Results from the Higgs Searches at
the LHC

Patricia Conde Muiiio
LIP (Laboratdrio de Instrumentagdo e Fisica Experimental de
Particulas)

IIIIIIIIIIII
FCT
I p F ao para a Ciéncia e a Tecn




[

Up to now

Course on Physics at the LHC

from Monday, 22 February 2016 (07:00) to Monday, 13 June 2016 (18:30) ' . Sessions | |/ :Talks B
LIP {Conference Room) -

22 Fab 2016 24 Feb 2016

26 Feb 2016 29 Feb 2016 7T Mar 2016 14 Mar 2016

21 Mar 2016

7:00 | Datectors 2 - Pedro Vieira De Castra
Feeira Da Silva (CERN) (Conference

8 trackingtrigger_7March2016.pdf 3 sm_lecture_2016.pdf

| [ top_lecture1_2016.pdf |

B 2016-03-14_Statistics_LIP-

o

g.-

[ Lectures3-SM 2
[# Lectures3-SM

2- |

[® Lecture2-Exp

E8 Lecture2-Exp

e [2-

* LHC, detectors, statistics, top physics and first lectures of Higgs

* Now: how we go from the detector to an specific analysis, step by step

| 4 Apr 2016 11 Apr 2016 18 Apr 2016 2 May 2016 10 May 2016

Top Physics 2 - Michele Gallinaro |1

(LIP Lisbon) (Conference Room)
& top_lecture2bis_2016.pdf

£-

Top Physics 3 - Antonio Onofre
(Universidade de Coimbra (PT))
(Conference Room)

& IDPASC_top_course2016.pdf

N 2 .

0| Higgs Physics 1 - Ricardo || 17:
Jose Morais Silva Goncalo

(LIP Laboratorio de

Experimental d:l'all]

{Gm_lhm'lmﬁumn} L
8 HiggsLecturel.pdi

2-

[® higgsproperties_2May2016.pdf

2~

P. Conde Muinio

Higgs @ LHC



Overview

* Reminder

Production and decay modes at the LHC

The LHC, the ATLAS and CMS detectors
Challenges and difficulties of the Higgs boson study at the LHC
Photon reconstruction and the searches in the H—yy channel
Electrons, muons and the H>ZZ—->U ('l
The H>WW—{vlv channel

Jets, missing transverse energy

* % ¥ *

Background measurement
Fits
Vector boson fusion
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Higgs production
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Higgs decays
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* b different decay modes 102 .
High mass: ZZ, WW i
Low mass: bb, yy, WW, ZZ, 1t |
* Low mass very challenging 10°50 200 300 400 500 . __ {000

M, [Ge
Large backgrounds

Best mass resolution: H—yy, H—>ZZ—llll
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! Analysis channel

* It normally implies a production mode plus a decay mode, characterized
by some experimental signatures
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Cross sections at the LHC

Fermilab SS5C
CERN i LHGi

Total production cross section at LHC:

: SIT-4: T BT ~ 10° x o(bb)
N Gt ] * ~107 x a(W—pv)
1mbr— :
CDF\\ * "'108 X G(TT)

110% - % ~Hx10W x o‘(H) (mH ~ 100 GCV)

| -
= : q‘lm
ginb- ot | E
% i E::I':-SQETGV i 103 gg
g L |4 1 o(di-jet) for jets with E_>7 GeV is ~
=3 oW —wfvy .L\_\(:Eip B) | S T
B 102 50% of o(tot)
=
[ @ % Most interactions produce jets
— 10
i pb Either quarks or gluons

10° % Need to identify clear signatures that
distinguish the processes of interest
from this background

0.001 0.01 01 1.0 10 100
Vs TeV
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E!!i“ The Large Hadron Collider

pp collisions at
7 TeV in 2010/11
8 TeV in 2012

13 TeV in 2015/16

40 MHz p bunch
crossing rate

Up to ~40 collisions
per bunch crossing!

Four experiments:
ATLAS, CMS, LHCb,
ALICE
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LHC delivered data
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= 40| ATLAS Online Luminosity - L " ATLAS Online, Vs=13 TeV [Ldt=22.4 167 ]
%‘ E ——2011pp Vs=7TeV ] 2 o0 =
o 357 ——2012pp (s=8TeV E - - BN 2015 <u>=13.7 O
= - =——2015pp Vs5=13TeV 3 = r _ =
E 30 — 2016pp Vs=13Tev = § 100: O 2016: <p>=23.2 .
e . = L [ Total: =214 -
B 250 E E 80— ST S
GLJ = . — r -
2 200 E B 60- =
Q {5t - 2 N .
- ] © 40— —
10 4 3 = C 13
0: A_x-{ . 0_\1\'|‘ NI I b e L Py et -
a0 oY W oct 0 5 10 15 20 25 30 35 40 45 50
Month in Year Mean Number of Interactions per Crossing
_ 356 b1 13 TeV pp collisions
Inner Tracker Calorimeters ~ Muon Spectrometer Magnets Trigger : o
_ , | , 20.8 fb™* 8 TeV pp collisions
Pixel SCT TRT LAr Tile MDT RPC CSC TGC Solenoid  Toroid L1
-1 . .
5.2 fb™ 7 TeV pp collisions
98.9 99.9 99.7 99.3 98.9 99.8 99.8 899 999 99.1 97.2 98.3

: ~93-95% of the delivered
Good for physics: 93-95% (33.3-33.9 fb) luminosity was good for physics!

Luminosity weighted relative detector uptime and good data quality efficiencies (in %) during stable beam
in pp collisions with 25ns bunch spacing at Vs=13 TeV between April-October 2016, corresponding to an
integrated luminosity of 35.9 fbl. The toroid magnet was off for some runs, leading to a loss of 0.7 fb™.
Analyses that don’t require the toroid magnet can use that data.
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* CMS event with 40 pp interactions
(Run 1)
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The ATLAS and CMS detectors
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E!!i“ The ATLAS detector

Muon Spectrometer: |n|<2.7 EM calorimeter: |n|<3.2
Air-core toroids and gas-based muon chambers Pb-LAr Accordion

o/pT = 2% @ 50GeV to 10% @ 1TeV (ID+MS) o/E = 10%/NE®0.7%

=——2-— Hadronic calorimeter:
p Vo || <1.7 Fe/scintillator
(R 1.3<|1n|<4.9 Cu/W-Lar

S ) o

S B BBAB o/Ejet= 50%/VE®3%

RN IR
*44 m long, 25 m heigh
»=10° electronic channels Inner Tracker: |n|<2.5, B=2T

-3-level trigger reducing 40 MHz S1 pixels/strips and Trans. Rad. Det.
collision rate to 300 Hz of events to tape o/pT = 0.05% pT (GeV)® 1%
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Particle identification

Muon
Specirometer
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Jets

* Quarks/gluons hadronize producing a colimated spray of particles: jets
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Created by T. Herrmann, O, Jefdbek, K. Jende, M. Kobel
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Particle identification @CMS

| | I | | | 1 |
0om m 2m im 4m 5m

Key:

Muon
= Electron
Charged Hadron (e.g. Pion)
= = = - Neutral Hadron (e.g. Neutron)
""" Photon

Electromagnetic
:I;! l l Calorimeter
Had Superconducting
Calorimet Solenoid
Iron return yoke interspersed Il ¥
Transverse slice with Muon chambers 1K
through CMS 8

Global Event Description—Particle flow algorithm
* Combines and links signals from different sub-detectors

* Provides optimal event description for a list of particles (e, p, y, hadrons,
missing transverse energy)
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Particle identification @CMS

| | I |
0om m m im
Key:

Muon

Electron

Charged Hadron (e.g. Pion)
- = = - Neutral Hadron (e.g. Neutron)
----- Photon

Since | am going to present
V.. .3 the example of H->WW in
/]| - \L\/ / ATLAS, | will describe the
oot oo details from ATLAS

Global Event Description—Particle flow algorithm
* Combines and links signals from different sub-detectors

* Provides optimal event description for a list of particles (e, p, y, hadrons,
missing transverse energy)
P. Conde Muino Higgs @ LHC
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From the detector to physics

* The detector gives us a list of bites that contain the electronic record
of the bunch crossing

0x01e84c10:
0x01e84c20:
0x01e84c30:
0x01e84c40:
0x01e84c50:
0x01e84c60:
0x01e84c70:
0x01e84c80:
0x01e84c90:
0x01e84cal:
0x01e84cb0:

0x01e84ccO:

0x01e84cd0:
0x01e84ce0:

0x01e84cfO:

0x01e84d00:
0x01e84d10:
0x01e84d20:
0x01e84d30:
0x01e84d40:
0x01e84d50:
0x01e84d60:
0x01e84d70:
0x01e84d80:
0x01e84d90:

0x01e8 0x8848 0x01e8 0x83d8 0x6¢73 0x6f72 0x7400 0x0000
0x0000 0x0019 0x0000 0x0000 0x01e8 0x4d08 0x01e8 Ox5b7c
0x01e8 0x87e8 0x01e8 0x8458 0x7061 0x636b 0x6167 0x6500
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 Ox5b7c
0x01e8 0x8788 0x01e8 0x8498 0x7072 0x6f63 0x0000 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8824 0x01e8 0x84d8 0x7265 0x6765 0x7870 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8838 0x01e8 0x8518 0x7265 0x6773 0x7562 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8818 0x01e8 0x8558 0x7265 0x6e61 0x6d65 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8798 0x01e8 0x8598 0x7265 0x7475 0x726e 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x87ec 0x01e8 0x85d8 0x7363 0x616e 0x0000 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x87e8 0x01e8 0x8618 0x7365 0x7400 0x0000 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01le8 0x87a8 0x01e8 0x8658 0x7370 0x6¢69 0x7400 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x8854 0x01e8 0x8698 0x7374 0x7269 0x6e67 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x875c 0x01e8 0x86d8 0x7375 0x6273 0x7400 0x0000
0x0000 0x0019 0x0000 0x0000 0x0000 0x0000 0x01e8 0x5b7c
0x01e8 0x87c0 0x01e8 0x8718 0x7377 0x6974 0x6368 0x0000

&

How to get useful
information from there?

How to identify particles
and measure its
properties?

How can we "see” a Higgs
boson with this?

P. Conde Muinio
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?;!ip How to reconstruct e/y:ATLAS example

* LAr read out system: from the detector to the deposited energy
% Clustering algorithms
* Calibrations

Towers in Sampling 3
AapAn =00245:< 0.05

* Photon/e identification algorithms

T”Qger
+7] QTUWer
P = U-U‘)Sy_

Square towers in
Sampling 2
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o

ely, 1,
ets, ...

Analysis corrections
Overlap removal,

final calibrations,
data/MC corrections

P. Conde Muifio

EQ‘S--- ADC samples | Optlmal Filtering

Reconstructing energy (calorimeter)

+«— (ATLAS:ROD)

Raw Cell

Eze J|ADC,—P|,

Cell calibration:

 £.c=FY b/ADC—P|, Intercalib., HV, ...

*Electronic calibration:
* a, b= OF coefficients
* F =ADC—>MeV

* P = pedestal

Cluster |..

: other subdetectors

: + ident. algorithms

Higgs @ LHC

Calib.
Cell

Cluster
corrections:

Leakage, out of
cluster, dead
material, ...

Clustermg
: algorithm



Particle reconstruction

* From the properties of the particles produced in its decay we can infer
the properties of the Higgs boson

E? = (mc®)* + (pc)°

Events / GeV

% 20 years of particle 1o
physics in one single plot .

10 Js=7Tev

111 | 1 1 1 11 1 |I 1 1 1 11 1 |I
1 10 10?
Dimuon mass (GeV/c?)
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Run 1 analysis: H—yy
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CMS Experiment at LHC, CERN

Data recorded: Sun May 13 22:08:14 2012 CEST
Run/Event: 194108 / 564224000

Lumi section: 575
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H—yy analysis

arXiv:1207.7214

* Two isolated photons

EXPERIMENT * Search for a narrow peak on a

|| Run Numbe 1 191426, Event Number: 86694500

Date: 2011-10-22 15:30:29 UTC

large continuum
Main background:
* Continuum yy production
* y+jet, jet+jet

Background comp081t10n

ATLAS

> 7
(5 1 200 __ — "{’Y+DY Data __

; Data 2012 —=— vj Data B

2 i++ \s=8TeV,[Ldt= 59"  _— jjpata ]

3 1000 ++ —— Stat. uncertainty |

w ++ + Total uncertainty

soo- 1 +++++ -

600 +ity E

: thy ey .

| _ 4 ]
H—>yy candidate event 400L it 4 4
FH g 4t #H g

B ek
;"'n"'-ArA-'A'rA‘-A{"-AlA-. ackyy o, Aeaih, A l‘ "* *+‘* A-* .m+ ““ -.-“‘Q
'POO 110 120 130 140 150 160

m,, [GeV]
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http://arxiv.org/abs/1207.7214

y identification

Shower containment in sampling 2
(E3x7/E7x7)

1800
1600
1400
1200
1000
800
600
400
200

8.

Electrons
Jets

M[TTT]TTT]TITTIT T[T T TTITTT T TT]ITT] T
RN LR RN RN R LR LR R

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Reore=Ena/Eryr

0
Photon & Hadronic leakage

E(had)/E (en)

Definitions

m Identification performed by applying cuts over discriminating wl;
variables (shower shapes) from the calorimeter layers. :

m There is a ‘loose’ and ‘tight’ selection of cuts. i | N B

m Cuts are binned in n, and
by converted /unconverted photons.

.0'2 n L _.ﬁ‘l.zl_ - .ﬁ. ......ﬁ:ﬁ_._._ll.]'e. ....,1...._
E e E,om)
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E!!i“ y identification
LI P

* Normal photons — unconverted

* Converted photons: y —e+e-
After interaction with material in front of the calorimeter
Can have one or two tracks.

* Pileup can lead to misreconstructing unconverted photons as converted y
3% migration of 2-track to 1-track conversions.

Fraction of converted vs g Ogé_L.L'dnéoév;n;d'pLo'm.;s' ' ATLAS Preliminary
unconverted photon candidates ?% 0gf o Comeredphoons - Data 2}”2 s=8Tev =
= —%— Double track conversions Ldt=33 fb -

stable to 1% between E g;_ . E
Y E

extreme pileup values. g 05D ToTeeemmeeeeeeemeeeeetr
§ o04a- E

g 03 I

S gaL  WEESESESCIIIIIOLN L

0.1 E

¢ ) - Ly b v v b by vy by oy 4

5 10 15 20 25 30 35

Average interactions per bunch crossing
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Erﬁ !i“
[

* Calorimeter E response studied with
Z, J/y and W decays

y/e showers very similar

Events / 1 GeV

Study e showers using Z decays
* Data versus MC differences observed

Width: due to resolution of the
energy calibration

Mean peak position: energy scale

#* Derive corrections for the MC as a
function of electron/photon n, p_

Reduce systematic uncertainties! %

120

100

Y energy measurement

Performance in 2013:

x'1 QS‘ L L L L L L L T
ATLAS Preliminary
Data 2011, \Vs=7 TeV, ILdt =46’

=1.60 + 0.01 GeV
=1.45+ 0.01 GeV

— Sdata
80—

- Suc

ml<1.37

-+ Data
— Fit result
] Z—ee MC

60

40

20

%0 75 80 85 90 95 100 105 110
Mg [GEV]

Energy scale at m, known to ~ 0.5%

Excellent mass resolution
1.6-3.1 GeV

Linearity better than 1%

P. Conde Muino Higgs @ LHC
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1/N dN/dm,,_ / 0.5 GeV

y association fo primary vertex

* Use calorimeter segmentation to associate y to primary vertex

0.12

0.1

0.08

0.06

0.04

0.02

o~ 15 mm

_l I T T T | T T T I T T T I T T T I T T T I T T T I T T T I T T T I T T T I |_
L —e— True vertex ATLAS Simulation -

[ —— MaxX p_|2_
- —— Likelihood 99— H- vy
|- —— Calo pointing my = 125 GeV

\s=8TeV

|||||||||||||||||
116 118 120 122 124 126 128 130 132 134
my, [GeV]

P. Conde Muino
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i Improved y identification & calibration

[

* Both, ATLAS and CMS, improved their photon energy measurement
and identification procedures

* Validated the energy scale and systematics with data

19.7 fb™ (8 TeV
= x10%r ( )

¢ [ CMS § M e

i op[- Barrel-Barrel 4 Daa ? 0.015F Unconverted photons -

> i []Z— e*e (MC) < - —4— Data ]

s 0.01¢- Calibration uncertainty =

= 15 I .

@ 0.005F | ]

- E | 1 =

L 0. i _+_,_+_ i ssessrssssassannssss

10 ;+_ =

: -0.0051 i

5 -0.012 i

: V015 anas \s =8 TeV, J.Ldf =203 1"

0 _D 02: s 2 o | - F—— PO N [N SR ST S T [N Y S T 3

Q 12F ' ' ' B 92750 20 30 40 50 60

:@. 1; 0 00 st ey gy petetan ™ _'.n. 0: E| [GEV]
[ E ]
008 et

75 80 85 a0 95 100 105
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Run 1: H—yy results

> 2T — . » ,
3L [Lotm 451" f5m7 Tov ATLAS ] o 19.7 7o (8 TeV) + 5.1 b (7 TeV)
e E [Ldt=20.31b" y5=8 TeV = > !
5 & fa= 4 Daa . ® a5k CMS S/(S+B) weighted sum
T 180 s’b weighted sum Combined fit: — O] ~r
= ~ ) g ] -~ - ¢ Data
L1 “F Mass measurement categories — Signal+background » 3B . .
140 :— +--- Background —: E s S+B fits (weighted sum)
) — Signal = g 25} . i‘:mmmm
100:_ _: g 2;_ == 320
- . = s
sof— — o 1-5:'
- ] o :
s0— —] = 1F
a0f— — % 05F
= . 2} :
- T = 0
“E - w
] U R HD™ . U R R 200
=z af
5 e 100
b "151
£ 2f |
2 o °
=1
¢ <F -100
4
M s 11|D 12.[] 1.'§U 140 15.0 = 110 115 120 125 130 135 140 145 150
m,, [GeV] mw (GeV)
* Best fit results:

ATLAS CMS
mp = 125.98 + 0.42 (stat) + 0.28 (syst) GeV ~ MH = 124.7.+ 0.3] (stat) £ 0.15 (syst) GeV

n=o/o_, =129+ 0.30 n=olog, = 11472,
% Background fluctuation probability ~ 10°°
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[

ATLAS-CONF-2016-067

* H-—>vyy
13 3 fb pp co|I|5|ons @ 13 TeV

> O -
[ — —]
© 200: —e— Data ATLAS Prellmlnary B
2 q1gof~ vt Background \s=13TeV, 133107 7
£ -  —— Signal + Background Hoyy, m =125.09GeV ]
© 460 — Signal o =
2 - S/B weighted sum of e
W 140/ event categories =
120— —
100— —
80— —
60— —
40— —]
20— —
0 :. —t—t il } t
. 10— —

f +
s 9 E
'En 3

3 0
g i ¢
W B + + =
T 120 130 140 150 160

m,, [GeV]

ofig = 47.0 £ 13.9(stat.) £ 5.4 (syst.) tb
SM prediction 62.8 34 fb

Higgs re-discovery at 13 TeV

ATLAS-CONF-2016-081

* Cross section as a function of
the pp center of mass ener'gy

! 100 ATLAS Prehmmary — G,y My =125.09GeV _
% [ AHoyy 0HoZZ* 4 QCD scale uncertainty
b% 80 - ¢ comb. data syst. unc. mm Tot. uncert. (scale ® PDF+a ) 1
60f
40}
20L
i Vs=7TeV, 451fb"
Vs=8TeV, 20.3fb"
or Vs =13 TeV, 133" (y7), 148 o (Z2*) ]
7 T8 9 10 11 12 13
Vs [TeV]
Measurement at 13 TeV SM prediction at 13 TeV
G (pb)  59.0%7,(stat) 4, 5(syst)  55.524,
H 1.13018 5 47 1

P. Conde Muinio

Higgs @ LHC

30



Differential cross sections in H — yy

ATLAS-CONF-2016-067
* H — yy differential cross section

as a funtion of p "

Agreement with theory
Slightly harder pT in data

—

on

;. T L | [Trr[rrr[r | L I L L |
g rATLAS Preliminary my = 125.09 Ge
&  [-4data tot unc. [T syst. unc. B8 99—+ NNLOPS + XH.
= | Hoyy, Vs=13TeV, 133 1" Kogsr=1.10
2 «=« XH=VBF + VH + ttH
5
i) L
0.5F

Preas=eset ] =ck e p =
c G""-i_l"'l' L ‘1’ L T ™rT T ﬁ'T ™ 1"‘1’"1_\'1 f}
3
g 2 I
4
[=8
S

—Eh
g ——
g ! I

0 L L L 1 Il 1 L i i
0 20 40 60 80 100 120 140 160 180 200

Py [GeV]
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H—yy & H—4{ combination @ 13TeV

L B P ATLAS CONF-2016-081

* Fitted VBF and ggF contours * Production cross sections assuming SM
Dominant systematics: BR:
e/y energy resolution, y Compatibility with SM: p_ = 21%
identification efficiency ATLAS Preliminary m,=125.09 GeV

70
60
50

(0 - B)|ge/BylPb]

40
30
20
10
0
10

{s=13 TeV, 13.3 fb™ (yy), 14.8 fb" (Z2)

Theory: ggF acceptance in events
-o- Observed 68% CL SM Prediction

with fixed number of jets

T | T T T I T T T I T T T T T T I T T T T GggF .
- ATLAS Preliminary * SM . - .
- 4 4 4 Best fit —_
- Vs=13TeV, 13.3 tb(yy), 14.8 tb''(ZZ) — 68% CL ] Oyar ——
— m, = 125.00 GeV ===+ 95% CL —
C —H =y ] B 7
- e, —H -2z -4 ]
s P - OVHhad o
- = SVHiep —_—
E E Gtop ————
:— —: IIII‘IIII‘I\II|HlllIlHlIII\l\llllllllllllllll\l
- [ - I IR ST NN NS SR SO A SN R RN N |: _5 _'4 _3 _2 _1 O 1 2 3 4 5
0 20 40 60 80 100
(0~ B), ¢/ BE,[pb] Parameter value norm. to SM value
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H—>ZZ—4( analysis
QATLAS

EXPERIMENT
http://atlas.ch
.

205113
Event: 12611816
Date: 2012-06-18
Time: 11:07:47 CEST
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?! i“ H—>ZZ—4t analysis

i P arXiv:1207.7214

Selection: o .
Discriminating variable: m

* 4 isolated leptons with high p_

. . O [ o B L N L L

* Z mass constraint on one | pair EO 09t ATLAS E
. ©  F Simulation :
Main backgrounds: S 0.08 o m,=125Gev -
:5 0.07F Gaussian fit =

* Continuum ZZ —4¢ production ;
0.06F 11 _,77_,010e/2e20

*  Ztjets, tt 0.05F (1s=8TeV) . E
- m=(124.39£ 0.02) GeV

0.04F 6 = (1.90+ 0.02) GeV

‘ -

0_03; fraction outside *+ 25: 22% 4 _;

. 3 ) ‘ _

Excellent mass resolution 0.02- e :
0.01[ With Z mass constraint ;

§0™""80 100 110 120 130 140"

Very good e/p reconstruction efficiency m [GeV]

2u2e/2e2pn

% ~97% for muons with p_>6 GeV

* ~98% (95%) for e reconstruction
(identification)

P. Conde Muino Higgs @ LHC 34


http://arxiv.org/abs/1207.7214

?l i“ e and p reconstruction

E 1.005: T LI III!III! IIIIII !III LI LI E
* Electrons: combine shower shape S 1.004° RUS:0019% @ Woev Elp -
. . . . = - RMS: 0.015% —ee inv. mass i
information from calorimeter with T E
. . . . . o : E 3
tracking information (including g 1001 E
transition-radiation in TRT) R (R R S Al S S =
0.999E =
% Muons: combined tracks in inner detector  o.99s: s
and muon chambers gzz;; Data 2012,\5=8 TeV, | Ldt = 13.0 fb" E
i i osEl ATRAS | Prefimingry | G G
* MC simulation corrected to reproduce the  og95s bbb b
detector resolution, -0 Average interactions per bunch crossing
% 600 [ 1D tracks chain 1 ATLAS Preliminary —|
energy scale and PP = e S - .
= 500:— . _: E 1:— _:
efficiency precisely 2 .- E e e . =
© r ] 0.96— 7
mz_ E 094 I.‘.dt 2264 pb’ E
C . = = P .
200 E_ _E 0921 :Mglél 73 2012 data, chain 3
100 & 3 oo * f“a ATLAS Preliminary
: ] S Vi | i
%1.051;_‘;#&‘#*““* S e g 0.9;5 R i .
Soss : Bt T**q_‘f 0'980 5 10 15 20 25 30 35 40 45 50
70 80 90 100 - [Ge\}]m 18
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* 4L mass spectrum (7+8 TeV)

> F
Q [ e Data2011+2012
S)) 40 - S:/I?II—iiggs ;oson ATLA§
o L m,=124.3 GeV (fit H—Z7"—4l 1
s ¥F ] Baikground Z,77¢ \s=7TeV J.Ldt =461
i1 C ’ s = = 3
w = [ Background Z+jets, tf Vs=8TeVv ILdt 20.7 o
30— 74 Syst.Unc.
25
20

15

10

H—>ZZ—4¢ results

II‘I\I
ATLAS

N

a5
i
ST S X H—ZZ* -4l
S10°k Qbs 2011 |
Xp - Vs=7 TeV [Ldt =4.6 fb
— QObs Combination
10k - Exp Combination  \s-g TeV [Ldt =20.7 ft
1 0_1 N\ o " ...... - ;%
1 0-3 ~,’~._..’ ”'," ':::::: .... 36

----------- .:.:‘ 46
5 50

-2 60

5 10™ X :
0 L 1013|||\\\76
100 150 200 250 110 120 130 140 150 160 170 180
m, [GeV] my [GeV]
* Best fit mass: my = 1_24.3J_f8:g (stat) ¥03 (sys) GeV
% Minimum combined p  value for m = 124.3 GeV
Expected p_: 5.7x10° (4.4 o)
Observed p : 2.7x10™ (6.6 o)
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Frimv.
“ N
I S |
Y —

CMS H—>ZZ—4! results

CMS (s=7TeV,L=511"; s=8TeV,L=19.7 fo"
> [ ' —_——
835; * Data B
- [ Im,=126 GeV ]
5230_— Czyv 2z =
w F B Z+X .
T 25F E
o E
> o 7
W 20F -
15F 3
: | . CMS {s=7TeV,L=51f";\s=8TeV,L=19.7f"
10F ' - PO LAAA RALa) AN LA RN LAAR RARA KA AR
: L || 1 S  F121.5<m, <1305 GeV * Data ;
°t f " i “|" l l!l 3l ‘||| I E 8 8:_ .Z+X E
.I il 1 H| II ‘l||| | i E,’ :_ . _:
0 248 !.“ llmu n ! -uu . c ?: DZ‘Y ,ZZ
80 100 200 300 400 600 800 9_3 . 3
m4[ (GeV) L 65— DmH=12B GEV;
5K -
af E
* Kinematic discriminant to further 3f
separate signal and background 2t
1
Kp(0*, ®1,01,0,,®, mz,, mz,) = Psig/(Psig + Poig) % 0.1 02 03 04 05 06 07 0.8 09 1

kin
‘Dbkg
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CMS Run 2 H—>ZZ—4! results

$ Preliminary 35.9 6" (13 TeV) p p CL C a-te gory

%Wiﬁl?ﬁpﬁjl R ,“?'“‘.""f (.I"II TTT T TP T I T T T[T A T[T T T [ TT T T T I o [ IohrTITooT
o Lrtagged category - :E";EI % 70 I I I I I T I I 3
e giry 8} o ma ] 1
g w2 d ] o C [ H(125) ] CMS Freliminary 35.9 b (13 TeV)
W 40 E '--..60__ [ qq—+ZZ, Zy* | ILlllllllllll’lllllll
un gge 3 0 C W g9-22 2% 1 untagged p=1.17""% H—ZZ"— 4
% 3 £ r ag y & ] _0.21
] ¢ sof B Z+X 3 m, = 125.09 GeV
2 E L B o
i g I g -
10 i r b - 7 =1.080;
hig R 40 - oy i
% B0 100 110 120 130 140 150 160 170 C ] Vtig:slzt u =0.63+2'i E B
my, (GeV) 130 r 7 e
; o E ] VH-hadronic +0.78
CME Frofmin 36 B 167 113 Tavi = -
= e s sl sl s k) st s s - m tagged u UI?G—D.“S —i
g 18F VBF-1ptagged category Elg:ilgil.‘f!F —: 20__ -
3 r ] VH-leptonic 209
- u=0.00"2% g
s 10F tagged 000
N VH-MET | _ +10.94
s (} tagged "7 0.00 0 ¥
e 0 80 80 100 110 120 130 140 150 160 170
a m (GBV) - 10.87
4] = 5
; ttH tagged O.OO_MOT—
P T T i NI
Go™80 90 100 110 120 130 140 150 160 170
e 0o 2 4 6 8 10
n
E ?i'ﬁl;w“?m P "‘I'J"“'v:
~ 21894 u. Emin E Prudminacy 350 & 7 {03 Tali CMS Frafmun, 3591 (13 T} Prafronin a1 Tev) Friinina 350 & 7403 Ta,
: sL et kil E:E;:::‘:r = > T T T T T T T T ™ = A T T T T T T T T T = :E!I"al T T T T T T T T > CI-ISI T T T T T T T T
_E a:g:§: E (E AE Whhedeonic-tagged caegony 63:“;;].“ 3 § B I.ﬂa:‘“ﬂ) - WH-kpnoric-lagged catagery ] § ask é ml it VH-MET-tagged camegory 3 (§ a5k 6::‘:51-"_"‘ 1iH-tagged category 3
L% s . E E = 9 O Hit2s, ather = [ Hit2S), ciher ~ | W25k other = ] HIt25), ather
V F 2 tS. E 2 S L] D 22,21 2 of Qe ] 2 f gwa E
£ J ERE X gu=i | £ EREy { 5. 8RN S Lol
; : R P 1 % HMET] ¢4 ttH :
3k
2 E 2 E
4 3 E
i3 3 p 2 1.5:— E 156 3
1 = 4 ' 3
2 £
1 E
G080 90 100 110 120 130 140 150 160 170 1 - 05t E asf- E
my, (GeV)

Bt i et T
3 G080 90 100 110 120 130 140 150 160 170 G060 50 100 11D 120 130 150 150 160 170 Y0 80 50 100 110 120 130 140 150 160 170 G0 B0 90 100 110 120 130 140 150 160 170
m, (GaV) m, (Gev) m, (GeV) m, (GaV)
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CMS Run 2 H—>ZZ—4! results

5.1 b (7 TeV), 19.7 " (8 TeV), 35.9 fb" (13 TeV)

-D- " I | LI | LILELL I LI I LI | LI I LI | LB I LI | LI ]
= 6:_ MS Preliminary B
5: 5 f_ + Data (stat. @ sys. unc.) _f
| = Systematic uncertainty ]
4 E\\\ﬁ Standard model (m_ = 125 GeV, N°LO gg— H) -
3F IR
- ,\\\%*‘?\‘# i
2:_ _ ‘gg.‘z\‘.@g _:
1 -_ -_'S#éé" = _-
E pp > (H >4 +X
0 : Ll I Ll 11 | L1 1l I L1 11 I L1l | L1 Ll I L1 1l | L1 1l I Ll 11 | L1 :
6 7 8 9 10 11 12 13 14
s (TeV)

CMS Preliminary 359 b (13 TeV)
F | T T

102 :_ } Data (stat.@sys. unc.)

Systematic uncertainty
P gg-H (POWHEG+JHUGen) + XH

105_ 7] sei=ver +vH+uH

p,>30 GeV, Inj<2.5

Oy [fb]

S S|
e

1 E A
E )

(s W |
)

Ratio to POWHEG
n

1 2 =3

N(jets)
my = 125.26 + 0.20(stat.) £ 0.08(sys.) GeV
Compared to

my; = 125.09 + 0.21(stat.) = 0.11(sys.) GeV from
Runl ATLAS+CMS (41+ yy) combination
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EXPERIMENT

Run Number: 204026, Event Number: 33133446

Date: 2012-05-28 07:23:47 CEST

H—>WW—-lvlv

P. Conde Muino
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Jets reconstruction and calibration

calorimeter jet

<Complex underlying physics
< spectator interactions
< initial and final state gluons
< energy from different pp interactions
< different types of jets: light quarks,

1

gluons, b/c/..  panitojet !
1
1

<Complex detector properties:

< non-linear energy response

< non-instrumented regions,
dead material

< invisible energy - partonjet
<Algorithm effects: -
< Out of cone radiation, infrared safeness { @ & =——=p> * <450
P q yin; P
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Jet Reconstruction

* Use Anti-kTwithR=04
Constituents: 3D clusters in calorimeter

P, [GeV] S

anti-k, R=1 |

% Calibrate to hadronic scale
* Sensitive to pile-up

Apply pile-up corrections

= B T T T T 7]

o] - -

(0] - . .

; '14£|w|||\|||w|||\|||||||\ LI B :\ o 55? ATLAS Praliminary .:1:. MC, No Correction —
8 13 - ATLAS Simulation A NA E Z—uu +jets ¢ Data, No Correction -
: E :i:ih:‘a Fg;tf\;f ;’ev —— ;J(r(-f?r;fm)egorremion E a" 5 :_ anti-k, LCWR = 0.4 i MC, Area Correction _:
@ = = =U. —— d - g f= i .|
gg- 12 :— 50< pl'uTme <30 GaV — prootz'vection —: ZE‘ 45 0.0=<pmis21 m Data, Area Correction -
; - ml<24 i < = =
§ 11,_ ] 4:— {\OO —:
| 1 (~ - -]

e~ - . C o -
2 10F . e E L7
%’ g o :¢++ . 3.55 °° ]
r s u = _ O ]

cc 9: .oo:.:. n .*+ 3 3:_ (\02(;. =
s *® L ] C Oe® 7

8 ..C:...'l b ‘u+ - 25— 99?92.. —

o o gl FYVY ] - ]

7 o.::I Y = 2 Mﬁgﬁﬁm Honoo0 —

- omoliaaks . T T T P | J

B e8mata E o . F e

- *lI!A : S 1055 =
57|\II\|||\|I|\I||||II\||||\|IIII|\\|I|_\ = 1% E

5 10 15 20 25 30 35 40 O 0.95F 000g00e,%, 3

(W 0 5 10 15 20 25 30 35 40

€
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Data / Responsemc

Response

Calorimeter jets

(EM or LCW scale)

Corrects for the energy
offset introduced by pile-up.
Depends on p and Npy.

Pile;up offset
correction

Jet energy scale uncertainty

Origin correction

Changes the jet direction to
point to the primary vertex.
Does not affect the energy.

Derived from MC.

* JES uncertainty dominated by in-

situ uncertainties

15 antik, R = 0.4, LOWSJES ATLAS Preliminary
1.08 = pata 2012 \s=8TeV, |y < 0.8 3
1.06F =
1.04F =
1.02 E
0985 =
0.96 | =
0.94 E— :;Ti: — Total in situ uncertainty _f
0.92F v Multijet — Statistical component =

095+l : e |

20 30 40 10 2x10? 10°
ﬁft [GeV]

Calibrates the jet energy
and pseudorapidity to the

Energy & 11

particle jet scale.
Derived from MC.

Fractional JES uncertainty

o
o
e

0.04

0.03

0.02

0.01

Calorimeter jets

Residual’in’situ’

(EM+JES or
LCW+JES scale)

Residual calibration derived
using in situ measurements.
Derived in data and MC.
Applied only to data.

 Data 2011, \s= 7Ter Ldt=4.7fo"

Ant| k, R = 0.4, LCW+JES + in situ correction

ATLA

v

r m=05 [] Total uncertainty

== Z+jet
v+jet
=+ Multijet balance
. m-intercalibration
=1+ Single particle

I
|||||
||||||||||||||||||||||||||||||||
"
|||||

s ot e e BRLLEDH A R

Lo 1, A il ol L - YT JT 0T T \_'".IL"’...""'::E'_'I"!‘;!" :'u --------- T

20 30 40 102 2x10? 100 2x10°
pft [GeV]
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?l i“ Missing E_ performance

T
Data 2012 default ATLAS Preliminary

=9 T ]

% CGICUIGTed as The Sum Of The ener‘gy % 30; : Data 2012 Pile-up suppression _:

; L : " o MC default +

Of 0” The ldenflfled ObJCCTS (e/ Y, H, é 25 o MC Pile-up suppression _._3—4';-_4} ]

T, jets) and energy not associated to g | JE= e ]

: c o +° 7z -

objects g 20 JPC SOt

gLu . *4#* J.Ldt=201b" -

(i - +**+ i

E 10° I | JLdt;Eﬂfb"l ATLAS Plreliminary 10 _._=9==O= _.__.__9_:!5!——_**!::* ]

o f /5= 8 TeV . DETE'Z?E}‘E“ i 4‘% o ..!....-.-—-Flfl'l—-"'! .
2 7 Y S T R T R—T) 25
2 N

| 10° pv

* ETmiss resolution worsens
significantly with increasing pile-

e up
- e e Correct it using tracking
i K mé}"iss after Flmifl):;—up suppfgzsion [Ge\f’]ﬂ ihfor‘mGTion

* (Good data-MC agreement
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E_™* on the H>WW—lvlv search

[

P
MC sample for ggFF H —» WW*
miss T | T T T | T T T | T T T | I. T T | T
B = _( E :PT + E :PT): ¢ 004" ATLAS L
= - Sj i . rm.s.=12.4 |
selected soft S Slmulatlon R
N L \s=8TeV . A 0 Emiss .
. . m T
% Calorimeter based E_™* £ s rms=159
T G .
£ 002 -
Large rapidity coverage, sensitive to neutral 5
particles
Soft term: calibrated calorimeter clusters 0 I I
, 40 20 0 20 40
% pT'“'SS : Reco. - Gen. for p™s or E{"° [GeV]
. . N T T T T | T T T T | T T T T | T T I. T ]
Soft term calculated using tracking < ATLAS ® Using p.mss
. = | Simulation rm.s.=14.1 1
Improves resolution by ~20% N L s_8Tev O ]
. © B ¢ o+ [Using Er™
% P miss,track. _ £ 0.05 (b) o qe r.m.s.=18.8
T miss,track Z tracks Q N -
pT - Pt =
[ 4
D
Used in the same flavour channel ]
: miss,track . H . -
Aligns p_ to the jets in DY events Q5= 0 50

Reco. - Gen. for m; [GeV]
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EXPERIMENT

Run Number: 204026, Event Number: 33133446

Date: 2012-05-28 07:23:47 CEST

H—>WW—-lvlv

P. Conde Muino

Higgs @ LHC




q g

* Di-boson production
WW, WZ, ZZ

q "
q
* Others: W+jets, Wy, w/Z
Drell-Yan
* Top production: g

T-tbar
Single top

q q
W
b t
g b

g (nb)

Main backgrounds

]-09:""| ’ Pt inintl 34 R L ¢ ¥ v
107 b : f 110®
i Tevatron LHC 3
3 ? L gl 4
10° | / {10°
E T, E ]
F i ; 1 -
E : : % ."
10° | : / : 10* E
r . , 3 x
L Ou(E>s20) | ; ] e
i ' 0. 8
10* | o, 1 >
gz 3 =
F 0 (E/">100GeV) | f
lg‘l 3 WV H i 100 :é
? - g
3 WZA
10° | o
- Oi(E™ > Vs/4)
1073 i—ﬁHggs(MH =150 GeV)
' Ghiggs(Myy = 500 GeV)
IO'T “Jilll i M e |
0.1 !

Vs (TeV)
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Event selection

. . . > 6 T T I T T T T | T Ié
* Exploit the properties of the Higgs § 10 ATLAS 14 Sféfi;ii
. “ 13 o
events to separate the signal from \s=8TeV, 20.3fb " 3
£ 104 §
The bGCkgr'OlJndS LT>J) 10 = 8¥j:/uu
% Different channels affected by 2 =
: 10 O Misid
different backgrounds RYi¥
T : 4 W Higgs
Small selection differences in 1 %
opposite/same flavour final states o 100 200
Era [GeV]
* Reject Z/Drell-Yan background > ——
. . G 10* 4 t Obst stat
Require large missing o 10 é‘i’é.é\/s 003" 1 EXpsyst
3 :
transverse energy & mDY.
10 Top
2 | ww
10 Misid
imw
Use calorimeter and 1 W DY e
i !
tracking systems S 195 260
meISS [GGV]
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Analysis categories

P
* Different flavour final state * Same flavour final state
X 11U X 11U
LT I I [ [ | [ [ [ [ | [ [ | [ | ]
c 30F ATLAS -t Obststat 40 ATLAS t Obs + stat
2 \s=8TeV, 20.3fp" | EXPEsyst o \s=8TeV, 20.3fp" | EXP*syst
(2] F - 7)) -
& 20 I @ DY o B DY
i - 10 Top i O Top
18 ww B ww
10 Misid 20 -0 Misid
10 48 vv B vv
{ @ Higgs B Higgs
0 | ‘T_|_Y—\ 4 | ] 0 | h\ )| !
O 1. 2 3 4 5 6 7 O 1 2 3 4 5 6 7
n; n

J J

* Consider separately different categories: O, 1, 2 jets

> Sensitive to different production mechanisms
> Gluon gluon fusion dominates the O-jet category

> VBF dominate the 2-jet category
> Affected by different backgrounds
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Analysis categories

Pre- * Further selection will depend on
selection the analysis category
ng = 0 g = 1 g 2 2

/N /N

ep  ee/up  ep eefpp

ggk- VBF-

enriched enriched

| /\

ep (8TeV) epu eefup
I 1 |

ggF-enriched VBF-enriched
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E !i“ Further selection

I
.,.,y"’ H W P ot [+
I_}f e __‘_-__._--_'_I_ % 1400 III|III|IIIIIIIlIIIlIlIIIlIIIIII
“* 1 — r oo 4 Data %% SM (sys @ stat)
%4 v G | ATLAS Preliminary gl &z,

© 1200 \s_gTev, [ Ldt=207fb" [ [ SingeTop
0 C * . B Z+jets [] W+ets
% 1000 H->WW' '—evuv/uvev + 0 jets Bl H (125 GeV]
S -
w C

lIIIIlllllIIIIIIIIIIIXIlIIlI_

P} [GeV]

(1010 ] . L L O L I B L IO L L L L B |

- ATLAS Preliminary gy e 2 000

500 \s=8TeV,| Ldt=20.7fo" [J& [ SingieTop
) Bl Z+jets [ W+ets
H->WW' '—evuv/uvev + 0 jets BB H[125GeV]
400 .

°
©
S—
(92]
.
o
~
(2]
-t}
C
[
>
L

300

200

i'l]lllllll[lllllllll

;IIIIII|IIIIIIIII||l|lIll]l

A9, [rad]
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!
L ] —

V] el

-
',:‘y_’_':'.____g____.:’_'z‘__/ﬁ'

W+

7 V]

Events /0.13 rad

600

500

400

300

200

100

T T T ]
: fani - Data %4 SM (sys @ stat)
- ATLAS Preliminary & W & wozzw,
— \s=8TeV,| Ldt=207f" [J& [ SigeTop

H—>WW(')—>evpv/uvev + 0 jets

i'III]IIIIII[IIIIII

O S e e e 1 v e e

0 0.5 1

Z+jets Wiets
W Z+ j
B H[125GeV]

|IIII|IIII|IIII|\||I||II

Events/ 10 GeV

Data / bkg.

vents / 5 GeV

1400F T

1200

1000

Further selection

e

. - Dat #4 SM (sys @ stat)
ATLAS Preliminary & W' & wzzzw,
\s=8TeV, | Ldt = 20.7 fb"

(K [ Single Top
. B Z+jets [] W+ets

HoWw' )—>evuv/ uvev + 0 jets

7

B H[125GeV]

600E- \s=8TeV | Ldt=2071" & Data20t2

= % Z4 Total sig.+bkg.
500 B SM Higgs boson —

: m, =125 GeV -
400 0 ww

= IR

300
200

100

700F- ATLAS

H-WW*—evuv +

0 jets

[] W+jets
[ other VV
[] single Top

B v

1 4 ........................................................................................................................................... _i

1 2 :_ ................................. ¢ ..................................................................................................... :

ﬂa//‘h',h 7 . 1 A A y

7 77 o [0 P |~

08 E_*Dataztnz ........ I:I SMSIg+bkg ...... + ......................................... E

06 __I ..... o || ..... . II ..... . || ..... . II ..... i II ..... o || ..... . II ..... - || ..... I.. I__
50 100 150 200 250

m, [GeV]
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Further selection (II)

% Same flavour final state:

> Drell-Yan background still large *”’ \_ soft
' L€~ | hadronic
> Affected by pile-up ~ recoil

> Hard to model it with MC
> Use recoil energy for further rejection

\IIII\\\\III
ATLAS
\s = 8 TeV simulation
H—-WW*—evev/uvuv + Q jets

T

—= Ziy
—a— diboson, top and W+jets

—e— SMHiggs boson m_= 125 GeV x® Requir‘e

o

10"

Entries normalised to 1

frecoil < 0.05/0.2 for 0/1-jet.

L
o

4
1
g

4

10'2 Ll 11 ‘ I I | - ‘ L1 1 1 |_\‘I—_I¢I_I Ll 1 1 I L1 1 | | L1 1 1 ‘ L \_I[jl_l 11
0 01 02 03 04 05 06 07 08 09
f

recoil
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2-jet analysis

* Dominated by VBF

* Large rapidity gap between
jets

c\! 5000 [ | | T | LB | UL LU | L ‘ LI | L I I_I
o - -4 Data %% SM (sys @ stay)
= : ATLAS Prel|m|nary B ww &= wzzzwy
£ - \s=8Tey, [Ldt=207f" [« [0 Singie Top ]
g 4000 B Z+ets [ WHjets —
qd B HaWW —>evpv/pvev +2>2] B oo 17" vh (x2000) |
= [ vbf (x2000) —

3000~ . 7
2000F -
1000F .

ok i

ylead jet

|ijj | > 2.8
mjj>500GeV
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Events/ 10 GeV Events/ 10 GeV

Events/ 10 GeV

400~ ¢ ATLAS
- 8TeV, 20.3fb™
I (@) n;=0,epn
200

200

(c)ni=1,eun

100

100

50

1 1 I 1 I
0 50 100 150 200 250

m- [GeV]

(e) iz 2 ggF, en i

byt

200 ATLAS
I 8TeV, 20.3fb

100

100

50

O 1
50 100 150 200 my[GeV]

ATLAS H—->WW*
\s=8TeV, 20.3fb

+ Obs+ stat M Higgs
Exp+syst B ww
@ DYy
8w
O wj
O Top
0 Jjj

(b) n;=0, ee/up ]

Transverse mass

% Define the transverse
mass:

] myp = \/(ng + ‘ﬁ?}iss )2 _ (}3%? +ﬁ%a,iss)2

* Equivalent to the mass, but
considering only
transverse components

* Sensitive to the Higgs
mass in the high edge
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! Background estimation

* Since it is not possible to reconstruct a narrow peak, backgrounds have
to be measured carefully!

B& = Bsg + Ncr/Ber = Ner - Bsr/Ber
—— N———

Normalization S Extrapolation «

Category ~WW Top Misid. vv  Prel-Yan % Define control regions for

ee/pp  TT
each background
NEV NEV NEV NEV NEV NEV

Pure in that background

nj—U
o/l e ae eee e e v e Kinematically as similar as
ny—1 possible to signal region
Zg/w *°0©° o0 eee e00 000 e00 % |JseCR tonormalize the
different backgrounds
nj > 2 ggk
el O OO e 0 0O e e e 00O OO0 O e 0 0 Globalfi-l-
> 2 VBF .
nje; v 0O OO @0 OC ®©e e O0OO0OO0C OOO ®O0O0 * EXTr‘GPOIGTeTOTheSlgnal
ee/,up O OO @€ 00 e e e 00O ®© e 0 @00 r'eg|on

P.( ——— = 56



?l i“ W+jets and QCD background

W+jets:

% Control sample: one loosely identified lepton

% Transfer factor to signal region evaluated with a QCD dominated jets data sample
Probability of a jet faking a lepton

% ~25% to ~40% uncertainty depending on the analysis category
Dominated by jet flavour composition in QCD versus W+jet events

QCD

% Control sample with two anti-identified leptons Same charge control

% Transfer factor estimated with data region
Category W +jets yield NW/ Multijets-yield N,

OC SC OC SC

n; =0 278 +71 174454 9.2+42 55425
n; =1 88 + 22 62418 6.14+2.7 3.0+1.3
n; > 2 ggk o0 £ 22 - 49 4- 22 -
n; >2 VBF  3.7+1.2 - 2140.8 -
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;§! i“ Diboson backgrounds

Dibosons (Wy, ZZ, WZ)
#* Different flavour

Use normalization control region
Bo; =0.92 £ 0.07 (stat.)

% Same flavour: use MC for normalization

Validated with the same sign region

Same sign control region

51320-96i0-12 (Sta.t.) > 150 T T T T T T ™ ] > [ T T T T T T ] ATLASH%WW*
R ATLAS 3 ATLAS < —8ToV 20 3ft"
o [ 8TeV, 20.3fb" ] — 8TeV, 20.3fb™" \S=0 eV, £U.
= 100 1< | .
: ~ ! 1 o { Obs = stat
leosorT I?ackgr'ound 2 | (a) SCCR,n=01 § 59 (b) SC CR, =07
composition and 2 ool 11 Exp £ syst
modelling from MC : ] wisid
w
. 3 3 = wi*
Uncertainty o ©
dominated by jet S 2 mwz
ominated by je P g [] Rest
scale (jet bin o &
e e . L
classification)

50 100 150 200 10 20 30 40
m+ [GeV] Subleading lepton p_ [GeV]
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Top quark background estimation

Top control region

AR R RN R

Top: > [ATLAS ¢ Obszstat -

) o - V5= ~ Exp=syst -

% Includes t-tbar and single top (Wt, qt) S 400 _230_;;?\’ pDTgp i

* Control sample: remove jet multiplicity or b- ' =Il?it\e,st:

tagging conditions depending on the channel ¢ B WW |
W 200 -

Details for the O-jet channel: : (a) n=1top CR
% Remove jet multiplicity cut !
950 100 150 200 250
Bfg’;ﬂ),uj = NCR . BSR/BCR . (adata/a ) m+ [GGV]
S—— \'_\f—" .
ol Vin Bed, =1.08 +0.02 (stat.)

* Small overlap (<3%) of the SR and CR in O-jet category (tdata/ o ) = 1.006
% Purity in top quark events: 74%
% Correct data/MC differences (correction factor from b-tagged events)

Jet energy scale and resolution effects

Two jets in t-tbar events
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WW background estimation

P
% 400 = | | | ' | T
a)n,=0,e

WW: o - (@) n; no
o i ¢ Obststat _

* Invert A¢, cut, require 55¢m <110 GeV P Exp+syst
, & I W Higgs |
% Uncertainty dominated by extrapolation fo 5 200 0 W%%} ~
SR i [J Top ]

B DY

- O Misid -

Due to theoretical uncertainties (limited
accuracy of the MC predictions: PDF,
QCD factorization and renormalization

B vv

> 200
scales, ...) c
' e o
%, =1.2240.03 (stat.) = 0.10 (syst.) =
/8%;,jw =1.05 :|:005 (stat.) = 0.24 (sys;t.) l%’ 100 _

50 100 150 200 250
m+ [GeV]
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?l i“ Z/y* background

~— 1 7_\| T || ||| | ||||||||I\ 1T I LU ‘ LENLELIL ‘ LI I |_7
% Count events before/after f  cut & 'k ATLAS :
recoil 9 - Vs = 8 TeV simulation ]
% i H—-WW*—evev/puvuy + 0 jets ]
©
pdata _ Nnon-Z/*y* £ - —=— Zy* .
35S —_— + pass Fo) B —a— diboson, top and W+jets |
p g -+ —e— SM Higgs boson m = 125 GeV
(]
s 10" —
T - e ]
non-Z /~* - - 5" R ]
Ndata - Npass - e o - ]
= Z/7" T “onz/A . T o -
€=/ € e = . -+ )
. Mg . |
* Solve for e RS
'2 \||||||||I||||||||||||||I\ 111 I 11 1 1 ‘ L1 11 ‘ | I 11
10 0 01 02 03 04 05 06 07 08 0.9
% Wher‘e: frecoil

g""2/V" - fraction of ey + pe data events passing the cut (pure in hon-Z /yx )

e”/V" - fraction of ee + pu events passing the cut in the Z peak (dominated by
Z/y+)

* Systematics:
Compute differences between true and measured efficiencies
~50% for O-jet and ~45% for 1-jet analysis
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(a) Uncertainties on Ny (in %)

Leading systematic uncertainties

(b) Uncertainties on Nk, (in %)

nj=0 nj=1 n;>2 n; >2 WWwW theore.tical model 1.4 1.6 0.7 3.0
geF  VBF Top theoretical model - 1.2 1.7 3.0
V'V theoretical model - 0.4 1.1 0.5
geF H, jet veto for n; =0,¢ 8.1 14 12 - Z [~ — 71 estimate 0.6 0.3 1.6 1.6
geF H, jet veto for n;=1,€¢; - 12 15 - Z[v* — ee, pp est. in VBF - - - 4.8
ggl H, n;j > 2 cross section - - - 6.9 Wi estimate 1.0 0.8 1.6 1.3
ggF H, n; > 3 cross section - - - 3.1 j7 estimate 0.1 0.1 1.8 0.9
ggF H, total cross section 10 9.1 7.9 2.0 Integrated luminosity - - 0.1 0.4
ggF H acceptance model 4.8 4.5 4.2 4.0 Jet energy scale & reso. 0.4 0.7 0.9 2.7
VBF H, total cross section - 0.4 0.8 2.9 pRiss geale & resolution 0.1 0.3 0.5 1.6
VBF H acceptance model - 0.3 0.6 5.5 b_tagglng eﬂ:icjency - 0.2 0.4 2.0
H — WW?™ branch. fraction 4.3 4.3 4.3 4.3 Light- and e-jet mistag - 0.2 0.4 2.0
Integrated luminosity 2.8 2.8 2.8 2.8 frecoil efficiency 0.5 0.5 - -
Jet. energy scale & reso. 5.1 2.3 7.1 5.4 Trigger efficiency 0.3 0.3 0.1 -
pT % scale & resolution 0.6 1.4 0.1 1.2 Electron id., iso., reco. eff. 0.3 0.3 0.2 0.3
frecon efficiency 2.5 2.1 - - Muon id., isolation, reco. eff. 0.2 0.2 0.3 0.2
Trigger efficiency 0.8 0.7 - 0.4 Pile-up model 0.4 0.5 0.2 0.8
Electron id., iso., reco. eff. 1.4 1.6 1.2 1.0
Muon id., isolation, reco. eff. 1.1 1.6 0.8 0.9
Pile-up model 1.2 0.8 0.8 1.7
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Signal extraction

All analysis categories

. _l T T T T | T T T T | T T T T | T T T T I T T T I_
> - ATLASH—>WW?*_
© 800 = 1 :
S UL \s=8TeV, 2037 1 % Fit the transverse mass
= - \s=7TeV, 4.5fb -
E 600 — (a) an 1, ep+ee/pp _| _ i
= - ¢ Obststat - mr = \/(ng + | s |)2 — (Pt + prpiss)?
kT i - Bkgtsyst |
400 I~ W Higgs ] . . .
B sww 1 * Separate different analysis categories:
L ISI _
200 — 8 vv — - 1- 1
- E TOp _ O ’ 1 ’ 2 J@TS
- DY ] o .
ok . | * Split signal region at m = 30 GeV
> B (b) Background-subtracted
8 150 __ ./ Obs_ Bkg _— > T T T T | T T -
o UL ~ Bkgtsyst 7 8 200 ATLAS } Qbs stat
0 WHiggs - = \s=8TeV, 20.3fb" | EXP*syst
() L | — . 1 . H| S
- 7 @ 100 L Misid
S0¢ : 100 ee/pp 18 Top
B — channel |mDY
- - 1E WV
0 ]
: I I | /l 1 /I 1 I I T | | I | | | I I | :
50 100 150 200 250 100 200
- | m.Gev] m [GeV] )
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a) Signal region for n; =0, ey category
3 H

binl bin2 ...

bin b

(b) WW {(c) Drell-Yan (@) vv
Apply Bww to Nww Apply Boy to Nov Apply Bvv
SR WW CR, WW SR Unused , DY SR
VR region CR
rest
rest
top
10 30 55 110 0 1.8 2.8 3.14 -1
Mse [GEV] A¢£2
{e) Top quark (f) np > 1 data (g) Wy

Apply ﬂtcp to Ntop Apply 72 to PBtOP

7

SR, Top CR is inclusive n; 05  Compute v= a,oj
aNj
top top
0 1 2 3 4 5 6+ 0 1 2 3 4 5 6+
T TLp

to Nvv

VV CR

Qo1 - Qo

Nw; in bins b

SR

rest

More strict

Wi

SR shoun in (a)
has Poisson

terms in L

Profiled CRs
in (b, ¢, d) have

Poisson terms in L

A
Regions (a-d) in fit |

More loose

lepton iscolation

Nonprofiled CRs
in (e, f, g) have no

Poisson term in L
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E!!i“ Signal extraction
L1 P

Table Syst in Table Syst. in Table Ta.ble S}"St m Table
XXIa Sec. VIIC XXIb ®

L= Hf( ib | K- Sip - ﬁVbr( )+E Br-Brib - ]._.[Vbs ) Hf(Nz)E 5kBkz) Hg (9:16:) Hf (& | Cr-Or)

Poisson for SR with signal strength u; predictions S, B Poisson for proﬁled CRs Gauss. for syst. Poiss. for MC stats

7 N 7 o

(a) Signal region categories

* Global fit for all signal and

) SR category i
background regions

Fit var.

n;, flavor & myg, ® pfo 2
* 1 = signal strength ;=0
2 . on: . e ® [10,30,55] ®[10,15,20,00] R[e,u] mr
Signal region: Poisson term ce/un ®[12.55  ©[10 00 o
FIN|N)=eAN/N! W
e ®[10,30,55] ®[10,15,20,00] ®[e,u]  mr
A= LL- S + Ek Bk; ee/pp  ®[12,55] ® [10, oo] mr
* Poisson terms for background n;>2 ggF
regions (normalization) ep ®[10,55]  ®[10,00] mT
: n; >2 VBF
systematic uncertainties ee/pp  ®[12,50]  ®[10,00] Ogpr
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H—>WW results

p, = probability that the

observed excess of events is
due to a background fluctuation

S0 % Minimum p_ at 130 GeV (6.10)
°¢ % Same p, at 125.36 GeV
- Observed

- Expected ."
— EXDI;G“% s/ A7 Expected 5.80
— EXp

"y L * Signal strength at 125.36 GeV:

”‘IIZCI)I” ""1'4(')' 160 180 200
0.16 0.17
p=1.09 Tgi5(stat.) Tog (syst.)

Local P,
s
N —O
aaq
Significance
*

H-o>WW*=s[vlv
\s=8TeV,20.3fb"
\s=7TeV, 451" V

108

1012

my, [GeV]
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ol [
Frimm1s
“ i
I S |
=

Signal strength

(&

LR L B LN
ATLAS ]
H—->WWH*=Ivlv ]
\s=7TeV, 451" ]
\s=8TeV, 20.3fb™ ]

+ Obs (m,=128,(1=0.94) |
[ Obstic ]
[+] Obst2c ]
[#] Obst3c

140
m,, [GeV]

130

120

u\/BF

Signal strength

I s
RELTTTTTY LA
ol b b b b b

I!Illlll‘l\ll‘llll\l

ATLAS
H—WW*—|[vilv
{s=7TeV,4.5fb"

/s=8TeV,20.3fb"

)+ Obs(1.0,1.3)
FHObst1c

[+|Obs+2c

: []Obst3c

i o ExpSM(1,1)

{ S ExpSM+1,2,36

N
w
N

«Q
«Q
M

% Signal strength compatible with SM expectations

P. Conde Muino

0.22
e =127 705 0

(stat.) (syst.)

= 1.02
= 1.27

+0.29
—0.26

+0.53
—0.45"
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I S |
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CMS H>WW results

* m_ and m, after the final selection:

CMS

4.9 fo' (7 TeV) + 19.4 fo (8 TeV)

N
o
o

[ ‘ T 1 1 ‘ T T T " T
| -e- data - backgrounds

[ — H—-ww

[ &Y bkg uncertainty

S/(S+B) weighted events / bin
a o
o S o

o

my =125 GeV |

R cms

49 7 (7 TeV) + 1

9.41b7 (8 TeV)

eu0/1-jet 300 |-

100

S/(S+B) weighted events / bin

[ - data - backgrounds
L — H—WW

bkg uncertainty

T
m,=125GeV _|
eu 0/1-jet

[ L

|

n
S

50 100 150

* In addition, they consider also a 3-lepton category (VH associated

production)

200

250

m; [GeV]

1 o0b—

50 100

150 200
m,, [GeV]
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CMS H>WW results

% Combined results

= cmS 4.9 (7 TeV) + 19.4 fb" (8 TeV) cMS 491" (7 TeV) + 19.4 1 (8 TeV)
= F ] o 25
"'p.. | = Observed g : H =W\ (all channels)
01 02 g_ Median expected H— WW (all channels)_g _g_ E ------ Expected
S C ] Expected = 10 i S’ 201~ — Observed -
= : Expected = 20 o i
£ 10f ; 15} :
— P |
o - I
(°) B 101~ N
S 15 i
o f [ .
51 ¢ st 5
1L i e
10 E : _I | I T T T I ] II_I-I—I-Li-H.LIII|||II|II|III|||II|IIII_
E 3 %10 200 300 400 500 600
110 200 300 400 500 600 Higgs boson mass [GeV]
Higgs boson mass [GeV]
0/1-jet analysis 95% CL limits on ¢/ o5y Significance T/ O\
my = 125GeV expected / observed expected / observed observed
(mt, myy) template fit (default) 04/12 52 /4.0sd 0.76 + 0.21
(mg, A¢r) parametric fit 05/14 5.0/ 4.0sd 0.88 + 0.25
Counting analysis 07/14 2.7 /2.0sd 0.72 £ 0.37
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CMS H>WW VBEF results

CMS 19.4 b7 (8 TeV)
.E LI B B N S B B N B B B LI B B B B B B = CMS 4.9 " (7 TeV) + 19.4 f’! (8 TeV)
f [ * data wWw my, = 125 GeV Dw I — Observed i
o) | — H— WW DY+ets . - = = ] H— WW — 212v + 2-jets _
= 10 . 1 eu 2-jets, VBF tag ©1 02 E Median expected VBF tag {shape\-{}b:sacl:leanalysis:lg
o i op _ g E |1 Expected = 1o ]
L | . Wy o i o i Expected = 20 ]
I Wijets E 10F =
I B wz+zz+vvv A - h 3
3 o i ]
S 1
)] =
107
110 200 300 400 500 600
Higgs boson mass [GeV]
VBF analysis 95% CL limits on o /ogy Significance o/ oM
my = 125GeV expected / observed expected / observed observed
Shape-based (default) 11/17 2.1/13sd 0.6210
Counting analysis 1.1/09 20/ — —0.3570%
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WH—nvbb candidate event

EXPERIMENT
http://atlas.ch  Signatures :

High D, 1solated leptons, 2 b-jets, large ETmiSS

@ATLAS WH-nvbb candidate event

Run: 207620
Event: 101402870
Date: 2012-07-29
Time: 00:05:11 UTC

P. Conde Muino Higgs @ LHC



?l i“ H — bb: how?

* Explore non-dominant production modes
* Vector boson fusion + photon (VBF search)

Use photon to trigger

bbyjj non-resonant bckg. suppressed by ~10x

* Previous inclusive VBF (H—bb) limits: / VBF+y: 0 = 65.98 fb

obs/expect. upper limit: 3.0/5.0 x SM

ATLAS: obs/expect. upper limit: 4.4/5.4 x SM 510" T T

CMS Run 1 obs/expect. upper limit: 5525 x SM ¥ | =28 RALCLEMESS 18

CMS Run 2 (2015) ! 1oe *
T [

il L Lol

ppaquH(NNLOOCD+NLOEW)

* Associated production with W or Z e

I~ Qp—-ZH {NNLOQCD+NLO E;’U
(VH search) oroton :
Trigger on 107 N Tveeone I
%‘"'é""é-".1w0.‘.,1.1,“‘1'2"”15”"1;

7

e/}l from \s [TeV]

: WH: 0 =1.373 pb
W/Z decay P 7ZH: o = 0.884 pb

P. Conde Muino Higgs @ LHC 12




VH searches: 3 channels

* O-lepton:
E ™ > 150 GeV

proton

* 1-lepton:

e/n, p>25 GeV
Tight isolation
Missing E_
p.">150 GeV

* 2-leptons:
Isolated ee, pp
p,>25 GeV, p 7 GeV

No missing E_,

m, compatible with m,

* Two jets
anti-kT with R=0.4
P 45 GeV
p.5>20 GeV
* Improved b-tagging
with respect to Run 1:

Eff: 70%, light jet
rejection: 380,
charm rejection: 12

* Analysis categories:

2/3 jets
(0/1lepton)

2/23jets (2lept.)
P ¥</> 150 GeV

P. Conde Muino Higgs @ LHC
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Main backgrounds

* Dominant backgrounds dependent on channel

Z+bjets dominates in O, 2 lepton channels

Top quark and W+jets in 1 lepton channel

Multi-jet:
negligible in 0/2 lepton channels after anti-QCD cuts
Data-driven in 1 lepton channel

O lepton

Events / 30 GeV

L ATLAS Preliminary
F s=13Tev [Ldt=132 fo?
[ 0lep., 2jets, 2 tags

r pr = 150 GeV

_l
=
S
S
I

800

m W+(bb,be,cc,bl)

Events / 30 GeV

ury

Data/Pred.
o h
[o.+ N b ]

-
W N

Data/Pred.
o

50 100 150

1 lepton

1 lep., 2 jets, 2 tags
- pr = 150 GeV

- ATLAS Prellmmary
[ {s=13TeV fldt=1321b"

. VH(bb) (u=1.0)
W Diboson

it
mm Single top

Multijet
W+ (bb,be,cc,bl)
mm Z+(bb,bc,ce,bl)
= Uncertainty
=== Pre-fit background

*

2 leptons

—e— Data
I VHbb
o Diboson

tt
[ Single top

Multijet
Il W+(bb,bc,cc,bl)
I Z+(bb,bc,cc,bl)
Uncertainty

= Pre-fit background

Events / 30 GeV

B
o

50 100 150

n
(=]

0

- ATLAS Preliminary
{513 TeV [Ldt= 13.21b"
| 2lep., 2 jets, 2 tags
[ p‘;’ = 150 GeV

B VH(bb) (u=1.0)
m Diboson

it
m Single top
mm Z+{bb,bc,cc,bl)
] Uncertainty
=+« Pre-fit background

ury

Data/Pred.
b h
(&) RN |

I+ T—*”—‘F—F:Fﬁ_+_*:

50 100 150

200 250 300

m,, [GeV]
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?l i“ Multi-variate analysis

* Boosted decision tree (BDT)

Variable O-lepton 1-lepton 2-lepton
Combine many different variables Pr X X
TN1ss % % e
Trained in 8 categories: 3 lepton, 2/3 % x x x
jets, low/high p_’ bin (2 lepton channel) pr X X X
Mpb X X X
#% Most discrimination from m and AR(by, bz) X X X
bb |An (b1, b2)| X X
AR(b,b,) < 500 S ﬂ A@(V, bb) X x X
S ssof ATLAS. RN 60 § |An(V, bb)| X
§4ooévs=8Tev _[Ldt:_zc}:.a ol T Hy X
& Codepon o piiiii 50 min[Ag(£, b)) X
350 - 2tags, 2 iet's,,;:);f > 120(3eV : m}"' X
300? 565 0o : 40 my; X
250 g = 3o MTop X
2001 : - = |AY (V,H)| X
1500 20 Only in 3-jet events
- pee X X X
1001 [ ] Data 2012 T
50 i =wmc E " Mbbj X X X
I T S S
AR(b_b,)

% New in run 2: m._. |AY(V H)| — +7% in sensitivity
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Combined fit

ATLAS Preliminary -o-Data

- _ 4 mm VH(bb) (1=1.0)
ls=13TeV fLdt=1321b == Diboson
tt

Events /0.5

* Profiled likelihood fit o measure the signal
strength = e oo

B Z+(bb,be,ce,bl)

Take into account all event categories
* Use BDT discriminant as input

% Post-fit distributions:

. PN A A A AN A AN
miss B oy o S ol T E
—4 —35 -3 25 2 -15 -1 05 0 05

O lep, 2 JZTS 2bTags 1lep., 3 JeTs 2 b‘rags 09, (S/B)

1600 T

(4}
(=1
o
(=]

> T m = [T AL L | |"| T ™ n ISR B L B L L L L BB BN
3 » ATLAS Prellmlnary -V!l(bb)(u=1.0) i & C A LAS Prellmlnary . —;_H(bb) w=10) ] S 120 ATLAS Preliminary :5;}21:)@:1.0) —
Y 1400F fs = 13TeV flot=132 1" == Diboson — 8 [ (s =13 TeV fLot=13.270° m Single top 7 P [ (5= 13TeV fLdt= 132" = Diboson ]
~ - 0lep., 2 jets, 2 tags e Single top ] "o 4000} 1 lep-, 3 jets, 2 tags Multijet — = - 2lep., 2 jets, 2 tags mm Single top ]
2 C n ] ] [ -W+(bb becc,bl) S 100 ]
12 v B W+(bb,bc,ce,bl) ] o _D = 150 GeV > I Z+(bb,b:_:,c::,bl) i
g 1200F Py = 1e0Gev miobieced) 48 f i dgons ] W[ Py =TS0V 222 sty v
m F -+« Pre-fit background | - 7 i 1
1000~ -] 3000 R . — 80— —
C . B PR . : : :
800 = raz e . 2 2 ICPTOHS b
C ] 2000 AL = D et . 7
60042 3 : e ] 2 tags, 2 jets
400 3 1000f- - BDT dlSCf'l!T\lnGnT
] Srsadrany 7 ]
200 - P, e
3 i r‘
_ | — | ; g [T T
g 1.5 E — . ‘__ a1 Batacec ﬁw.:mm# ‘»/,444/% g
I Rt S oo ¢ 1 4 808 E o
:@‘05:* H* 3 SO08E. e 3
BBt I Leend O 920 40 60 80 100 120 140 160 180 200 220 T IS
150 200 250 300 350 400 450 m(W) [GeV] o —1 —08 —O 6 0 4 —0 2 0 0 2 04 06 08 1

. Eq_wiss [GeV] nggs @ LHC N VH T



E!!i“ Results H—bb in association with a W or Z
LI P

ATLAS Preliminary Vs=13TeV, [L dt=13.2 fb!

* Combined signal strength with 13.2 fb™ of T T
pp collisions at Vs= 13 TeV st Tot. (Stat. Syst.)
2 lepton [—H—o—- 024{332 (+ggg +8gg) =
+0.51 1lepton |- I - 0.25+0-94 (+067 +0.67) |
> Wyg o= 0.2120% ’ e S8 oot o
g Olepton |-  F—e—H 047”3;3 (”&gg +8ig)
v
N Systematic and statistical uncertainties of comtinaion{-  #-e4 0.21+051 (+036 +036) |
% the same size I T R S S ST/
@) ) ) . Best fit u=o/c__for m =125 GeV
O Dominant systematics from b-tagging and e
2 background normalization & modelling ATLAS Prelminary fs-13Tev. fLdi-132fb"
= W+jets, Z+jets, to T
E ( J &1 ! P) B ;t; Tot. (Stat. Syst.) |
ZH|- ke 0.15" 0% (1047 Z04a)

* Fit cross checked with di-boson signal
(WZ+ZZ with Z—bb) WH- e 0.330%5 (1288 +0%8)
Observed significance: 3 20

0.9120.17(stat) "3 (sys) R 021°35 (3% %%
- =+ stat SVS
Wy, = 0.23 (S, . , e'; : o),

Best fit p=o/c__ for m =125 GeV
SM H
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* BDT to

CMS VH—bb

* VZ,with Z—>bb, analysis:

. 2 CMS o Data N
Improve mass resolution = Bop O L som —-— :
.. . - Vs= 8TeV,L=18.9fb" .
Optimize signal to g ol PP VHH b ]
background separation g | 5555 VH + VW MC uncert. |
Q 40l N
% 12 Cus Simuiation | & ]
i : l’E:BTeV i 153&&\!(132%]’ ‘a" | i
= 1] Z(T)H(bb), p? > 100 Gev :ﬁ%?é::?ﬁuﬂ%). .
*g - 20 .
@ 0.8 . [ 1 ]
GB: | 0;%'_ . .
: Coovv vy v vy v v v v b v v v by vy 1
0.41 & 0 50 100 150 200 250
02: _: oy Y I'l';ev]
ne ] BDTVZ(bb)
0.|......|......|.. I ]
60 80 100 120 140 160 180 200 i
007520 " TIpE e Exp. Sig 630
Obs. Sig /150
u 1.19%0%7 3
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CMS VH—>bb results

6 T
Lo AR L - CMS -1 —e— CL; Observed T
g 10" == CMS ® Data i ?=7Tev, L=?.80;l:b" ..... CL, H125 injected
g _ _ A 5~ Vs=8TeV,L=18. -w--r CLg Expected
2 108 & (s= 7TeV,L=5.0fb 1 B vH F op— VH; Hes bb O Expacteda 10 ]
E 105 (s = 8TeV,L=18.9fb [] Background - CL, Expected = 20|
& pp — VH; H— bb —— VH(bb) 125 GeV 41

£%5 Background uncert.

w

95% asymptotic CL limit onp,
N

.....
-----

1_ -------------------------------------------- :
:I L L L L | L L 1 1 ‘ L L L L | | 1 1 L | , , . . l:
110 115 120 125 130 135

my [GeV]

% Excess of event observed at around
125 GeV

2.1o significance (local)

Compatible with a 125 GeV SM
Higgs expectation
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VBF+y search

* Trigger:
L1 trigger: single photon (p_> 25 GeV)

(=l

High level trigger: 4 jets p_> 35 GeV, m > 700 GeV

* Selection:
Tight ID photon, p> 30 GeV

4 jets with p > 40 GeV

£ 0.12F ATLAS Simuiadon Preliminary HIVEF Foe 113 2 central (In|<2.5) b-tagged jets
: o.1E—\E= e : E e s _ p.(bb system) > 80 GeV
0_08; . E Non b-tagged jets: m i 800 GeV
0.06i— E % BDT discriminant
0.04- : g Built with variables uncorrelated to m
0'02;_ _ AR(jet,y), my, An, H, jetwidth ,y centrality , po'™
9804 ozt o Loz o4 0 Define 3 regions with different S/B

BDT response

Fit m_ in these 3 regions
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P ATLAS-CONF-2016-063

VBF+y results

% Use a profile likelihood fit Result

H(— bb) +yjj

Z(— bb) +yjj

% Non resonant background estimated Expected significance

) . ) ey . Expected p-value
ith 2n i ial fit i P p
with 2™ order polinomial fit inm Observed p-value

sideband Expected limit
. . Observed limit
% Fit tested searching for Z=bb +v  (Gperved signal strength

0.4
0.4
0.9
2.3
6.0 f”
4.0
2.8
—3.9 tz.:r'

1.3
0.1
04
18 47
2.0
0.3 +0.8

production:
Expected 95% CL limit: 1.87°]

0.5 ) .
Observed: 2.0 % Low BDT score region:

% High BDT score region

® [ ATLAS F;r'elhymlvn'a'r'y ——Daa T T FUTAS P'r'e'nrﬁ.h'ar'y‘ —e—Data
. . S 180 —— VBF H(125) + v x 10_ G 70 — VBF H(125) + Y x 10—
FVs=13TeV, 126" Z + v (QCD) ] c Vs=13TeV, 12,6 fb” Z + v (QCD) 3
* Observed signal strength in 2 .- Gy =iEw 1 2 Vigneor =il
. *2 140:— —— Uncertainty - 2 E —— Uncertainty ]
the Higgs search: 2 o ER e b
g XY T 5
+2.8 100 \f = 40E E
Wy pprey =397 = fit4 E N + $_+ + E
* Expected 95% CL limit: - E 20 t + 4t +§
6.0"23 = : 10/ t +
TUoLT - e e — a3
. . . g 0.3
% Observed 95% CL limit: '. <&
i T o 4=
_0.28 T -02 8
4X(G XBR)SM -0.20 100 150 200 250 300 350 400 450 S8 60 86L160 120 140 160 180 200 220 240
My, [GeV] m,, [GeV]
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CMS Experiment at the LHC, CERN ®
Data recorded: 2012-Jun-05 09:58:43.400262 GMT(11:58:43 CEST) %
Run / BEvent: 195552 [ 61758483 I
E-3
Muon from a
leptonically =
1 [ -]
decaying t ’
®
P

¥ Two forward
jets (VBF
% signature)

Hadronically
decaying 1
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L = CMS-HIG-13-004

| P ATLASCONF-2013-108

H—tt results

* Using MVA to better disentangle signal from background

CMS 1t mass

CMS, 4.9 fb'at7 TeV, 19.7 fb' at 8 TeV
L T L L] T I T L] T T L)

Jacp

= T
> L ZZ SMH(125 GeV)—>tt
40

8 2500 - M‘Eh, eTh, Th‘ch’ eu 5 gila- bac:groutynd

— g. uncertain
E : 20 -

E : o 0

£ 2000 |-
g C -0} _l_
-c B -40 1 1 1

— 0 100 200 300 —
i 1500 [ m,. [GeV] |
2 4
< -~ SMH(125 GeV)—tt
.9 1000 |~ —@— Observed -1
g COzw ]

 I— -

a 500 - Electroweak ]
+ 4
()
~—
~
(7))

o
O grrrTT

100 200 300
m_ [GeV]

Combined BDT score for all the
search channels

C 4 _I I T | T T T T [ T T T T | T I_
5 10 § —e— Data 3
; E |:| Background (u=1.4) E
% oo o o o o o . e Background (u=0)
Lﬁ 1 03 = Bl 025 =14
& H(125)-1t (u=1) 3
= E
- H=1t
10 ATLAS Preliminary E
- [Lot-20310"
- \s=8TeV
1 : I 1 1 i L 1 1 il | 1 1 ] 1 | 1 F

3 2 1 0 1
log(S / B)

* Evidence for the Higgs decaying to tt pairs in both experiments
% Signal strength: p=o/o_, =14  at ATLAS and 0.78+0.27 in

CMS
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https://cds.cern.ch/record/1643937?ln=en

! Search for Higgs boson in +tH production

[

* Many possible final states

Higgs decay mode | Branching ratio [%]
H—- bb 58.1
H—- ww 21.5
H— 1t 6.3
2.6 - . "
H> 22 \_ it semi-leptonic decay Y,
H- 0.23
A 4 ™
\ e
é T T & 9 WKWH q
5 ;
{ H qurlir!\'l\P( 7
AR ;
T i,
9 00000000000000~ b
?H\\‘R':j/f
" W “ *:: "
\_ H->WW, 3-leptons JJ
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Search for Higgs boson in +tH production

% Multi-leptons: cut and count in different & %'} araseroiminary ol ki
. fioj TR SCIRTRV RN Diboson ENin-;rclrmpt
event categories P ENOMsReco  [JOter

77 Total Uncertainty
ol _+_ -
7
50 /

% BDT discriminant in +tH (H—bb)

2

S 10°EATLAS  Preliminary -4-Data W e gfor,,a%
£ - 1s=13TeV, 13.2 b ttH (Mg o =40)
L% 105|5_ Mt (ulil=2'1) . .
3 [JBackground % m in ttH (H—yy) leptonic events
- 7 Bkgd. Unc. Yy
10 - Bkgd. (u=0 fit) S e e S B i o e
: & 75 * Daa ATLAS Preliminary
sl e [ (- Background Fit s=13Tev,133Mm" 3
10 E 52 6F — Signal + Background Fit  H—»yy, m, = 125.09 GeV ]
o L&u’ E —— SM Signal + Background ttH leptonic 3
102 LtTH (bB) Combined St =
= Dilepton and Single Lepton o ]
C Post-fit P& E
< _llIlJJlAl]lellJlllllllllltlllllIllq 3: E
2 2r ‘+‘ £ ]
PR S % 2F . :
2 1 2 E 7
& F R ] N SRR R 1 E

[TTT

log, (S/B)

M e i e e e P Y |l i il e T e s e
110 120 130 140 150 160
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Results on ttH Higgs searches

* Combined signal strength: u=1.7 "oz(stat) o (sys)

L B L L L L I
L L I L B L . . ) 4
ATLAS Preliminary 1s=13 TeV, 13.2-13.3 fo! ATLAS Preliminary Vs=13TeV, 13.2-13.3 fo
—total stat. (tot.) (stat., syst.)
tH(H-yy) | —— 0.3 *12 (12 +02 13T12,H1(;|3_:bw) :
(13 TeV 13.310") 03 L5 (Gos o2 ) (13 TeV13:317) L
13 407 id ttH(H—WW/t/Z2) ‘
ttH(HaWW/tt/ZF) === 25 "7 (%7, %9 ) (13TeV 13216) i
(13Tev 13.21b") : :
#1.0 [ 405 +0.9 ttH(H—bb) i
ttH(H-bb) === 21 To (L5557 ) (13 TeV132157) : : ‘
(13TeV 13.210™) . e T | Expected (u=0) + 1o
T T T T et 04 106 ttH Combination R Expected (u=0) + 2¢
ttH %%"%E\',?at'on F-e-d 1.8 %07 (045 205 ) (13 Tev) . S—— —— Observed
P +0. . ) ttH Combination ---- Expected (u=1)
ttH combination —e— 1.7 4(;_3 ( fg_g, fgg ) (7-8TeV, 452031 ") o
(7-8TeV,4520317) , | | | | T 1 > 3 4 5 6 7
0 2 4 6 8 10 95% CL limit tm =125 GeV
best fit u _ for m,=125 GeV oL IMION kK, & My=Tes 138
* Expected and observed —— T
Significqnce: Observed [0] | Expected [o]
ttH, H — yy -0.2 0.9
ttH, H — (WW, 11, ZZ) 25 1.0
ttH, H — bb 2.4 1.2
tt H combination 2.8 1.8
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* Both, ATLAS and CMS, collaborations observed a new boson in July
2012

Original observation based on 3 channels with partial statistics

Summary and conclusions

Since then, statistics increased, and the analysis were refined
Signal observed in individual decay channels
Evidence of fermionic decays
H—>tt, H—>bb
* Work continues now to understand the properties of this Higgs boson
Cross sections: inclusive, differential

Measure all its properties accurately (production and decay rates,
spin, Cand P, ...)

Search for new physics in the Higgs sector
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E!gi“ Higgs re-discovery at 13 TeV

ATLAS-CONF-2016-079 ATLAS-CONF-2016-067
* H-ZZ — 4L * H— Yy
-1 . .

14.8 fb™ pp collisions @ 13 13. 3 fpl PP colhsuons @ 13 TeV
> A AR 8§ o L ATLAS Preliminary
8 35 7ATLAS Pl’e|lm|na|’y|£| 32;;5 m, =125 GeV) g 1803— ------ E%Lngrfg:ckground H—:;y :ns I%\ZS%‘;SZE';VY _f
0 [Ho 7z >4l -z ] € e[ — Sumw weighted sumof =
% 30 :_13TeV, 148" L ﬁ:}\(/a!tsv\r/tv _: PN 140X s\gnt ca?tztggries f _E
c C 74 Uncertainty . c ]
o 25 _— - 120:— =
Lﬁ L ] 100 3
20 |- - s0f- =
: | o E
15F sof- 3
E 20:— =
10 C F ]
g S EEana =
5 : ; i 5E + 3
§’ 0 ;
0 W5 + + 3
80 90 100110120130 140 150 160 170 E . ‘ . . E
110 120 130 140 150 160
m, [GeV] m,, [GeV]

TrotsM = 55.573% pb. ofia = 47.0 + 13.9 (stat.) + 5.4 (syst.) fb
Ttot = 81+ pb SM prediction 62.8 34 fb.
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H—vyy analysis categories

Different analysis categories based ATLAS Preliminary

H— vy

* Converted/unconverted photons di-photon selection
* Photon location in the detector N
ne-lepton
* Di-photon transverse momentum with W(— W)H, Z(=> I)H
respect to thrust .
. . _ . ET* significance
* Production mechanism Vitenriched W(— MH, Z(— wW)H
VBF: use BDT
Low-mass two-jet
VH enriched W(o iH, Z( j)H
F enriched - | ,
99 High-mass two-jet <
VBF enriched —
VBF
p pTr pT N 9 Y :
y 1 n-conversion
T‘\%’ Pr thrust axis ggF enriched Prc
P ggF
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» Largest systematic 27% on Z /4™ efficiency.

Pacman method - systematic uncertainties and advantages

@ Final uncertainity on Z/~™ estimate obtained by propagating:
» Systematic uncertainties on the efficiencies.
» Statistical uncertainty on the data.
» ~ 60% uncertainty for 0-jet and ~ 80% uncertainty for 1-jet.

@ Advantages of this method:

-
-
-
-

Signal Region

Iow—mgg
ee/pp

DL=

non-Z /DY

Uses directly the final signal region.
Estimate is insensitive to the presence of signal.
Does not rely on MC modelling.
Final uncertainty on the estimate dominated by data statistics.

Non-Z/DY shape

low-myy

e

DL=

+Nz/py (

Z/DY shape

@ Assign systematic uncertainties on € by computing difference between measured
efficiencies and true efficiencies:

» different flavour — same flavour extrapolation for gnon-Z/~*
» Z peak — signal region extrapolation for ¢Z/7

Z-peak
ee/pp

DL=

Z-peak
e

DL=>
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