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Signature and event selection

Signature: missing transverse momentum E?iss with H — bb
reconstructed as

» (resolved) two small-R > (merged) one large-R jet
b-jets (R = 0.4) (R = 1.0) with 2 associated
R=0.4 b-tagged track jets

150 GeV < E* < 500 GeV EMiss > 500 GeV

Base event selection:
> EMss trigger (70 GeV to 110 GeV)
P lepton veto, 7 veto, additional b-jet veto
> anti-QCD: min Ap(EMSS, jets) > 20°, Agp(EMsS, pmiss) < 9(°
P additional cuts on jet pt and event topology

Philipp Gadow (MPP) Mono-h(bb) Introduction Object-based E-P"SS significance VR track jets Results 3/17



Signal and background

Benchmark signal
Z' + 2HDM model (Type II)

Fixed parameters:
my = 100GeV, tan B = 1.0 gz = 0.8,

my = m, 4 = 300GeV, BR(A — xX) = 100%

Dominant background processes

q v 7 € h
Z v w v
q q
g 9 q
q 4 a

Other background processes: , , VHbb
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Multijet background

(N

:\

fake ETmiss F7

Jet2 p iy
(mismeasured)

CATLAS
2 EXPERIMENT
http://atlas.ch

> Mismeasured jet pt can create fake E?‘iss in multijet
processes, allowing them to enter event selection

> Multijet background difficult to simulate, often requires
data-driven methods for estimation (templates, jet smearing)
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Established anti-QCD cuts

min Ay (jets, ES's*) cut

6 Jet

Bt

fake EMsS being often parallel to
jet pr allows to define strong cut

\7

G 10"EATLAS Work in Progress —e-Data | i '
O 105E¥s=13Tev, 79.8 0" Z+jets 1 WHjets
@ 5[ ResoNed SR[1502001GeV  Singletop [ Diboson
£ 10 rqut min dPhi and S cuts g vpy(bp) .- (400,300)
i -+~ (800,400) ---- (600,300)
o - — ~
s 15 -+
3 i e e o U o o
©
g 1

0.5

0.5 1 15 2 25 3
iss,

aq, (e, E)

Philipp Gadow (MPP) Mono-h(bb)

Event-based EIMS significance

Emiss Emiss
T . Or T .
/Z E_rrmss /H_rl_mss

H [jmiss . _ =4
with HT T Ze,y,,’y:r,jets pPT

» denominator serves as
event-based approximation
to ETM®° resolution

P high value indicates
observed E?‘iss cannot be
explained from momentum
resolution effects alone
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Object-based EI* significance

Objective: Improve multijet suppression provided by cuts such as
min A (jets, E{"'°) in event selection by introducing an additional
cut on EMMsS significance.

Object-based E?iss significance is a variable that

» takes into account the full event composition of all
objects entering the E{"** reconstruction and their
respective resolution and the correlations among them

» distinguishes between processes with real and fake E?‘iss

Rather new development in ATLAS: (3' ATLAS-CONF-2018-038
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Introducing an object-based EM™ significance requirement

a 6 ATLAS Work in Progress ~ —*— Da_tla U A '
~ 10°EVs-137ev, 79810 Ztjets Weets
#  10° ESR Resolved 150-200 2b Single top [l Diboson
= [ VH(bb) B Dijet MC
= 4
I 10 - (400,300)  ---- (800,300)
103 -- (600,300)
10°
10
107t
: — : : S——
g 1.5 ) v. b e, l " ;
g /// iﬁ I 7
0.5 g Z

0 5 10 15 20 25 30 35 40 45 50
Object based E:iss Significance

New object-based ET"** significance S > 16 requirement in
resolved topology event selection to suppress .
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Emiss significance performance in Mono-H(bb)

Signal: Z’-2HDM model

(mzs = 400 GeV, my = 300 GeV)

Background: dijet MC

S > 16 working point:

» Signal efficiency
> 90%

» Dijet rejection
> 95%

Philipp Gadow (MPP) Mono-h(bb)

* ey
0.8
ATLAS

Simulation Preliminary

06 (5= 13 TeV

2 b-tag, Resolved SR
0.4 —a— Object-based E:““ Significance

—e— Event-based E7*° Significance

1 - Multijet Background Efficiency (1 - &;)

02 - gD

min Ao (jets, E?ESS) cut included in preselection

A T o M
0 01 02 03 04 05 06 07 08 09

o

Signal Efficiency (eg)
» With cut: only 51 multijet events,
background can be neglected
» 95% reduction w.r.t. PRL 119 181804

. (' ATLAS-CONF-2018-039
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New analysis technique: VR track jets

:7 VR track jets

b-tagging for merged topology: objects supplied by jet algorithm
using tracks as input with pt-dependent radius parameter

Acceptance x Efficiency

Philipp Gadow (MPP)

0.8

0.6

0.4

0.2

R Ry — 30 GeV

ATL‘AS Simula‘tion Prelim‘inary ‘
Vs =13 TeV
Z-2HDM

m, =500 GeV
Merged SR

-6 FR 0+1+2 b-tag —¢— VR 0+1+2 b-tag
-&- FR 1 b-tag —- VR 1 b-tag
-5 FR 2 b-tag —— VR 2 b-tag

P B
2500 3000

m, [GeV]
signal acceptance x efficiency

.-— P B
1000 1500 2000

Mono-h(bb) Introduction Object-based ET

miss

(0.02 < Regr < 0.4)

Use of variable-radius
track jets improves
acceptance X
efficiency in the highly
boosted regime for the
benchmark Z’+2HDM
model

(' ATLAS-CONF-2018-039
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Statistical analysis

"Fit the model to data”: profile likelihood fit

L, )= H Pois(n;|uS;  + B )
SR bins: i

snvn 2
SN Background Uncertainty
Predit Background

T T R P T,
300 400 500 600 700 800
ETE [GeV]

0 lepton signal region

» Major backgrounds unconstrained, minor backgrounds constrained by theory.

_ _ (' ATLAS-CONF-2018-039
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Statistical analysis

"Fit the model to data”: profile likelihood fit

L, )= H Pois(n;|uS;  + B ) H Pois(n;|B; /)

SR bins: i CR bins: j
x10° c T T T T T
3 18] s TLAS Preliminary B
g 1,65 fo-1aTev, 81" :::%EJ.W %1 e E F
14 s 2 i
2 w1
o 1.2 N\ Background Uncertainty
> - Pre-it Background |
my " nono-h 2 2HDM (< 1000) 1
e iso v e 60
0.8] Osgna = 3751 -
0.6] SR (Resolved) ; 0 lepton
oo~ £ o cav ,
0.4 ) -
0.2]
1F
o o E
215 T T TN T T T T T T b
2 1-»..«..‘»..«—‘»«,@% 3 3 et NN 5 12
Sos, -1 SN ]
5 00~ Th0 200 250 200400400500 600700 800 >
m, [GeV] EP™[GeV]
0 lepton signal region 1 lepton control region

2 lepton control region

» Major backgrounds unconstrained, minor backgrounds constrained by theory.

» Control regions improve (dominant) background estimation in signal region.
(Z ATLAS-CONF-2018-039
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Statistical analysis

"Fit the model to data”: profile likelihood fit

L(p,0)= [ Pois(niluSi(0) + Bi(0)) J] Pois(m|B;(8)) ][ Gaus(Ox =6k, 0=
SR bins: i CR bins: j Nuisance

parameters: k

x10° c 10°ET T T T T T
- SRS SN, < Tom ot s
& 18 atas proiminay 2500, 2 Fprasheimiey Szses E § o[ Sl ot pogle: 7
O 16F fmramev. s’ hoson 210 Si-snoews B 4551 _EFF Exgon 6.0
© =lie X g B
214 S Sl S & wof T e e
512 N Background Uncerainty
D re-fit Background
w B — - mono-h Z'-2HDM (x 1000)
0.8 Cggn = 37510
0.6 SR (Resolved) : 0 lepton
150 Gol < E3° < 200 GoV/
0.4
0.2]
o |
= 1. T T T T T T
215 ‘ ‘ T 21 1
S K] e NN s
Sos b1 AN 5 osr
5 100 150 200 250 200 300 400 500 600 700 800 =
m; [GeV] ET™ [GeV] B 700 120 140 160 180 200 220 240 260 280
m,, [Ge\
0 lepton signal region 1 lepton control region systematic uncertainties

2 lepton control region

» Major backgrounds unconstrained, minor backgrounds constrained by theory.

» Control regions improve (dominant) background estimation in signal region.
3 Z ATLAS-CONF-2018-039
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Signal region mj;/m, distributions after fit to data (1 = 0)

Events /5 GeV

[ + single top
[ z+iets

WHets
N Background Uncertainty
44444 Pre-fit Background
— - mono-h Z-2HDM (x 1000)
m, = 1400 GeV, m, = 600 Ge\
=375M

Isigna

SR (Resolved) : O lepton
150 Gev < ] <200 GeV

2brags

Events /5 GeV

x10°
:

T
ATLAS Preliminary
V5=13Tev, 79810

[t + single top.

A Background Uncertainty
44444 Pre-fit Background
— - mono-h Z-2HDM (x 100)
m, = 1400 GeV, m, =600 GeV
=375

Osra

SR (Resolved) : 0 lepion
200 GeV < E* <350 GeV/

2biags

EOHH‘HH‘HH“HH"
215 \
T Lessereserercorescententytltil
SO5E,

50 100 150 200 50

m; [GeV]

S 300 a
& [ ATas Prelininary ;g;"w ]
© 250 Vs=13Tev, 79.8fb° =] Qmosunl .|
— E SR (Resolved) : 0 leptor {t+ single top
= F ssocev<er <soncey e
£ 200F 2 btags B Wijets
< C N\ Background Uncertainty
s £ I Prefit Background

- —_— -h Z'-2HDM
& 150 e 1400 Gevem, = 600 Gel

E Oggna =375 10 3

100

50|

o e _
S T T T T
3L
E 1Wmﬁ~wﬁ«\w§§$§;
Bos- +
A0SE,

50 100 150 200 250
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o .
S T T
21
3 1*“’“-“*""**""’»*“*‘#&%%\#?
§°-5’ | | Lt *\
50 100 150 200 250
m; [GeV]
S G0 . al
3 [ ATLAS Preliminary i
o 50[ (5=13Tev, 798" i
S TN = Dy
0 T 1+
2 40 zbiags N Engaund Uncerain
[ E «=xe« Pre-fit Background
5 b T reans o
E o = 1400 Gev., m, = 600 G
E iy
E S
20| S
10 |
+ M ]
o] Lsrbeed 1 1 =
s ST
215 *
3 N \\éexﬁw&&&*&&%\\k\\\ N
Sosp, T4
50 100 150 200 250
m, [GeV]
(' ATLAS-CONF-2018-039
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Exclusion limits for Z/+2HDM model

ma [GeV]

800

700}

600

500

400

1000

900~

T { T T T T { T T T T { T T T T { T T T T { T T T T { \A
= I —— Observed 95% CL ]
- ATLAS Prel 1

S Preliminary - s Expected 95% CL (x10)]

_ -1
- VS=13TeV, 798 ppl 1, 181804 :

— h(bb) + EIiss: Z’+2HDM simplified model =
I tang=1,g-=0.8, m =100 GeV, my = my= =300 GeV

1 l | 1 1 | l | 1
1000 1500

\\l\\ \\
2000 2500 3000

mz [GeV]

Model parameters excluded at 95%CLs: mz < 2850 GeV and my < 650 GeV.

But is this due to the increased dataset or due to the use of VR track jets?
' ATLAS-CONF-2018-039
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Expected p limit comparision using VR/FR

§ VR trackjets

Expected upper limit

1 limiit
FR/VR

on 41 (95% CL)

track jets

-
N

T

T T T

ATLAS Preliminary ===
VE=13TeV, 79.8fb™"

-
o

~ (scaled)
h(bb) + E’T""SS: Z'+2HDM simplified model
tang =1, g =0.8, m, =100 GeV, my = 500 GeV

VR track jets 2b
(10 and +20)
FR track jets 2b /

]

/

4

2

0 [ Il N Il Il Il Il N Il Il Il Il N Il Il Il Il N Il Il Il Il

3 ? L I B B I A B B E

22 E

1E [t T TR N T N | 3

1000 1500 2000 2500 3000

mz [GeV]

Expected limit on signal strength p for may = 500 GeV slice
comparision shows: improvement due to new analysis techniques!

Philipp Gadow (MPP)

miss
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Outlook: E™s significance in full Run-2 dataset
blinded in Higgs mass window (not included: 70 GeV < mj; < 140 GeV)

2 10° FATLAS Work in Progress  —- Data Zies
~ EVs=13Tev, 1355 mi Wets
é R_Resolved_200_350_2b Singletop [l Diboson
o T T T T T T T Ly g I VH(bb) [ Dilet MC
o 108 CATLAS Work in Progress  ~+- Data i SV m e e
> < Vs =13 TeV, 135.5 fb Z+jets Wijets "
ki) 10 R_Resolved_150_200_2b Single top [l Diboson
= 4 .
£ 10 I VH(bb) I Dijet MC °
>
wogel -~ m,=0.8 TeV, m, =500 GeV g
&

-- my=1.2 TeV, mA:SDO GeV 7
050 T H0 25 30 85 40 45 50
Object-based E™* significance

(200GeV < EF'sS < 350 GeV)

S 10° [ATLRS Wok i Progress | <ot e
[9) TT ¥ i T ots
s 1.5 + - 7, @ 10°ESR Resolved 350 50020 gingietop [ Diboson
/ Z 10 VH(bb) Dijet MC
E . - ¥ g 10 ey o
I il ib o W - m,0.8 TeV, m, 500 Gev
8 e +ﬁ‘/ 44 ;é =12 TeV, m.=500 Gev
a 10
0517 { ’
0 5 10 15 20 25 30 35 40 45 50 107

Object-based E'T"‘SS significance % 15 Z;// / //
i 8 0.5 ‘W (7 //// /
(150 GeV < EF™ < 200 GeV) % el

Object-based E7™ significance

(350 GeV < EY"™* < 500 GeV)

Full Run-2 analysis: re-optimise cut value of object-based E?iss
significance requirement because of updated object calibrations.

Philipp Gadow (MPP) Mono-h(bb) Introduction Object-based ET'"'* significance VR track jets Results 16 / 17



Summary

(' ATLAS-CONF-2018-039

» Search for Dark Matter with Higgs boson (— bb)

» Improved sensitivity due to

") Amount of data: 79.8/fb

» First time use of VR trackjets in ATLAS: helps to maintain
double b-tagging efficiency also in highly boosted topologies

» The object-based ET'T”S‘S significance allows to suppress the
multijet background to the extent that it does not need to be
accounted for in the background model of the statistical
interpretation.

g ETMSS significance

{
\
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Backup
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Background estimation

Simulated background estimates:

— - mono-h Z'-2HDM

. T T T T 3 > SHERPA 2.2.1
8 10" ATLAS Preliminary —*= D@ =
@ (5=13Tev,79.8 " E ﬁesl;g,e top 3 > SHERPA 2.2.1
€ SR : 0 lepton [ WHets E
2 2otage T E » ii: POWHEG v2 + PYTHIA 8
w N\ Background Uncertainty E
----- Pre-fit Background i > : POWHEG v2 =+ PyTHIA

m,. = 1400 GeV, m, =600 GeV 8
O =375 10
,,,,,,,,,,,,,,,,,,,,,, > : SHERPA 2.2.1
» VHbb: POWHEG v2 (MINLO) +
PyTHIA 8

Data-driven background estimate:

=
n
E RN
8 P RN R EIATN AP L B > Multijet: negligible
200 300 400 500 600 700 800 .
£ [GeV] (ABCD-method)

Reduce untertainties on background estimation by using control regions:

» 0 lepton signal region + 1 lepton / 2 lepton control regions
B @ ATLAS-CONF-2018-039
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Event selection

Resolved Merged Cut motivation

trigger

lepton veto (SR) or selection (CRs)

(modified) Ef's > 150 GeV trigger efficiency

min A¢(EF™S, jets) > 20° anti-

Ag(Emiss, pmiss) < 0° anti-

S > 16 (SR only) — anti-
E-Pi“ < 500 GeV E—'r“iSS > 500 GeV signal topology
N(central small-R jets) > 2 N(central large-R jets) > 1 signal topology
pJTEt‘ > 45GeV || pJTEtz > 45 GeV — signal topology

2(3) .

’[‘1 pJTE( > 120 GeV (150 GeV) — signal topology
Ad(jet,, jety) < 140° — anti-
AG(EF™, h) > 120° — anti-

T-veto reduction
additional b-jet veto reduction
H ratio reduction
AR(jety, jety) < 1.8 — anti-

w >1 VR track jet calibration

b-tag requirement on
small-R jets VR track-jets
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1 lepton control region

c T T T T T
a ATLAS Preliminary —e-— Data
~ Vs=13Tev,79.81b" [ zvjets

a CR : 1lepton [I € + single top
S 2b-ags [ weiets

> Muon Charge : Positive [ Diboson

w [ smvh

A\ Background Uncertainty
----- Pre-fit Background

E 0\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
i3
B e
88:8*‘\HH\HH\HH\HH\HH\HH
200 300 400 500 600 700 800
Er;uss, no W [GeV]

£
3
=
2
f=
[
>
w

10°

T T
—e— Data

T T T
ATLAS Preliminary !
s=13Tev, 79.81b" [ zjets
CR: 1 lepton [ tt + single top
2b-tags [ wHjets
Muon Charge : Negative [ Diboson
[ smvh

N Background Uncertainty
----- Pre-fit Background

200 300 400 500 600 700 800

Errmss, no p [GeV]

» Fit variables: Eymiss distribution in 4 bins and muon charge in

2 bins

» Muon charge asymmetry allows to disentangle W-+jets and tt

contributions

Philipp Gadow (MPP) Mono-h(bb)
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2 lepton control region

c T T T T ;
£ ATLAS Preliminary —e—Data
> 13Tev,79.8 fbo* [ 2+jets
c E 2 leptons [ tt + single top
[} C -tags [ w+iets
@ 10°E [ Diboson

E [ smvh

A Background Uncertainty
----- Pre-fit Background

Data/SM
0O P

681,

e ST

)
AT T T T T T T

200 300 400 500 600 700 800

P} [Gev]

» Fit variable: Etmiss distribution in 4 bins

Philipp Gadow (MPP) Mono-h(bb)

' ATLAS-CONF-2018-039
22 /17


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-039/

E™ss distribution in signal region

T T T T
. —e— Data

ATLAS Preliminary ) z+iets
(s=13Tev,79.8 " [t + single top
SR : 0 lepton [ WHets
2b-tags [I Diboson
[ SMVh
N Background Uncertainty
----- Pre-fit Background
— - mono-h Z-2HDM
mg = 1400 GeV, m, = 600 Ge\
O =375 10

5 ST
3 1Mmm\m¥m§
© £

Q0.8 L . P P B B

P !
400 500 600 700 800
ET* [GeV]

i
o
2

Events / bin
S

» Fit variables: m,; distribution in 46/46/23/11 bins, Etmiss
distribution in 4 bins
» Shown here: integral of myy, distributions in each Ermiss bin

' ATLAS-CONF-2018-039
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Exclusion limit comparison for Z’4+2HDM model (1)

— - | T T | T T T T | T T T T | T T T T | T T T T | T
> r : ]
8 1000: ATLAS Preliminary —-— YEgiﬂéjitgscfb a
= E /s=13TeV,79.81b~" o o ]
< 900 ’ FR track jets 1+2b —
£ - Expected limits at 95% CL  — "7 (scaled) h
800 h(bb) + EMss: Z+2HDM simplified model —
- tang=1,g7=0.8, m =100 GeV, my = my= = 300 GeV 7
700— 3
r e~ ]
600 - . -
C /,/ \\‘\ ]
r [ ]
500— ’ kS i
N4 N :
4001 / AN =
4 N :
il | |/I Il 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 r\l \L 1 1 | B |

500 1000 1500 2000 2500 3000
mz’ [GeV]
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Exclusion limit comparison for Z’4+2HDM model (2)

— - | T T | T T T T | T T T T T T T T | T T T T | T
> C ; -
8 1000: ATLAS Preliminary === Yﬂgiﬂfj]it;c)% a
= E /s=13TeV,79.81b~" - - ]
< 900 ’ FR track jets 2b —
£ - Expected limits at 95% CL 7 (scaled) .
800 h(bb) + EMss: Z+2HDM simplified model —
- tang=1,g7=0.8, m =100 GeV, my = my= = 300 GeV 7
700— 3
a L= E
600 /’/ ’\R -
— P \\ —
r Vi RN ]
500— 7 AN ]
C /' \\\ a
400 -/ A =
. ’/ '\ \\\ ]
il | |/I Il 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ol 1 \L 1 1 | B |

500 1000 1500 2000 2500 300
mz’ [GeV]
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Missing transverse momentum EMs®

e,14,Y,T,jets

Probe for weakly interacting, stable particles in final state, such as:
neutrinos, BSM physics (SUSY, dark matter, ..) particles
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Missing transverse momentum EMs®

e[ Y B Y A

e,lt,7Y,T,jets soft term

Probe for weakly interacting, stable particles in final state, such as:
neutrinos, BSM physics (SUSY, dark matter, ..) particles
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Object-based EM* significance (I)

Define as likelihood ratio S? to test hypothesis that the observed

E}“iss is due to momentum piT”" associated to invisible particles:

§2 = oln [ e

MaX in—g
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Object-based EM* significance (I)
Define as likelihood ratio S? to test hypothesis that the observed

Em'SS is due to momentum p'”" associated to invisible particles:

maX InV
S?2—2In 70

MaX i —g

Corresponds to x? variable assuming Gaussian resolutions with

-1

52 —9In ( ) EmISS Z V: (E_rlpiSS)

with covariance matrix V; for each object in E?iss calculation.
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Object-based EM™* significance (Il)

In coordinate system with parallel (L) and perpendicular (T) axis
defined with respect to ESS = (EMiss ():

miss 2
82 o (ET )
~ of(1—piy)
4 LT
i 2
» correlation factor p 1+ = LZT -
99T

> total longitudinal variance o7 = + (o%°ft)2
2 T T ]
fOr i c e, U, 7,7, _jets in I_—T baSiS g 0'1;SimulationPreIiminary 7:
2 o0s 1
5 s§=13TeV, 36 b ]
< L -channel |
V, oL PLTOLOT § ooof mmiasoe :
;= = Jet veto ]
E oal E
PLTOLOT oT g 004 ]
0.02 - {
soft term resolution: 10 GeV %:0 e ;o
(RMS of EMiss components) £, £ (Gev)
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Object-based E™* significance performance

Signal: ZZ — eevv o T e T
- - T R .
Background: Z — ee€ s ~~ ]
g [ ATLAS
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Strong fake E}“iss rejection while maintaining high signal efficiency
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Object-based EM™* significance distributions
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Study of different object-based EM™* significance cut values

Objective: find cut value with no significance degredation

Study expected
significance

Z:J2<(5+b)|n(l+2)—s>

and compare ratio

Z(cut applied)
Z(no cut)

to find optimal cut.

Exp. significance ratio MonoH Nominal SR Resolved 2b metsig16

ma [GeV]

ATLAS Work in Progress
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Choice of cut: object-based E?‘iss significance § > 16
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Multijet estimate

Estimate residual multijet event yield after object-based E}“iss
significance and other anti-QCD cuts with ABCD method:
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T

Object-based E™* significance

45 ATLAS Work in Progress
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173
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Entri

» Define regions A,B,C by

cut values on min

A¢(j1,2,3, EF') and S

> Multijet yield prediction

for signal region (SR):

Ng - N¢

Nep =
SR Ny

Predicted numbers of multijet background events in each region:
Region | 150 GeV < ET < 200GeV | 200 GeV < EMss < 350 GeV | 350 GeV < Eis* < 500 GeV

Multijet yield ‘

3817 \

\ 0.1+81

= negligible since smaller than data statistical uncertainty
Mono-h(bb)
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E™ss significance in sbottom multi-b jet search
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Object-based E{“iss requirement S > 25 in signal region event

selection to reject Standard Model background,
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