.) have resulted in the
exclusion of substantial portions of the MSSM parameter space.

= Anticipate further findings and, optimistically, the prospect of
groundbreaking discoveries in the near future!

tanp

CMSPublic-TWIKI-Summary2HDMSRun?2

CMS Preliminary

35.9-138 fb" (13 TeV)

40
30

hMSSM

[

Observed exclusion 95% CL

h(125)
EPJC 79 (2019) 421

AHh - 11
arxiv:2208.02717 *

H - WW(2l2v)
(HIG-20-016) *

H - hh (bbyy)
HIG-21-011 *

H/A -t
JHEP 04 (2020) 171

A = Zh (Itr)
JHEP 03 (2020) 65

1000 2000

m, [GeV]

* 138 b
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Problems of the Standard Model (SM)

Why do neutrinos have mass?
What is dark matter?

Why is there so much matter in the Universe? 68.3% Dark poor
Ener 4.9% Ordinar
Is there a particle associated with the force of gravity? ay

Unification: Is there a framework that can unify all particles interaction in a so-called
Grand Unified Theory (GUT)?

26.8% Dark

Matter

Beyond the Standard Model (BSM) scenarios dealing with

strong force '.. : G these issues tend to:

electromagnetic
force

weak force

e Introduce modifications of the Higgs properties, which
can be tested by Higgs coupling precision
measurements — Indirect tests of new physics.

electroweak
force

e Introduce new particles in the scalar sector — Direct

Sty A P searches for new physics.

19



Leaving no stone unturned!

arxiv.2004.04172 ; arxiv.1711.02095

Channel Experiment Mass range L

[GeV] [

pp— HJ/A — bb | CMS [75] | [0.5512] [ 269
ATLAS 76 0.2;2.25 36.1

gg—+ HJA ot CMS {77} }0.09;3.2% 129
ATLAS 76 0.2;2.25 36.1

B =gy v CMS {77} }0.09;3.2% 129
pp — HJ/A — vy ATLAS (78] [0.2;2.7] 36.7
99— H/A— vy CMS [79] [0.5;4] 35.9
99 — HJ/A — Zn[— (£0)7] ATLAS [45] [0.25;2.4] 36.1
9g — HJA — Z~ CMS [80] | [0.35:4] 35.9
99 — H — ZZ[— (£0)(¢,vv)) ATLAS [81] [0.2;1.2] 36.1
VV = H — ZZ[> (t)(#6, vv)] ATLAS 81 [0.21.2 36.1
0 — H — 22— (L0)(wv)] CMS 82 | [0.6:2.5] 35.9
99 = H = ZZ[— (£0)(w)] CMS [83] [0.2;0.6] 2.3
VV = H = ZZ[— (€6)(vv)) CMS 83 [0.2;0.6] 2.3
(VV +VH) - H — 27 — (4)(¢f) | CMS 84 | [013:253] | 12.9
pp — H — ZZ[— (£0)(qq)] CMS (85] [0.5;2] 12.9
99 = H — ZZ[— (¢¢,vv)(qq)) ATLAS (86] [0.3;3] 36.1
VV = H — ZZ[> (¢, ) (qq)] ATLAS [86] [0.3;3] 36.1
g9 = H = WW[— (ev)(uv)] ATLAS [87] [0.25;4] 36.1
VV = H - WW|[— (ev)(uwv)] ATLAS [87] [0.25;3] 36.1
(99+VV) - H - WW — (&v)(fv) | CMS 88] [0.2;1] 2.3
99 = H - WW|[— (v)(qq)] ATLAS [89] [0.3;3] 36.1
VV = H —» WW[— (&) (qq)] ATLAS 89] [0.3;3] 36.1
pp — H = VV[= (qq)(qq)] | ATLAS oo [ 123 [ 367
ATLAS 91 0.3;3 13.3

pp= H b~ (B5)(bh) CMS {92{ [0[.26;1?2] 35.9
g — H — hh — (bb)(bb) CMS 03] [1.2:3] 35.9
pp — H — hh[— () (bb)] ATLAS [94] | [0.275;0.4] 3.2
pp — H — hh = (y7)(b ) CMS 5] | [0.25;0.9] 35.9
pp— H — hh — (bb)(r7 CMS [96] | [0.25:0.9] 35.9
pp — H — hh — (bb)(VV — fvtv) | CMS [97] [0.26;0.9] 36
99 — H — hhj—= (y7)(WW)] ATLAS 98] | [0.25:0.5] 13.3
99 — A — hZ — (00)Z ATLAS [09] [0.2;2] 36.1
bb — A — hZ — (bb)Z ATLAS [99] [0.2;2] 36.1
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Channel Experiment Mass range L

Leaving no stone unturned! - —
For a specific benchmark of 2HDM 361 |

12.9
free parameter 361 |

H H 0 )= 12.9
Constraints from direct searches at 95% C.L. for cos(B-a)= 0 Type-ll: cos(8 ~ a) =0 and tan8 =1.5 =
and tanB = 1.5: ; 35.9

i 36.1

Q 35.9

e The combination of all channels cover the majority of the 5 36.1

. . . . . H 36.1

region in which one of the Higgs masses is below the : 359

di-top threshold mA, mH <2 m_top. e

e Inthe gap region: A/lH— 11, A/lH— yy are most relevant 5001 Eg
channels. 3 36.1

e mH (mA)> 2 x m_top, the decay channel A/lH— tt opens = . 2

g M&—- 36.1

up. 300 - 36.1

e  Constraints from the A— Zh and H — V V, hh channels :(fl
L . - T

vanish in the alignment limit. L \ —

: < A-HZ 133

100 1 f//« r 35.9

: L__,// 35.9

= The couplings of the 125 GeV Higgs h are fixed in the SM. LEP=> 3.2
= U 4 I 35.9

For an extended scalar they are modified and at tree level they depend on the 100 300 500 700 35.9
mixing angles cf—a and tf i [aeV] o
9 9 ) 99 = H — hh|—~ (y7)(WW)) | AILAS 98] | |u-25;0.5] | 13.3

99— A— hZ — (bb)Z ATLAS [99] [0.2;2] 36.1

bb— A — hZ — (bb)Z ATLAS [99] [0.2;2] 36.1
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Channel Experiment Mass range L

Leaving no stone unturned! - —
For a specific benchmark of 2HDM 361 |

12.9
free parameter 361 |
2HDM Type I II 111 v
L3 Type-ll: cos(B—a)=0and tanf=1.5 36.7
up-type quarks P2 P2 P2 P2 =< 35.9
ghuu ca/SB Ca/sﬂ ca/sﬁ Ca/sB e
700 N~ L
gHuu Sa/SB Sa/sﬁ Sa/SB Sa/SB ?I: y \\\ 36.1
& Auu tan8~' tanB8”' tanps” ! tanB ! ) gg';
down-type quarks | ¢, é2 $2 o1 s =
/ 23
Ehuu ca/53  —Sa/cs  ca/Sp —54/Cs 500 A 12.9
—_ 12.9
EHuu sa/s,B Ca/sﬁ Sa/sﬂ ca/C,B % 36.1
€ Aun —tanB8~' tanB8 —tanB " tangs 2:: 36.1
36.1
lepton ¢ ¢1 1 > € o
300 -
ghll Ca/SB _Sa/cﬁ _Sa/CB Ca/sﬁ 23
36.1
§Hll Sa/SB ca/cB ca/CB Sa/SB 36.1
Eaul —tanB~ ' tanp tanpB —tanB ! / 36.7
I 133
100-%\ » r, 35.9
L—,—/f"/ 35.9
= The couplings of the 125 GeV Higgs h are fixed in the SM. LEP;') 3.2
e = 1 i T 35.9
For an extended scalar they are modified and at tree level they depend on the 100 300 500 700 35.0
.. ma [GeV] 36
mixing angles cf—a and .
99 = H — hh|—~ (y7)(WW)) | AILAS 98] | [0-250.5] | 13.3
99— A— hZ — (0)Z ATLAS [99] [0.2;2] 36.1

bb — A — hZ — (bb)Z ATLAS [99] [0.2;2] 36.1
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Projection of run2 MSSM H — TT

Projection of expected MSSM H — tT95%

YR18 : systematic uncertainties are assumed to decrease
y CL upper limits based on 2016 data

with integrated luminosity following a set of assumptions

CMS Projection

e Forthe benchmark scenario mrod+ the expected lower .
.. . . 95% CL expected exclusion: YR18 syst. uncert.
limit on the mass of a heavy Higgs boson is extended £ JHEP 09(2018)007 +1o +20
-1 -1 -1
from 1.25 to 2 TeV for tan B = 36 e B oS00 S S0
p hMSSM ' ]
e For neutral Higgs boson masses above 1 TeV, an g 5ok i
improvement by about one order of magnitude is i
expected in the 95% confidence level upper limits on the a0} ]
cross-section.
30[ 5
complete HL-LHC: 20 By A
CMS + ATLAS : g o A
10F S .. .
R - ]
H: 2 D_zt" I‘.‘ T TN O | SN LS N CHN GO N SN (N (R LR
500 1000 1500 2000

m, (GeV)



H* — W*H: Background Strategy

The dominant background (tt, V+jets) can be decomposed to:

® genuine T,

® ¢lectron misidentified as Ty from data
[ ]

Measure dominant j — T, from data with fake rate method:

® Estimate T, fake rates in control regions (CRs)
® Validate results in validation regions (VRs)

Control Region

=

JHEP 09 (2023) 032

= genuine T,
[__BN-Eh
H=Th
jet—>1h

from simulation

% = Validation Region % N Signal Region
+~ S A
o E S o
2 & i
& /27 p e
S = =
Rjosrn = -’ AR1 AR2
40 1 : 0
% P
-2 . g — .
0 0 0
vvvloose medium 1 vvvloose medium 1 vvvloose medium X
DEeePTAU D; DEEPTAU D; DEeEPTAU D;
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HT — wWTH: BDTG inputs variables

Variable

Description

Ap (T, PT)
Ap(L, PT™)

p Pr

mr (L, Ty, 1, jos ﬁ%mss)

my (€, Prise)
prt
N

jets

N res

azimuthal angle between the 7}, and FS objects

azimuthal angle between the £ and pI"* objects

ratio of pr sums calculated from ¢, Ty, j, j, and pmiss

ratio of py of the first two leading jets and the Hy

my reconstructed from ¢, Ty, j, jo, and piss

ratio of the pt of the third leading jet and the Hy
invariant mass of the ¢ and 7,, objects

ratio of py of first two leading jets plus Lt and the Hr
my reconstructed from the ¢ and IS objects
transverse momentum of 7, object

number of selected jets in the event

number of selected t"* objects in the event
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MSSM H/A — TT

High mass: m¢ >= 250 GeV

No b tag | b tag
el Low-D, Medium- D || High-D¢ | Low-D¢ Medium- Dy ([ High-D¢
€Ty | Loose-mp Tight-mrp Loose-mp Tight-myp
WTh | Loose-mr Tight-mp Loose-mp Tight-mr
ThTh
o I

Signal region (SR)

- Control region

JHEP 07 (2023) 073

Low mass: m¢ < 250 GeV

e In erh and prh channels, split into 2
sub-categories based on:
o  Tight-mT (mT <40 GeV)
o Loose-mT (40 <mT <70 GeV)

e In ep channel, split into 3 categories based on DC:
o High-DC (D > 30 GeV)
o  Medium-DC (10 < DC <30 GeV)
o Low-D( (-35<DC <10 GeV)

No b tag b tag
Medium-D¢ High-D¢ Medium-D¢ High-D¢
P <50GeV pr<50GeV
e
PI>200GeV
Tight-mp Tight-mp
€Th
P>200GeV
Tight-mr Tight-my
PE<50GeV
HTh
__ ,,iss vis| | pr>200Gev
miss __ zzmiss C‘ mml 50<pr<100Gev
Pz Pt

pys = (P +Pp) - § |ien
Z_,c is the vector that :| Signal region (SE)

- Control region

bisects P’ and P’

mr(A,B) = \/2 prA prB (1 — cos Ap(AB))
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SM-like H — vy

e Event categorization:

CMS-PAS-HIG-20-002

o 2016: 3 untagged (re-categorized) event classes based on LM retrained diphoton BDT
o 2017 and 2018: 3 untagged event classes based on diphoton BDT, 1 VBF tagged event class based on

combined

Event classification: Untagged Classes VBF class: categorisation

Events are classified into untagged classes according to their diphotonBDT output
score here in H — ~+ on 07/07/2019.
e Simple model using simulated events where class boundaries are adjusted
minimizing p-value.
e Enforcing a minimal width value for classes to have enough events in each
especially for DYMC fitting.

e No significant difference of f.o.m between 3, 4 and 5 classes.
e We choose ncar =3 with boundaries [ 1.000, 0.753, 0.334, -0.364 ]
CMS preliminary CMS preliminary
—5.05 11
3 10 —_— g«m;\gvenexswgnal
a0
E 5 . oF boundaries
2 8l
4. 7;
4.9 il
: s (.
485 “’[ | ’
3 i ‘J
48[ 2B HH,AL
1NJJM\{“V’“P s b sk 1
. i
4 25 3 35 4 45 O1 —08—06—04—02 0 02 04 06 UB 1
Neat BDT output

The classification was redone for 2018 however no significant improvement was found
on final results therefore these boundaries are also used for 2018 data analysis.

Events are classified into the VBF class if they have a Combine MVA output score
greater than a defined cut:

e Simple model using simulated events minimizing a dedicated p-value

e Have to make sure to have enough events in the VBF class to perform the related
background fits and systematic computation

e due to this the cut value is Combine MVA > 0.8

1.6 2.0 ;
-®- significance 2017 > --e- Significance:2018 '.-
oo’ 18 o
14 » »
A . =3
1.2 f
" o >
14
< — < P~
1.0 = 1.2
o~ /
0.8 1o
0.8
0.6

0.4 0.5 0.6 0.7 08 0.9 1.0 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Combined MVA Combined MVA

This cut is also used for 2018 as it has been studied that the obtained signal and
background efficiencies with this cut are similar wrt to 2017.



