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DARK MATTER EVIDENCE

Evidence of Dark Matter (DM) Cosmological Observations
Galaxies rotation curves

Hubble image

X-ray observation of galaxy collitions
Gravitational lensing

expected
from
« —__ luminous disk

Lol
Galaxy & !
cluster s

M33 rotation curve

Most of the universe can't even be bothered to interact with you.

Simulation

There is no evidence yet for non-gravitational interactions between DM and Stardar Model particles

Atoms

Dark

. . 4.6% Energy
Particle nature of DM is completely 71.4%
unknown and it represent ~25 % of b
the content of the Universe! 24%

TODAY



DARK MATTER (DM) AT COLLIDERS

How to detect DM?

What do we know about DM? indirect detection (now)
o How much: Q~0.26 .

o Cold (Non-relativistic during structure formation) - DM SM
o Non-baryonic §

o Massive g

o Electrically neutral (Dark) IS

o Stable SR M
o Weakly interacting S ——

production at colliders

Searches at LHC
Missing Transverse Energy (MET)

Pros and cons of DM searches @ LHC Which particle Theory? | Which signatures?
Pros: Independent of astrophysical E.FT’S - SUSY searches
uncertainties, wide range of DM/SM Simplified Models Dijets
interactions, LHC can reach thermal Supersymmetry Exotic Decays
cross seclions. UV complete theories Mono-X

Cons: «Invisibley things are hard to see, Higgs Portal

DM, may not be distinct enough from Sm More Exofic (Long-
bkg, requires interaction with some lived decays, hidden
component of a proton valleys)




MONO-X SIGNATURES

q _.DM . ,
The basic diagram of DM DM doesn’t interact in
production and detection _ the detector
q
DM 2 back-to-back
invisible particles
The “Mono-X" Topology: E.g. If g radiates a ‘X’
Standar Model (SM) particles (‘X’) recoills
against missing transverse momentum gluon E and P
q,g DM _..-DM conservation
pp— Fr+ X i pT
DM
q,g , SM

One name, 5 Not only ISR, ‘X’ may be more closely
Many processes... K & et + E,miss connected to DM production, e.g.:

A <-W/Z(2>lep/jet)

L.B + ETmiss g t q Z/ —h

g ¢t/ b + ETmiss B >NIW<.::'

: [Pl 7 i

4 <>H+Emss



MONO-HIGGS SIGNATURES (H->bb)

DM pair production in association with a Higgs boson decaying in to b quarks H-> bb

q H

No Initial State H -> bb dominant

Radiation Higgs b decay mode
Provides direct probe of X (largest cross section).
DM-SM Coupling X Missing pr
q
Resolved Regime Merged Regime
107 ——— : S R T
g [ ATLAS {S=13TeV —e-Daa
o 10°FPreliminary L=32fb" G+ singletop
3105 2b-tags ) bibpeon
;é; 10* Resolved T Merged =f.':,27:d Model VR
i T
103 —-mono-HVmgotlhd'nlov
102 Pt e
10
1 —
107 =1
1072 J- - ]
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O e . |
QS e o= = I
80'5>1L | I 11111111'111”1
D 'S s
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lq%{%m@}\}!\\‘\‘\‘\}}}\\\\& E.r'l_'\iSS [G ev]
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MONO-HIGGS SIGNATURES INTERPRETATIONS

Efective Field Theory framework

Contact operators

QJg /’ h
————— X

7.9 / X
APIHP
L i |H|?
IRES
1
EXT(?“XHTD#H
1
P,\?)/”XBWHTD"H

o Pro

= Generic interpretation
* Model independent
o Con

= Not valid at all momentum transfer

Simplified Models

Minimal number of renormalizable
operators

The DM and visible sectors are coupled
through a new massive mediator

o Pro
* UV complete
o Con

« Less generic (specific number of
parameters)

« Too many exofic models that
cannot be reduced to these
models.



SIMPLIFIED BENCHMARK MODELS

SM

Consider comprehensive |
set of diagrams for
mediator

Define simplified model
with (minimum) 4
parameters

Mediator DM mass
ass (Mmed) (Mowm)

Dirac | Scalar -
fermion real
Majorana| Scalar -

fermion | complex

4-dimensional problem, projecting limits onto a 2-D plane

Jq Jom

o Scalar Mediator Model for Mono-H

Potential : After SSB
- m -
V 5 alHPS + bHS? + A,|HI* —y ¥x(ceS — sgh) — quq(Coh + 545)
9 ’ab\ . _-~-h q

{4 \i

=



SIMPLIFIED BENCHMARK MODELS

o Baryonic 7’

943" 92, + 9 X vV'xZ,

After SSB
q
~gnzz-hZ, Z"
m?, sin 0
Ghz'zt = ————— _
UB q
o 1'-2HDM

—L 2y Oyt + ysQ®ad + y.LDye + h.c.

q
A P
"
A0
q

m, [GeV]

(% _ ATLAS ~—— Observed 95% CL Limits ]
= 40* £ Vs=13TeV, 320" - === Expected 95% CL Limits
g E Vector Mediator [ Expected +1o 3
C gz=(1 1)98=31/3 (] Expected +2c ]
in(8)=0.3, g_=m,.
103 E sin ! ?
107 3
10 3
1 1 A1 A LA L Ll ' 1 ' Ll 1 1 'l Ll L Ll
10 10? 10° 10
m [GeV]
800 Fr——— T T
ATLAS = Observed 95% CL Limits
790 E =137y, 321" el
5 S [ Expec
700 EZHD_Mf'mp_m:%%héo‘:fl [ Expected +2¢
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POTENCIAL IMPROVEMENT IN THE MONO-H (H->bb) SEARCH
Multi Variate Analisis on Scalar Mediator Model

<> Multi Variate Analisis: Use several observables from the events and their correlations to form
ONE combined variable and use it in order to discriminate between “signal” and
“background”.

< Plan: Study a multivariate approach for mono-Higgs search and compare the potential
improvement to the current cut-based analysis

Boosted Desition Tree (BDT) on Merged Regime (MET > 500 GeV)

In the fraining: Kinematic variables for the bb

system, variables related to AntiQCD cuts, Signal Significance for MET>500 GeV
number of b-tagged jets, fat jets, additional | | | | |

jets, small radius jets and missing transverse o5l A
energy and momentum

o
S

\

_—

ALL MET RANGE
The BDT method was trained for all the MET range.

BDT

Signal Significance
o
=
w1

0.045_ — Signal 2 0.10F 4/ \ .
0.035— — Background
= — Cut based Combined Significance
003~ 0.05/| — Cut based 2 bTag 1
0‘0253— — Cut based 1 bTag \
ook Backgrourjd oooll— C‘ut based‘O bTag ‘ ‘ | |
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

0.015 BDT working points (different cuts)
0.01

0.005

Significance improvement is 10

o3 3 02 04 0 o1 02 03 o4 +28%

b,_lllllllllllllllllllll

o



Boosted Desition Tree (BDT) on Merged Regime
For Scalar Mediator Model

The number of b-tag jets is a variable considered in the BDT training ——s We can

define BDT categories that can be related to 0, 1 and 2 btags.

BDT
0.08=
= — Signal
0.07 F — Background
0.06—
oos. BACkground
0.04 f—
0.03—
0.02—
0.01— ‘I_‘
oF L e B I
0.4 03 0.2 -0.1 5 0.1 0.2 0.5

Bagk
Fract]
0.6
0.4

0.2

0.0

Signal Fraction Cut based analysis
Signal Fraction BDT

Background Fraction Cut based analysis
Background Fraction BDT

ignal Fraction

Mo
= ay
-

0 btag - Low 1 btag - Med 2 btag - High
Category

Better separation power.

< Low BDT < Medium BDT < High BDT
< 0btag < 1btag < 2btag
Cuts Based Analysis BDT
Obtag | 1btag |2 btag| Low |Medium| High |
Signal Significance| 0.039 | 0.105 |0.178| 0.034 | 0.177 | 0.23
Low Medium | High |Global Improvement
Improvement -12.40% 68.80% | 29.50% 39.20%
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MISSING TRANSVERSE ENERGY SIGNIFICANCE IMPROVEMENT

< Missing Transverse Energy: Fundamental piece for many of the ATLAS analysis (DM searches)

S5 =0 L gme_ Y 5

. When something is missing
! observable

Two effects could imply an imbalance in the total fransverse momentum
Non-interacting particles (True MET): SM particles (neutrinos), new physics
(DM, SUSY, etc.)

Fake detection (Fake MET): Objects misreconstruction, detector effects r ¥ noassociation

. to e,v.p.T.jets
(dead regions). Soft Term

\ J
\ J
Every signal wh‘ch can't be
clearly identified/calibrated.

|
Electrons, Photons, Taus, Jets

Missing Transverse Energy (MET) Significance
4o.""l""l """" [rerryrrrryrrrrrTTT T T T

Events in which the is either consistent c?i asb \S= 13Tev = CST Efss E

with contributions solely from g gp Z7hM 26ns C ISTETMSS -

or consistent with g p allets e .F:T...--""' E

. . .po o C '.I' E

can be by evaluating the Met Significance S. i 20 "

Currently defined as: Lo
/ g_ Met g Met 1ol
v Ht v Sumet 2

0 100 200 300 400 500 600 700 800 900 1000
LE;(event) [GeV]

12

Ht and Sumet: Proxies for Met error. Event based quantities
and correlations are not entering in the calculation.



DEFINITION OF OBJECT BASED MET SIGNIFICANCE

The D@-CMS approach
< How likely is it that this METmeas is TRUE MET, and not simply a result of measurement error or
other effectse

This can be evaluated with the log-likelihood ratio of measuring the total observed transverse
momentum to the likelihood of the null hypothesis.

_)
2 _ o (L(E =%, Br)
S(2) 21( o

On a event-by-event basis, S evaluates the p-value that the observed MET is consistent with a
null hypothesis, given the full event composition.

If we assume that ... g T 1?’“.";‘;:"’
C
< The sum of all the o ——data
UJ105 [JZ-pp
<> [Jtop
10? %EW
uncertainties
The log-likelihood ratio definition of the significance 10°
becomesa x? variable 102
-1 M
— . — 108
i t t E 1: :
« Plan: Implement this definition in ATLAS and evaluate if it will Sosk__

. . . . cpe 0 10 20 30 40 50 60 70 80 90 100
actually improve analysis needing MET Significance Significance



MET SIGNIFICANCES SEPARATION POWER

< Comparison of the separation power between
< Background: Z->u 4 +jet ——>No genuine MET
< Signal: ZZ->uy 1 v v + jet —> Neutrinos!

< Cutting on...
< MET
< MET significance
< MET/sart(Sumet)
< MET/sqrt(Ht)

< Propagationg resolutions of...

< Jets
<> Muons

<~ Electrons
<~ Soft Terms

Signal and Background Met Significance Distributions

ET'*® Significances Z -> u p + Jets

— JET™ significance
1o —— E/{Sumet
10°2 —— EP*/{Ht
107 — B
E_r:lss

107

107%

10°¢

107

A, WH Wﬂ il .

I |
0 10 20 30 40 50 60 70 80 90 100
Normalized Events
Background

Normalized Events

<
n

1072

104

-
S
o

o
L

miss
ET

Significances ZZ -> p p v v + Jets

o_l T IIIIIII| T IIIIIII| T TTTH

— VET™ Significance
—— EP™/{Sumet
o E?Iss/“H_t

o E_r:lss/ ﬁ

. E:Iss

iy

50 0 90 100
Signal
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MET SIGNIFICANCES SEPARATION POWER

Performance comparison: ROC Curve

o
o —

o
>

Background Rejection 1-c

0.4

0.2

ROC Curves, Inclusive

>

Object based Met
Significance

- * %

B %y

: * ;ﬁm

—+— Met Significance A

| —*— Met/YHT *i

—— Met/{Sumet *

——+— Met 5.:

0 I Metllcl I TN N N TR N SN AN SN SN S NN NN N i_
0 0.2 0.4 0.6 0.8 1

Signal Efficiency eg

Object based Met
Significance without
correlation factor
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Background Rejection 1-g;

MET SIGNIFICANCES SEPARATION POWER

Perfformance comparison ROC Curve

ROC Curves, Met>100 GeV

Cutting on MET

ROC Curves, Met>300 GeV

1 __ 'E 1i _— “"- 3 ** * **‘**;:Kﬂ'e He Flg **;‘!‘*:;‘*X *WEE* "
i< Gk R %
- § : . *‘N* * % * % N a@é
L & 08— M * oy ok B
osF s *°F T, e
n 3 e 1 . e
B ’ 2 o6l e T %
0.6— * g L ™ M * % * %
- * B %, H *
n * * - * %A
= . P " ) ags ey " ¥
0.4=—+— Met Significance * ko 04—+ Met Significance S
| Fg * *¥ *#
—+— Met/YHT N —+— Met/YHT £ % %%
B * ’ * B v *
—— Met/YSumet ¥ o 02=+— Met/{Sumet ¥ *§
0.2— *¥ ¥ ¥ B ++ R
——+— Met * e ——+— Met % §
N o B
I Mletl/cl PN SRR TR N I SO S T NN S N S A R %ﬁ% 0—>| L Metllcl I T T N I ST TN S AN S S V*I!
"% 0.2 04 06 i 0 0.2 0.4 06 8 1
Signal Efficiency eg

0.8
Signal Efficiency eg

Better performance for high MET events
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SUMMARY

< Mono-H(H->bb) is a very atracting search in the LHC
< Clean channel
<> No-ISR process
< Dominant dacay mode of Higgs
< Mediator mass exclusion in Mono-H simplified Models
< 7' mediator mass excluded < 200 GeV
< Pseudoescalar A mass < 500 GeV excluded for mZ'>1 TeV in the 7'-2HDM

< A MVA approach for the Scalar mediator in the merge regime has a potential
improvement of ~+40 % in signal significance

< Met Significance for a Z->mumu topology shows a similar performance
compared w.r.t other Met Significances definitions.

< The performance of a object based MET significance is very encouraging mainly
for high MET.

17



THANKS

18



BACKUP SLIDES

19



Mono-X channels

Mono-photon 8 TeV

13 TeV

Mono-Z/W (hadr) 8TeV

X = Vector Boson or Higgs are covered. 13y

- Highlights are on 13 TeV analysis
(all ATLAS at this moment)

Mono-photon Mono-W(v)  8TeV
- Low background.

Mono-Z or mono-W
- Z can be emitted from mediator in t-channel.
- Hadronic decay mode - larger cross section Meno-H(gamgam)8 TeV
- Leptonic decay mode -> cleaner signature. 13 Tev

Mono-H
- No ISR (Initial State Radiation) Higgs.
» H can be emitted from mediator in s-channel.
- H -> bb decay mode -> larger cross section.
- H ->yy decay mode -> clean signature.

VVxx (HHxx) contact interaction is unique.

Other mono-X:
- Mono-jet: Andreas Korn’s talk.
- Mono-heavy quark(s): Alberto Zucchetta’s talk. g

Mono-Z(l1) 8 TeV

Mono-H(bb) 8 TeV
13 TeV

=

ATLAS: arXiv:1411.1559[hep-ex]
CMS: arXiv:1410.8812

ATLAS: https://atlas.web.cern.ch/Atlas/
GROUPS/PHYSICS/PAPERS/
EXOT-2015-05/

ATLAS: arXiv:1309.4017[hep-ex]
CMS: CMS PAS EXO-12-055

ATLAS: ATLAS-CONF-2015-080

ATLAS: arXiv: 1404.0051[hep-ex)
CMS: arXiv: 1511.09375

ATLAS: arXiv:1407.7495[hep-ex)
CMS: arXiv:1408.2745[hep-ex]

ATLAS: arXiv:1510.0621[hep-ex]
ATLAS: ATLAS-CONF-2016-019
ATLAS: arXiv:1506.01081[hep-ex]
ATLAS: ATLAS-CONF-2016-011

Zfr

>~
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Simplified model parameters in Run2

q

- Based on the Dark Matter Forum
recommendation (arXiv:1507.00966 [hep-ex]).

- Dark matter: Dirac particles.
- Mediator: Vector, Axialvector, Scalar or Pseudoscalar particles.

- Mediator width: minimal width = sum of contributions from DM
and quarks lighter than a half of the mediator mass.

- S-channel coupling constants:
« Coupling to DM: g, = 1.0
» Coupling to SM: universal to all quarks.

- Vector and Axialvector: gg,, = 0.25 (larger values are constrained by dijet
searches, also to keep the mediator width narrow).

- Scalar and Pseudoscalar: gg,, = 1.0
- T-channel couplings: gy = gy = 0.1 -7

21



ner->»

Mono-H(bb) Results

- ATLAS 13 TeV, 3.2 fb'; 4 signal regions:

: Resolved Merged

(GeV) 150-200 200-350 350-500 >500

Z+ jers 2585242681 | 17124+ 13,13 | 1463+ 121 3.80 = 0.44 BEB Bachground Uncertalaty
W+ jers 947822779 | 700422167 | 7512242 248 2 0.71 e

i & Single top | 1444.38 £ 4439 | 656,02+ 2451 | 3076 + 141 4.83 = 0.88 oy
Multijet 21384996 | 10894508 | 0582027 - e =158
Dibosoa 17844162 | 18732098 | 2532022 1.20 £ 0.12

SMVh 277 =+ 1.30 278+ 140 | 0462023 0.15 = 0.08

Tot. BKg. 1830.68 £ 33.12 | 92980+ 19.63 | S647+208 || 12472127

Data 1830 942 56 20

Exp. Signal B0.15+7.95 | 24453+ 17.76 | 160.58 + 1156 || 14928 + 33.67

Resolved, 2 b-tag Merged, 2 b-tag

vV
n
.8

v T et LI - T T ¥ oDt © T T .
§ toopamas e i § e g :
2 | o wacters - & ogton gwwo & 10 Warged ;0 lpion .:,'Jv:.?.'.""”" r Er ™ [GeV]
; L 200 Gov < £7™ < 350 Gav O boacn pr P 500 GeV ) bitoson -
.2 brags B 5M v g
S b 8 = rrdmyd « Stat 20.5%
- - - — - ronc-H \‘:::n-aum: a error * 0
wl M. =2 Tev, U - 1GeV M = .
E 8050 » Systematic error 10.3%

* Main background:
« Z+jets, W+jets,
ttbar
« Estimated from
100 120 140 160 180 20022024&2[23?0 1and 2 |epton CR

22
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Backup: Mono-H(bb) Event Selection

- 13 TeV, 3.2 fb!- MET trigger.
- MET > 150 GeV, and track based MET: p-MET > 30 GeV

- Lepton veto (no isolated electron or muon with pT>7GeV)

- H candidate:
- Two small-R jets (j, and j,) in resolved region (MET<500GeV)
+ Leading jet p; > 45 GeV
- One large-R jet in merged region (MET>500GeV)
- 1 or 2 b-tagged jet(s).
- Resolved region : cuts to suppress multi-jets background
- min[A@(MET,jets)] > 20 deg: No jets near MET.
- AQ(MET,p-MET) < 90 deg: MET and track MET align.
- Ap(MET,Higgs) > 120 deg: MET and H go back-to-back.
- Ag(j,),) < 140 deg: Two jets are not back-to-back.

ner->»



Dominant backgrounds are: B
Z — vv+ijets: W — lv+jets: tt+production:

vt

O Two lepton region to estimate
Z — £¢+jets: which is
kinematically similar to the desired
estimate of Z — vv+jets

O Single muon region to estimate
W +jets and tt: number of b-tags
naturally separates them

O Try to have the control regions

close to the signal region

Apply similar cuts

Less dominant backgrounds:

single-top, diboson, SM VH bb,

multijet

# of b-tagged jets
0 1 2

# of leptons

o 4

24



Backup: Mono-H(bb) Background ?
Estimation

- W+jets and ttbar with missing lepton: One-muon control
region.

- Z+]ets with missing leptons: Two-lepton control region

- Multi-jet background (resolved region): data-driven
method. Derived from multi-jet dominant region.

e,
-

One-muon CR, Merged, 1 b-tag Two-lepton CR, Resolved, 2 b-tag

Events / 20 GeV
Evants ! 40 GeV

=

.

—

Data/'Pred
o

1.
0.

Data'Pred

80 100 120 140 160 180 200 220 240 260 280
m, [GeV]

15
0
5
Q
5
b S
5
8

4O

T A S



SIMPLIFIED BENCHMARK MODELS

o Baryonic 7’

Acceptance
o
o
&
[N
o

0.04

T T T T Ty
<> § _ ATLAS Observed 95% CL Limits
- S g XTO*XZ!, + g2 |x|2Z), 2" scalar S 40t | 5=13TeV,320" -~ Expected 95% CL Limits -
<D qu’Y“QZ Ii+ X B " %, K £ . g F  Vector Mediator [ Expected +1o 3
Ix XV X 7 ermion N 9;=1' g,=113 [ Expected +2¢ ]
Acceptance mX=1. Gev for Met > 500. GeV 10° & sin(6)=0.3, g,=m, -
014 Baryonic Z' Model E E
0.12 1§ —E E—
10*

0.02 1 l — . a S
10 102 10°
o 10! 10? s 10° 10 Gev mZ- [GeV]
o 1'-2HDM ;‘800 L B T L B S B L B L L B L
~ — 8 750 ATLAS = Observed 95% CL Limits
_L ») D1 + d,d + y.LDse + hc. O, Ys=13TeV, 32 fb" = === Expected 95% CL Limits
YuQOuit + yaQPad + yeLPa £ 700 £ Z-2HDM Simpified Model === EXPETEC 7
Acceptance mx=1. Gev for Met > 500. GeV 650 tan(B)=1,m =100GeV " Run 1 Observed
o —2HDM Model withm, =1 TeV 600
q B P h 0.25 /\ 550
Zl 7 7 0.20
o 500
A X 5
) A0 < ) 3015 450
I X 400
e 350
o 00 300 400 500 . 600 700 = 800 90;“ 300 a L .
’ 600 800 1000 1200 1400 1600 1800 2000 2200

m; [GeV]
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SIMPLIFIED BENCHMARK MODELS

o Baryonic 7’
943" 92, + 9 X vV'xZ,

After SSB
~gnzz-hZ, Z"

m2Z, sin @
Ghz'z = —————— _
UB q

o 1'-2HDM

m, [GeV]

—L D y, 0Dt + yaODyd + y.LDye + h.c.

Exclusion Contour

1400 — 20153.2fb7!
~— 2015+2016 ~30 fb!
1200 ~ - 2015+2016 ~30 fb ™" + 30% Sens. Gain | |
~—— 2015+2016+2017 ~130 fb~!
1000p .
8001
6001 N
\
= \
400 \
\
\
\
200 \
. LJ \
\\
00 560 * * 1000 1500 2600 2500
my, GeV

Run 1, arXiv: 1510.06218

Run 2 2015, arXiv: 1609.04572 -
I L I l L] L] L] LJ I L] L] L] L] I LJ L] L] LJ l 7]
ATLAS Internal — Observed limit =
s=13TeV, 13.2fb" - - = Expected limit
All limits at 95 % CL ]
Z-2HDM simplified model Bl Expected +16
tan(p) = 1, m =100 GeV Expected +20 3
b -
&, ]
1 I 1 1 1 1 1 1 1 1 1 1 L 1 L 1 L 1 1 1 I 1 :
500 1000 1500 2000 2500 3000

m,. [GeV]
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MVA STRATEGY ON SCALAR MEDIATOR
MODEL

Study a multivariate approach for mono-Higgs search and compare the potential improvement to
the current cut-based analysis. In this presentation the first case study for the simplified scalar model.
MVA approach will be later optimized for other simplified models and for mediator/wimp masses.

BDT ON THE SCALAR MEDIATOR 5.M

MET > 500 GeV
In the training of the BDT we considered the Mbb, the Pt, We are interested in the high MET category .
eta of the bb system, the variables related to the . o
AntiQCD cuts and the number of btag jets, fat jets, o Classifier Output Distribution
addicional jets, Antikt4 jets and the MET and MPT. ] el
ALL MET RANGE : \‘
The BDT method was trained for all the MET range in ocef- “
order to fake advantage of the whole stafistics. N |
o Classifier Output Distribution e
BOT o Classifier Cut efficiencies

0.30

—Signal ‘ ‘ MET>500 GeV ‘ ‘
— Background 1.0| — Signal Significance

10.25
0.8r

10.20

2 0.6/
g
H0.15¢2
g 5
0.4}
40.10

0.2 lo.0s

'U|_IIII|IIII|I|||||||||IIH‘\|||||||I|IIII|I

e

0.4 — Background Efficiency
— Signal Efficiency 29
0.0

=0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.9'00
Cut value applied on BDT output




Comparison in btag categories for the merged channel

BDT USED AS SINGLE CUT VS CUT BASED BJET CATEGORIES
FOR MET > 500 GEV

1.0

ROC curve for MET>500 GeV

o
)

o
o

Background Rejection 1—¢,

o
N

©
iN
T

o
=)

.0

Signal Significance for MET>500 GeV

0.25}
® 0.20f / \
[
] g
% 0.15}
9]
©
4 C
2 0.10f 7
%]
— Cut based Combined Significance
| %% Cuts working point 0 bTag 1 0.05r| —  Cut based 2 bTag
Y—k Cuts working point 1 bTag * — Cut based 1 bTag
%% Cuts working point 2 bTag 000l — Cut based 0 bTag
0.2 0.4 0.6 0.8 -0.4 ~03 Z02 ~o1 0.0 0.1
Sinal efficiency ¢, BDT working points (different cuts)
500 < MET
Signal Events * 0.27755 < Combined Significance
Background Events * 9.37206
Cut Based Analysis BDT - > >
S = /S0 btag T Si-btag + 52
0btag 1btag 2 blag BDT > 0.1 tag tag tag
Signal Events after culting * 0.105569 0.0956614 0.0618382 0.172337 L . .
Background Events after cutting *|  7.04099 0.730347 0.058999 0.241865 Significance improvement is
Signal efficiency 0.971698 0.930233 0.947644 0.620922
Background rejection 0.173781 0.0974908 0.0457236 0.974183
Signal significance 0.03953 0.10536 0.177984 0.267777
Combined significance 0.210575 0.267777




B-TAG JETS VS BDT CATEGORIES

The number of b-tag jetfs is a variable considered in the BDT training.

We can define BDT categories that can be related

Then, inst f havi ingle sh ton BDT
en, instead of having a single sharp cut on 100, 1 and 2 btags.

BDT after cut BOT

0.08

0.35

— Signal 0.07
— Background

0.3

— Signal
— Background

0.2!

@

0.2

0.1

[

0.

0.05

|I|||||II|III||I||II|||||I|II|III||IIII|

T T T T TTT T[T T TT T[T [TTTT

=)

BDT 0 Tags BDT J'btags

0.07 %— —Signal 0.08 ; 008 %— —Signal
0.06F- o 007k

E 0.06— 0.08F-
0.05— E E

s 0.051 005
0.04— E E

g 0.041— 0.04—
003 = 0.03 ; 0.03F-
0.02] ;— 0.02 i— 0.02 ;
001 ;— 001 001

u: —0'.4 —0.3' = I—D.2 -0.1 0 0.1 - I0.2 ' IO.IG : ~ J.4 - ‘—D‘.N —0.2‘ = l—D‘.I‘ = l‘) = lO‘.I‘ = 02 = l0.3 u: - D[.4I s T tOI.ZI —0'.1I - é — IDI.II = 0.2 LIO.G
< Low BDT category < Medium BDT category < High BDT category

Low — medium - high BDT categories are defined by maximizing the combined significance at first order. 31



COMPARISON BETWEEN BDT CLASSIFIER AND CUTS
BASED ANALYSIS FOR MET >500 GEV

Now we can do a better comparison between the cut based analysis in btag categories and the BDT classifier in
low-medium-high categories.

BDT achieved to have more signal-like events in the best
category (High BDT) and more background-like events in
the worst category (Low BDT) meaning a better
separation power.

For Medium (related to 1 btag) and High (2 btag)
categories we obtain an approx. improvement of +69%
and +30% respectively. And a Global improvement of
+39% in Signal Significance.

0.5¢
% -« Combined Significance Cut based analysis Sig** =0.210

* —& Signal Fraction Cut based analysis
e—e Signal Fraction BDT
% -& Background Fraction Cut based analysis

e—e Combined Significance BDT Sig' =0.203

&

0.8

e—e Background Fraction BDT

0.6

0.4

0.2

0.0

0.3

0.2

0.1

0.0

0 btag - Low 1 btag - Med 2 btag - High 0 btag - Low 1 btag - Med 2 btag - High
Category Category
Cuts Based Analysis BDT
0 btag 1btag 2 btag Low Medium High
Signal Events Expected® 0.105569 0.0956614 | 0.0618382 0.105227 0.0997611 0.0726001
Background Events Expected * 7.04099 0.730347 0.058939 9.1536 0.215417 0.0267651
Purity 0.01499348813| 0.130980753 | 1.04812285 | 0.01149569568 0.4631069043 2.712481267
m| 0.0394501 0.105255 0.177892 [0.0345821(-12.4%)| 0.177698 (+68.8%) | 0.230314(+29.5%) | Global Improvement

39.20%32




MONO-HIGGS MULTIVARIATE SEARCH PLANS

< Implement the BDT training for the resolved regime on the
scalar mediator model with a very light DM particle.

< Study the possibility of not considering the mBB variable in
the training so we can have the possibility of fitting it with the
BDT.

< Revisit the merged-resolved separation with MVA approach.

< Extrapolate this results for other masses of the DM and
mediator particles in this simplyfied model.

< Perform a MVA optimization for
o Z' mediator
o L'+2HDM

This potential improvement in signal significance for the scalar simplified
model was presented at the mono-W/Z/H hadronic meeting (23 May 2016)
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03

0.2
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0.
—%20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25

e—e Significance with mBB Sig'* =0.203

e—e Significance without mBB Sig* =0.264

_—

%%

DT cut

200 GeV<MET<500 GeV without mBB in training

I._. Signal Significance Sig'”* =0.51 I

e

BDT cut

e



QUALIFICATION TASK: MET SIGNIFICANCE DEFINITION

< Events in which the is either consistent with contributions solely
or consistent with
can be identified by evaluating the Met Significance S.

from

< A of S is an indication that the observed Met is not well explained by
resolution smearing alone, suggestions that the event may contain
such as neutrinos or more exoftic weakly interacting particles.

g _ Met S Met
v Ht "~ /Sumet

Where Sumet and Ht are used as proxies for Met
error. These are event based quantities and
correlations are not entering in the calculation.

We want a MET significance that is based on the
uncertainties for all objects that enter the
calculation of MET.

EMSS E™SS Resolution

40
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OBJECT BASED MET SIGNIFICANCE

The D@-CMS approach

< How likely is it that this METmeas is TRUE MET, and not simply a result of measurement error or other
effectse

This can be evaluated with the log-likelihood ratfio of measuring the total observed transverse
momentum to the likelihood of the null hypothesis.

_ ., (EE =% Er)
Sﬁ)‘”( £(E =0) )

On a event-by-event basis, S evaluates the p-value that the observed MET is consistent with a null
hypothesis, given the full event composition.

If we assume that ... R
< The sum of all the truth fransverse momentum is equal to zero ZGT"

< The difference g E—T’ B 5) has a gaussian probability density function
T i

=0

i

= 1 ty—1 (=
p(@ 1 70) = P& + 7 | &7 = PBy, | &) ~ eap |5 @)V @)

...the likelihood for two objects is given by:

— — > > 4 4
£(B) = [ P(Br, | ) Pu(ER, | &) 8 (B - (B + B ) dBr,dE,

£(B) s [_; GEONG
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OBJECT BASED MET SIGNIFICANCE

Significance Definition

19.7 fb' (8 TeV)

S —9n (ﬁ(E:EiE_TZ)) f§10‘5 S ';data CMS
W05 zZ-
E(E) =0) 10 %top np
10° ‘ CEw
The log-likelihood ratio definition of the significance 10k [E] uncertainties

becomes a (2 variable for gaussian uncertainties -
distributions:

§ ) ;.._...::zof.*ﬂﬁﬁ%ﬂ-ﬁi*ﬁH{fH}g*—H-WE

0 10 20 30 40 50 60 70 80 90 100
Significance

2

The observed spectrum conformstoa X
distribution in the core region (red line).

Plan
Implement this definition in ATLAS and evaluate if it will actually improve analysis needing met
significance

Also, this definition can be also improved considering...
That the sum of the truth missing energy is equal to a scale of energy

« Parameterize the uncertainties distributions in the likelihood without the assumption of
gaussian distributions 36



DEFINITION OF OBJECT BASED MET SIGNIFICANCE

Covariance Matrix

o~ (=) (2)_ (=)

< For each object conftributing to the MET, the is into a coordinate
system with the x axis parallel to the total Met axis.

2 2
O P V= ZV AL
Where Uﬁ is the in the direction of the Met, 0_2]_ is the perpendicular to
the Met and off; = pojoL s the associated
Met Significance Simplification

@ In this coordinate system, parallel and perpendicular to the total measured Met, the
can be simplified:

NOTE: If
(E ET) pr=1
S~ 1_ In this case the
0|| ( ) L
definition becomes:
. E
¢ Where the s: o2, . (E T)
Pp= —F—— |I
F
oot 2> 09
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DEFINITION OF OBJECT BASED MET SIGNIFICANCE
Covariance Matrix

¢ The is defined as the of measuring the total observed transverse
momentum to the likelihood of the null hypothesis.

—)
LS 22)

L(E = 0)
€ Assuming distributions:
t -1
() (2 (57)
@ For each object contributing to the MET, the is calculated as:
VY — 0-3: Oz0y
OOy 02

Where the measurements in the x and y components are 100% correlated.

@ This matrix is into a coordinate system with the x axis parallel to the total Met axis. Then,
the is calculated as the sum of all the covariance matrices from each
object contributing to the Met:

V =Y R(®(Met)) V¥ R(®(Met)) ™!
- 38



DEFINITION OF AN OBJECT BASED MET SIGNIFICANCE

Covariance Matrix

2 2

v=| % ‘L
0_2 0.2

| L 1

2
Where aﬁ is the in the direction of the Met, 01 is the perpendicular to the
Met and Uﬁ_L =pojoL is the associated

Met Significance

@ In this coordinate system, parallel and perpendicular to the total measured Met, the
can be simplified:

=(xm) v (55

NOTE: If
— 2 p2 =1
g (Zz ETi) In this case the definition
~ becomes:
2
] (1—p?)
—\ 2
® Where the is: S (Ei ET")
2
o2 i
_ || L
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Object based Met Significance

4 Considering
®7Z>uU U+ jets (no genuine Met)

< The Met error is under estimated (due to the
missing if the other objects resolutions Jso we
obtain a over estimated distribution.

< First approximation for the resolution of the

Soff ferms N2
g (Zz ETi)
af (1-p?)

ET"® Significances Z -> p p + Jets

VEm'ssSignificance SoftTerm aprox.
VE?'”Significance

ET*%/YSumet

E;l'\lss / 'i{H_t

I|III
180 200

1 11 I
120

1 L1 | 1
140

Ll v v v by by Ly Ll
160

1 1
0 20 40 60 80 100

First test of Met significances Separation power

> Z(u u)tjet (BKG) and ZZ(u ¢ v v )+jet (SGN)
ROC Curves, All jets

—_

TR A N §r f x|
an****” 1*.* .
e T * o T

***

o
[

Background Rejection 1-e4
o
(o]
L L L L
*
*

0.4)=*— Met Significance

| —*— Met/(HT
[ Met/{Sumet *
.

Met *

0.2

= Met Significance SoftTerm i
l 1 1 L l 1 L 1 I ' L 1 l 1 1 L l 1 1 1
0 0.2 0.4 0.6

0.8 1
Signal Efficiency ¢

Met Significance with a
constant resolution of
the soft term has a
comparable
performance w.r.t Met/
sgrt(Sumet)

This is our performance starting point.
We are missing...
< Properly implement the Soft Term
resolutions

< Other objects resolutions
40



FIRST MET SIGNIFICANCE IMPLEMENTATION

Object based Met Significance for Z-> u y + jets

Object based E™"** Significance Z -> L + Jets

. . 2 1 1 Jet
Considering gy = 5 Jets
(i.e. without soft term and lepton resolutions). - o
The Met error in the denominator of the ol
Significance is under estimated (due to the g
missing if the other objects resolutions )so we -
obtain a over estimated significance -
distribution. o2l
2 -
__) -
(=) _ Eﬂ
S ~ i
2 — 2 e J T TN T T T T T T T T W N R I_l_Lll L L L llJ_LllJ_lJllll
JII (1 P ) 1075 slo 1(IJO 1éo 2c|>0 250 3cl)o 3éo 4c|)o 450 500

ET"* Significance

ET"® Significances Z -> L + Jets

g 1 ET**Significance with SoftTerm aprox
. . . m10" ET*Significance
We can have a first approximation (very rought b
from O Jet) for the resolution of the Soft term,
. 1o~3
assuming: an

< Constant resolution in the x and y direction 5
of 13.5 GeV (see backup slides) °

sadoa s b Ve Vs a Vaaaa by by aaa byl

150 200 250 300 350 400 450 500 4]

L] N
0 50 100



MET SIGNIFICANCES SEPARATION POWER

® Comparison of the separation power between
> Z(u u)+jet (BKG) and ZZ(u ¢ v v )+et (SGN)
< Cutting on MET - cutting on MET significance - cutting on MET/sqrt(HT) or cutting on MET/

sgrt(Sumet)
Sample MC Generator | MC channel number| Run number | xSection | KFactor |Filter Efficiency
Zmumu Powheg 361107 222525 1951 1.026 1
Dibosonllvv Sherpa 361068 222525 12.76 0.91 1

Signal and Background Met Significance Distributions

ET" Significances Z -> p p + Jets ET"® Significances ZZ -> p pu v v + Jets
'% 1] VEm'“Significance SoftTerm aprox. % 1E VEm'ssSignificance SoftTerm aprox.
& JEM**significance 4 F JEM**significance
1 -1
10 ET**/{Sumet = ET**/{Sumet
102 E-T} Iss, VH—'{ C E_r:lss / vH—t
= 102 E
10k u
10° =
104 =
. - 104 =
10™ E
5
10_65 10 =
107 L 106
OE [IRNR N T BRI NI A AN BTSN A AN A SR AR BTSN AT AR E | R B Lo b b a ol

1 1 1 I
20 40 60 80 100 120 140 160 180 200 20 40 60 I80 100I I l120 140 160 180l I I200

o

Background Signal 42



Background Rejection 1-e4

MET SIGNIFICANCES SEPARATION POWER

ROC Curve

ROC Curves, All jets

Important: MET significance

1—ngwxwrw Mk i LT 5w, calculated considering just

B X XE o jet resolutions

- * 3 * qox

- * %* o * b ¢

* * *

0.8f— * x *

B * « T .

B * % Met Significance with a

- * constant resolution of the
0.6f— * X soft ferm (as an

B approximation) has a

L * comparable performance
0.4=—*— Met Significance w.r.t Met/sqrt(Sumet)

- *

| —*— Met/{HT *»
02—_‘ *— Met/| Sumet -

i Met x We need to properly

—_4. Met Signiflicance SoftTerr{\ I | ¥ implement the Soft Term

0 - ) 1 1 1 1 1 1 1 1 1 1 1 = i |
0 0.2 0.4 0.6 0.8 1 resolutions!

Signal Efficiency €

Starting point. We can do a
better implementation of
the soft Term

...And we are also missing the
other objects resolutions
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MET SIGNIFICANCES SEPARATION POWER

ROC Curves, 1 jet
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Signal Efficiency g
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© -

Background Rejection 1-g4
o
D

0.4

0.2

4
© -

Background Rejection 1-g4
o
D

0.4

0.2

ROC Curves, 2 jets

ROC Curve for different Jet Multiplicities
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*
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ROC Curves, 4 or more jets
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Signal Efficiency g
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| —+— Met Significance
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Signal Efficiency g

< Conftributions from
jet resolution are
bigger than the
one from soff term
and muons.

<~ Performance of
Met Sig. with jet
resolutions
approaches the
other ROC curves
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MET SIGNIFICANCES SEPARATION POWER

Plan

< We need to parameterize the Soft Term resolutions which is a important
contribution in the study of the Zmumu Met significance.

< Study the performance of the object based Met Significance considering the
soft term resolutions.

< After this first part on the study of the algorithm and the study of its performance,
we will start to prepare tools to make this available in ATLAS.
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FIRST STEPS TOWARD OBJECT BASED MET SIGNIFICANCE

=57 (2y) (57)

The covariance matrices V are estimated by propo\ga’ring the expected resolutions for all the
objects

@ First test: Build the V in an easy environment, start selecting Z->mumu+1 jet. Why?

< Assuming contribution from resolution from jets bigger than the one from muon, we can neglect
muons resolution for the moment.

< Selecting events with only 1 jef should be easier to calculate V
< The only terms participating the MET resolutions are jets and soft ferms.

< Select events with low soft term activity to be able to first focus on jet contribution and to validate
the method.

< Selecting events in which MET and Jet are aligned. Statistically more likely the unbalance comes
from jet resolution than Soft Term activity.

€ Once the first MET significance is calculated, planning to compare the separation power
between Z(u ¢ )+jet (BKG) and ZZ(u u v v )+jet (SGN)

« cutting on MET - cutting on MET significance - cutting on MET/sart(HT) or cufting on MET/sgrt(Sumet)

® Depending on these first tests, we will start adding complexity in the final state, adding jefts,
adding other backgrounds (ttbar), and other objects

*  Most of the CP groups already contacted — Paolo

& After this first part on the study of the algorithm and the study of its performance, we will start to
prepare tools to make this available in ATLAS.
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NAIVE COMPARISON BETWEEN BDT CLASSIFIER AND
CUTS BASED ANALYSIS

As a first aproximation we can compare the performance of the BDT
classifier used as a single cut variable w.r.t. the cut based analysis
(without b-tag caterories in this page).

Signal efficiency and background rejection

Signal Significance

0.04

0.03

0.02

0.0

o MET categories

\
k

— Signal
— Background

1.0
e—e Sig.Eff.BDT | | __-- e—e Sig. Signf. BDT
e—e Bkg. Rej. BDT ke * - Sig. Signf. cut based analysis o T T R T g“”
osl|* * Sig. Eff. cuts ki
* - Bkg. Rej. cuts *
0.4
06
03
0.4
0.2
0.2 i
0.0 . 0.0
100 200 300 400 500 600 700 800 100 700 800
MET
MET CATEGORY [GeV] ALL MET RANGE 150 < MET < 200 200 < MET < 350 350 < MET < 500 500 < MET
Signal Events * 1.98418 0.138348 0.910875 0.610088 0.27755
Background Events * 210.02 56.5411 74.8985 13.9164 9.37206
Cut Based BDT > 0.1318 Cut Based BDT > 0.09 CutBased |BDT >0.1318| CutBased BDT >0.14 Cut Based BDT > 0.1
Signal Events after culting * 1.42071 0.696183 0.0620004 0.0056364 0.548098 0.213159 0.546731 0.330669 0.263885 0.172337
Background Events after cutting * 96.4075 0.746975 28.0849 0.0268668 48.9232 0.280533 11.7927 0.281255 7.81377 0.241B65
Signal efficiency 0.716021 0.350868 0.448148 0.0407407 0.601727 0.234015 0.896137 0.541984 0.950769 0.620922
Background rejection 0.540959 0.996443 0.503107 0.999525 0.346807 0.996254 0.152606 0.97979 0.16627 0.974183
Signal significance 0.143639 0.579517 0.0116843 0.0312636 0.0779258 0.303372 0.155642 0.422712 0.0928483 0.267777

47
* From now on, the number of signal and background events are associated to the TestTree which correspond to half of the statistics
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Medium and high categories: The combined significance
is calculated variating the the BDT limit between the
categories starting from BDT=0 to the right.

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

DEFINING BDT CATEGORIES

Low — medium - high BDT categories are defined by maximizing the combined significance at first order.

Total Significance for two BDT cut caterogies

—./s2 2 2
§= \/ Stow +Syeprvm + Shicn

e—e All MET range
e—e MET >500 GeV

P

-0.2

-0.1 0.0 0.1
BDT category limit

0.08

0.0

2

0.0

>

0.0

o

0.0:

=

0.0:

@

II|I|IIIIIIIII|IIII|II|I|||II|IIII|IIIII

0.02

0.0

— Signal
— Background

Low and medium categories: Starting from the limit that
maximises the medium and high categories, a second
maximum is found for the combined significance to the

0 '—o.alz—o.al '
Low BDT category

[-0.45, 0.1]

-0.2

e T
-0.1

D/J

= SR
0.2 03

Medium BDT
category[0.1, 0.18]

[0.18, 0.4]

| efT . o Total Significance for two BDT cut caterogies
> 04
0.1 Mf\
0.2 0.3 ~0.4 -0.3 -0.2 ;yT categ%fy oy 0.1 0.2 03
Purity (Sig./Bkgr.)
Cuts Based Analysis BDT
Obtag 1btag 2 btag Low Medium High
0.006138141 | 0.02003048 | 0.2326927 | 0.004973259 0.3321946 2411031
0.01499348813| 0.130880753 | 1.04812285 [0.01149569568| 0.4631068043 | 2.712481267

=Y

High BDT category 48
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SCALAR MEDIATOR

Simple potential q o h X
DM couple to the SM only though the Higgs )
_—— = L o
h, h,S
V > alHPS + bIHPS? + A |H]' ) WS 0 )
q X
g s+ h X
Coupling of the scalar with DM ~Y xS /
t P A
h,S h,S
After SSB Mixing between h and S 7] g X
. . g /ab\ _-h
Quark and DM couplings terms: > g
m {1 A Y
-V _ - h,S X
Y xx(ceS — sgh) . qq(cgh + 54S) ) , & < |



SCALAR MEDIATOR
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BOOSTED DESITION TREE

Decision Tr ini isi
o becision lree o Training a decision tree

Consecutive set of questions (nodes)

«  Only two possible answers per question Root
« Each question depends on the formerly given s
answers 5> cl) i <cl)

Final veredict (leaf) is reached after a given maximum
number of nodes

(x> c2] [x <c2) [xj > c3) [ <c3)

o Random forest

Random Forests is an ensemble method that combines o
different frees [k > c4) [xk < ca)

Final output is determined by the majority vote of all

Boosting

« Misclassified events are weighted higher so that
future learners concentrate on these
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*—& Purity for the cut based analysis
o—e Purity for the BDT classifier
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(1/N) dN/ dx

Efficiency (Purity)

Classifier Output Distributions
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ARTIFICIAL NEURAL NETWORKS (NON-
LINEAR DISCRIMINANT ANALYSIS)

o All ANNs belong to the class of Multilayer Perceptrons (MLP), which are feed-forward networks
according to the following propagation schema:

1 input layer k hidden layers 1 ouput layer
Sy, e
11
P ';’
@ Wi @ « @ ., A O 2 output classes
. . : A (signal and background)

Nyg, discriminating N
inputvariables < @ —Wb @ S : xF;“‘)

i « -

5 ® , (i)

— —_— TP .
("Activation" function)
X0 0 P~ P —xy~!
e 0= Al w0+ S w0 with: AX) = (1+e7)
P

« The input layer contains as many neurons as input variables used in the MVA. The output
layer contains a single neuron for the signal weight. In between the input and output layers
are a variable number of k hidden layers with arbitrary numbers of neurons. (While the
structure of the input and output layers is determined by the problem, the hidden layers
can be configured by the user through the option string of the method booking.)

« Asindicated in the sketch, all neuron inputs to a layer are linear combinations of the neuron
output of the previous layer. The transfer from input to output within a neuron is performed
by means of an "activation function”. In general, the activation function of a neuron can be
zero (deactivated), one (linear), or non-linear. The above example uses a sigmoid
activation function. The transfer function of the output layer is usually linear. 54



LIKELIHOOD (PDE APPROACH)

We define the likelihood ratio, R, for an event by the ratio of the signal to the signal plus
background likelihoods. The individual likelihoods are products of the corresponding probability
densities of the discriminating input variables used. In practice, TMVA uses polynomial splines
fitted to histograms, or unbinned Gaussian kernel density estimators, to estimate the probability
density functions (PDF) obtained from the distributions of the training variables.
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MVA TRAINING VARIABLES AND SAMPLES

o Variables in fraining

Vanable o Background Samples
EtaFatJet
mindphi
dPhimggMPT Name physically_descriptive_name Xsec[pb] |#Events in Ntuples| #Events (1 fb-1)
o toar PowhegPythia P2012_ttbar_allhad 696.04 316338 318.2851712
MET ZnunuB Sherpa CT10_ZnunuMassiveCBPI140 280 BFilter 60.02 1870516 7.1765914
btag ZnunuC | Sherpa CT10 ZnunuMassiveCBP1140 280 CFilterBVelo| 60239 2393875 24 38173525
dPhIMETFatet Znunul Sherpa_CT10_ZnunuMassiveCBP1140_ 280 CVetoBVeto 60.23 2468799 28.3870013
MVH ZZ Sherpa_CT10_Zgadwv 16.492 3627 463359232
nTrackJetsTagsOut ZvvH125 PythiaB AU2CTEQGEL1_ZH125 nunubb 0.8696 43722 0.10035184
pTFatlet WZ Sherpa CT10 WivZgq 12.543 41297 12.543
MPT Ww Sherpa CT10 WplvWmaqg 25.995 27248 25.995
nTrackJetsTagsin
MEff
ntracktag
MEff3
PTVH
nFatJets

o Signal Sample

Name physically_descriptive_name Xsec[pb] [#Events in Ntuples| #Events (1 fb-1)
shxxbbms1000mx1| MadGraphPythia8EvtGen AT4NNPDF23LC_shxx _bb _ms1000_mx1 3.9708 23245 3.9708
o Samples taken from CxAOD_00-14-05 o For the time being only merged regime is
o Normalizaded to 1 fb-1 of integrated considered.

luminosity o Preselection: At least one fat jet 56



VARIABLES DISTRIBUTIONS

Input variable: FatJetMass
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VARIABLES DISTRIBUTIONS

Input variable: MPT
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CORRELATION COEFFICIENTS

Correlation Matrix (signal)

Linear correlation coefficients in %
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MVA ALGORITHMS COMPARISON

ROC (Receiver Operation Characteristics) curve shows the performance (characterize the
quality of classification) for the MVA methods. The one that has that largest AUC (Area
Under the Curve) has the best classification power between signal and background.
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BDT

In the classifier distribution, the signal-like events are on the right (high BDT) and the background-like events are on the
left (low BDT). A straightforward implementation of the BDT classifier is to perform a single cut on this variable in which
the significance is maximized for a given number of signal and background generated events.

ALL MET RANGE

The BDT method was trained for all the
MET range in order to take advantage

of the whole statistics.

o Classifier Output Distribution
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MERGED EVENTS WITH MET<500 GEV

200 GeV<MET<500 GeV without mBB in training
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PRELIMINARY MVA ON SCALAR SM

o Variables in fraining

Rank Variable Variable Importance
1 EtaFatJet 9.03E-02
2 mindphi 8.67E-02
3 mBB 7.86E-02
4 dPhiMETMPT 7.41E-02
5 nJ 7.10E-02
6 MET 7.04E-02
7 btag 6.55E-02
8 dPhiMETFatJet 5.76E-02
9 MVH 5.12E-02
10 |nTrackJetsTagsOut 4.94E-02
11 pTFatJet 4.58E-02
12 MPT 4.36E-02
13 | nTrackJetsTagsin 4.34E-02
14 MEff 4.13E-02
15 ntracktag 3.84E-02
16 MEff3 3.74E-02
17 PTVH 2.88E-02
18 nFatJets 2.65E-02

TMVA overtraining check for classifier: BDT

(1/N) dN/ dx

TMVA

{1 signal (te

st sample)

5 [//] Background (test sample)

'+ Signal (trdining sample) |
e Background (training sample) ]

Kolmogorov-Smirnov test: signal (background) probability = 0.145 ( 0.01)

+

U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%

0.2 0.3
BDT response
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COMPARISON BETWEEN BDT CLASSIFIER AND CUTS
BASED ANALYSIS

o MET categories

Signal efficiency and background rejection
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Then, instead of having a single sharp cut on BDT

BDT CATEGORIES MET>500 GEV

The number of b-tag jets is a variable considered in the BDT fraining.

BDT after cut
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We can define BDT categories that can be related
to 0, 1 and 2 btags.
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Distri

ALL MET
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Distributions of the variables

MET > 500 GeV

ALL MET
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Distributions of the variables

ALL MET MET > 500 GeV
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Distributions of the variables

ALL MET

pTFatJet
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Distributions of the variables

ALL MET
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Distributions of the variables

MET > 500 GeV

ALL MET
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Distributions of the variables
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Distributions of the variables
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Distributions of the variables

ALL MET MET > 500 GeV
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Istributions of the variables
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Distributions of the variables

ALL MET

dPhiMETMPT

0.05

0.04

0.0:

@

0.0;

o

UL L L I I R

0.0

o

Signal dPhiMETMPT

0.05

0.04=

0.03

0.02

0.0

L L L L I B

— Signal
— Background

=

dPhiMETMPT after cuts

1.2

0.045F

PR IR R

=

06

MET > 500 GeV

dPhiMETMPT

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

=}

sofl o .00 o doy o

— Signal
— Background

=)

L
0.4

0.6 08 1 1.2 1.4

Signal dPhiMETMPT

e e e
o =3 =3
b o 2]

e
=3
@

A T[T T T [ TT T T [ TTTT[TTTT]T

e
o
[~}

=4
o

=)

— Signal
— Background

0.6

0.8

dPhiMETMPT after cuts

{IIITIII‘

0.08

0.06

0.04

0.02

AR RARE

Lo

)

0.4 0.6

0.8

mﬂ_?A ‘_ﬂkg 4 ‘1‘4 80

rad



Distributions of the variables

ALL MET MET > 500 GeV
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Distributions of the variables

ALL MET

MEff

0.1

)

0.

0.0:

0.0

=23

0.0

=

=]
TTT [T T T[T T T[T T T[T T T[T T T[T TT][T
I I I I I I I

0.02

o

M e PRI AR BPIN li o

| L L
500 1000 1500 2000 2500 3000 3500 4000
MEff after BDT cut

01—

0.08[—

0.06—

0.04—

0.02—

Lo ao?

=

LI

= |
3000 3500 4000
MeV

| PRI IS Py
500 1000 1500 2000 2500

MEff after cuts

0.16

0.1

=

0.1

N

0.

0.0:

0.0

=3

0.0

b

©
T[T [T [T T [T T[T [T TTT]TT

0.0:

R

=)

- Ll x10°

S P B
2500 3000 3500 4000
MeV

. Al -
500 1000 1500 2000

0.0

3

0.0

e o 9
o o o
& 8 I &
T T [T [T T[T T[T T[T T[T

=4
=3
I

MET > 500 GeV

MEff

A

Y N s x10°

L
500

1 1 | n Lo
1000 1500 2000 2500 3000 3500 4000

MeV

MEff after BDT cut

=4
=
@

T T [ TT T T [ TT T T[T TTTT] 7T

0.0:

i)

0.0

o

]
e e e e Ly 1y BT

3

500

1000

Mmoo | 1
1500 2000 2500 3000 3500 4000
MeV

MEff after cuts

0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04

0.02

T[T T[T T T [T [T T[T [TTT T

[y

PRI

Loy | mlo ol vy

x10°

100

Lo
0 1500 2000 2500 3000 3500 4000
MeV

82



0

0.08

0.01

&

LA L L L B B

0.04

0.02

Distributions of the variables

MET > 500 GeV

ALL MET

MEff3

=
o
=
S

ME(ff3 after BDT cuts

P B,
1000 1500 2000

L
2500

308

o
o
[

o
=
<

o
=
=

o
1=
@

o
o
@

=
o
LS}

o
o

=)

o
I
o T[T T[T T[T T[T [T [T TT

P -
1000

MEff3 after cuts

. n =
1500 2000

L
2500

MeV

o

L L L B I L

=)

oo

—a

3000

00

X1

x1

=)

- h 1
500 1000

h
1500 2000

2500

.
301
MeV

00

10°

o

0

MEff3
0.06—
0.05]—
0.04—
0.03
0.02)—
0.0t
P R B U P R B o 1
0 500 1000 1500 2000 2500 3000
MEff3 after BDT cuts
0.05=
0.08
0.08-
0.02)—
&01:7
ol v | P R Rl x10°
0 500 1000 1500 2000 2500 3000
aV
ME(ff3 after cuts
0.24— -
0.22—
0.2
0.18—
0.16—
0.14F
0.12—
0.1—
0.08—
0.06
0.04— (|
0.02—
b v L 1 P =0 w000 |00 10lx10
0 500 1000 1500 2000 2500 3000

MeV

83



