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‘ Higgs lectures so far...

WEDNESDAY, 1 APRIL

iVE [l — 18:30 Higgs Physics 1

Introduction

Reminder of some shortcomings of the SM: masses, WW scattering.

The Higgs mechanism. Production and decay of the Higgs boson at colliders: LEP, Tevatron and LHC.
Previous searches at LEP and the Tevatron.

Speaker: Ricardo Jose Morais Silva Goncalo (LIP Laboratorio de Instrumentacs 3 Experimental de Part

HiggsLecture1.pdf

MonpAy, 6 APRIL

Higgs Physics 2

Models, properties, and interpretation.
Case-study of the coupling strengths.
Case-study of the hypothesis test for different spin-parity assignments.

Speaker: Pedro Vieira De Castro Ferreira Da Silva (cern

higgsproperties_6A...



In this lecture

*Reminder

» The Higgs Lagrangian in the SM and how to probe it
*Challenges and difficulties of the Higgs boson study at the LHC
*Photon reconstruction and the searches in the H—yy channel
*The H—bb search

» Event selection

» Background measurement

» Fits

» Combinations
*0ther channels to look at the Higgs couplings to quarks

» Is it possible to improve/complement the measurements done?
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‘ Lots of different measurements....

ATLAS
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SM Higgs Lagrangian after symmetry breaking

Lsy = D HID,H + p2HTH — 3 (HH)® — (yi; Hbin; + h.c.)

Couplings to Higgs Couplings to
EW gauge bosons self-couplings fermions
2 WHtW— + L2 zr0 70 14k 2 _ 2h2_gvh3_l)\h4 —mef_f(l—kﬁ)
[mW p T 3mz #] ( +v) H 2 8 7 v
/ \\ p,
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ce & gimb g coo iz O gim oo i
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\\ // \

myg = V2u = \/_ Av (v = vacuum expectation value)

*\/ery predictive theory:
* (Can calculate everything but the Higgs boson mass...

* Once the Higgs boson is found... we can also probe everything!



The SM Higgs Lagrangian after symmetry breaking

Lsy = D HID,H + p2HH — 3 (HH)® = (yi; Hyah; + h.c.)

Couplings to
EW gauge bosons

[maxW‘“fW; + %mQZZ“OZg] (1+ %)2 __-_{:\L
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Higgs decays to vector bosons

Couplings to
EW gauge bosons

C [m2, WHrWo + im22#070] - (14 2)°

——--<2iﬁgl“/
v

» my = V2=V (v =
*H - WW * First observation
*H—2ZZ * Cross sections at 7,8 and 13 TeV

Differential distributions




‘ Higgs couplings to fermions

- Couplings to fermions
- Experimental measurements:

Decay rates to quarks & leptons

¥y Zy

99 023% g15%

(vij HYiy; + h.c.)

Couplings to
fermions

Rt =D myff (1 + %)
f




‘ Higgs couplings to fermions

- Couplings to fermions
» Experimental measurements:

Decay rates to quarks & leptons

Top quark coupling:

Indirect: gg fusion production mode
But model dependent —> need direct probes!\

ttH associated prw
/ N

Rare decays

(ys; HYivp; + h.c.)

Couplings to
fermions

o Smdr (1)
f

10



‘ Higgs couplings to fermions

(i Hipspj + h.c.)

- Couplings to fermions
» Experimental measurements:
Decay rates to quarks & leptons
Top quark coupling:
Indirect: gg fusion production mode

But model dependent —> need direct probes!

ttH associated production
Phys. Lett. B 786 (2018) 134

Rare deca\/s Phys. Rev. Lett. 120 (2018) 211802
Phys. Lett. B 786 (2018) 59

Phys. Rev. D 98 (2018) 052003

Couplings to
fermions

_gmff_f (l—+—%>

ATLAS-CONF-2018-053

arXiv:1811.08856

ATLAS-CONF-2018-026

Phys. Lett. B 784 (2018) 173

11


https://doi.org/10.1016/j.physletb.2018.09.024
https://doi.org/10.1103/PhysRevLett.120.211802
https://doi.org/10.1016/j.physletb.2018.09.013
https://link.aps.org/doi/10.1103/PhysRevD.98.052003
https://cds.cern.ch/record/2649082
https://arxiv.org/abs/1811.08856
https://cds.cern.ch/record/2628763
https://doi.org/10.1016/j.physletb.2018.07.035

‘ New particles? What about dark matter?

Loy = Dy HID,H + p2HH — 3 (HTH)® — (i Hit; + hoc.)

Couplings to Higgs Couplings to
EW gauge bosons self-couplings fermions
= h
W W 4 dm3Z00Z0] (14 8)) k2= Rkt — it - Smdr (142)

2
_— - 21'";“9””

* Couplings to new particles? Search for invisible decays

* Experimental measurements: Total decay width:

Constraint from visible decays

Interference effects in ZZ production 12



Higgs self interactions

Lsy = D HID,H + p2HH — 3 (HTH)® — (i Hit; + huc)

Couplings to Higgs Couplings to
EW gauge bosons self-couplings fermions
- h
[m2, WH W+ tm2 24070 - (14 2)? —p?h? — Jvh® — AR —;mfff (1 + ;)
/ \ y;
/ \ ,
N \ Phys. Lett. B 784 (2018) 345
mu = V2u = V Ayl = vacuum expectation value) Phys. Lett. B 786 (2018) 223

% Hi .
Higgs potential Phys. Rev. Lett. 121 (2018) 191801

* Experimental measurements: Eur. Phys. J. C 78 (2018) 1007
Higes mass arXiv:1811.11028  JHEP 11 (2018) 040

arXiv:1811.04671  arXiv:1804.06174

ATLAS-CONF-2018-043 13

HH production


https://doi.org/10.1016/j.physletb.2018.07.050
https://doi.org/10.1016/j.physletb.2018.09.048
https://doi.org/10.1103/PhysRevLett.121.191801
https://doi.org/10.1140/epjc/s10052-018-6457-x
https://doi.org/10.1007/JHEP11(2018)040
https://arxiv.org/abs/1804.06174
https://arxiv.org/abs/1811.04671
https://arxiv.org/abs/1811.11028
https://cds.cern.ch/record/2638212

‘ The search for H—bb decays

> Higgs boson observed & measured mainly in bosonic channels ATLAS+CMS Run 1
(yy, WW, 22) e

All results compatible with SM - _f%‘%ﬁﬁi;_ E%LSAS

> H—bb: largest BR in the SM (~58%) OOy | E e
Constrain total width and measure absolute couplings °wr/°ggp: f?
Probe the Higgs couplings to up-type quarks ool | _ﬁﬁ

> Evidence of fermionic decays in Run 1: 0:::09:— i_'*
H—: 5.50 (expected 50) BB.,.:ZZ‘ :
H—bb: 2.66 (expected 3.70) — ;:__:

> Run 1 signal strength for H—=bb: ;" "= 0.70* 2 =

-1 0 1 2 3 4 5 6
Parameter value norm. to SM prediction



‘ The ATLAS detector

Muon Chambers Electromagnetic Calorimeters
Solenoid

End Cap Toroid
Forward Calorimeter
‘ -‘ 5 ERTE ¥ ==

_]-‘T - = u‘a' -rw‘






Jets

= Quarks/gluons
hadronize

Magnification 3x

producing a
colimated spray
of particles: jets

I 10.569"]

Created by T. Herrmann, O. Jefibek, K. Jende, M. Kobel



‘ 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, _
» gluons, b/c/t

» Complex detector properties:

» non-linear energy response

» non-instrumented regions,

1

1

1

1

1

~ partonjet | |

» dead material '.
|

1

1

» invisible energy

» Algorithm effects:

I
» Out of cone radiation, infrared safeness

= . 18
q\ un&erlgmg
P event P




‘ ATLAS and LHC operation

= Integrated luminosity
» 158 fb-1 delivered
» 140 fb-" recorded

= Average pile-up at 13 TeV
» 34.2 interactions/BX

Delivered Luminosity [fb™]

500

400

300

Recorded Luminosity [pb "0.1]

T T T T [ T T T T[T T T T [T T T T[T T TT[TTT
I I I I I

Month in Year

Inner Tracker Calorimeters Muon Spectrometer Magnets
Pixel SCT TRT LAr Tile MDT RPC CSsC TGC Solenoid Toroid
99.8 998 100 99.7 100 99.8 99.7 100 100 100 99.6

Good for physics: 97.5% (60.1 fb™')

Luminosity weighted relative detector uptime and good data quality efficiencies (in %) during stable beam
in pp collisions at Vs=13 TeV between April 25 — October 24 2018, corresponding to a delivered integrated
luminosity of 63.8 fb'! and a recorded integrated luminosity of 61.7 fbL. Dedicated luminosity calibration
activities during LHC fills used 0.7% of recorded data and are included in the inefficiency. The luminosity
includes 193 pb™ of good data taken at an average pileup of p=2.

L L L B B

ATLAS Online, 13 TeV JLdt=148.5 fb!

2015: <u> = 13.4
[ 2016: <u> = 25.1
[ 2017:<u>=37.8
[ 2018: <u>=37.0
[ Total: <u> =342

0T —T—T 1T T T T
E  ATLAS Online Luminosity ] 200
70 —— 2011pp {5=7Tev 3
F ——2012pp {s=8TeV =
605 Zierp fairatev 3 100
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‘ Pile-up

" Event with a Z—uu decay
plus 65 additional pp
Interactions

® \/ery difficult to reconstruct

and distinguish different
particles

: EXPERIMENT

Run Number: 336852, Event Number: 883966264

Date: 2017-09-29 09:19:23 CEST




Fermilab SSC

Standard Model bl
backgrounds

Production cross section of
Jets ~108 larger than oy
B-jets ~107 times larger than oy
W-bosons: nearly 10000 times higher than oy
We need

Clear experimental signatures in the detector
For H—bb search:

Use sub-dominant production modes

Associated production with vector bosons
Vector boson fusion 0.001

ry oy

=
o

o (proton - proton)

Events /s for & 10% cm2s™

0.01 0.1



Higgs production
at the LHC

* Dominant gluon-gluon fusion

" Sub-dominant:
= \/ector boson fusion
= \WH and ZH associated
production
= ttH associated production

At the LHC... can only measure
production and decay
together

\\‘\\\\ \\\I
M(H)= 125 GeV -

W)
i (N3O SRS NOE
\ pp

‘\\\\‘\\\\‘\\\\‘\\\\IE\
11 12 13 _14 15

(s [TeV]

t

~|

11| -
LHC HIGGS XS WG 2016



H—bb decay

Searches performed using sub-dominant production modes:
= WH and ZH associated production (VH)

» Three different channels: O, 1 and 2 charged leptons

proton

= \/BF analysis
» Considered final states with/out additional y

- Final state photon helps reducing the background due to
interference effects for the background

= ttH production g




VH(bb) searches: 3 channels

proton

proton

proton

‘proton

proton

proton

> 0-lepton: \

ETmiss > 150 GeV

> 1-lepton:

e/, pT>25 GeV

Tight isolation
Missing E_>30 GeV (e chn)

pTV > 150 GeV

> 2-leptons:
Isolated ee, puu

pT1>25 GeV, pT2>7 GeV

prV > 75 GeV

m, compatible with m, j

Plus:
> Two jets
anti-KT with R=0.4
PJ1>45 GeV/
pj2>20 GeV
> B-tagging
Eff: 70%, light jet mistag rate: 0.3%,
charm mistag rate: 8%
> Analysis categories:

2/3 jets (0/1lepton)
2/=3jets (2lept.)
prV bins
75-150, > 150 GeV (2lepton)
>150 GeV (0/1lepton)

24



Invariant mass resolution

> 2_I | L | L I L | L L | T 1 7T L L I
. . ()] C . .
» Mass resolution improvements © 1sf- ATLAS Simulation o
S F \s=13TeV,36.1fb /~\h
. . . . - [ Powheg MINLO SM ZH — I'lbb .Y
» b-jets need dedicated calibration B T 2ieptons, 2jets, 2 brtags |
c 14l pZ> 150 GeV . \
» Add muons in the vicinity (semi-lep. decays) > (O s ot )
@ ' A Std. +p-in-jet Correction 4 ‘."’_
» Simple average jet pT correction. Accounts for B e D i et i
. . . C oy
neutrinos, and interplay of resolution and pT < 08l O (Og"0Nog, )
~ — 15.2 GeV 0% B
spectrum effects. 0B e 102GV 13% i
[ == 12,4 GeV 18 %
[ = 88GeV
» Improvement ~ 18% *4E
b-jet 02F
10%) " bjet P e A T I s - - TP
(~10%) oEgFEe 60 80 100 120 140 160 180
» Kinematic fit for leptons: my, [GeV]
» Profit from the good lepton resolution
» Constraint jet kinematics
» Improvement ~40%
lepton
~1%) 25
epton

(~1%)



Main backgrounds

% W+jets, Z+jets production
% Di-boson production

* \WW, WZ, ZZ
% Top production:

* t-tbar

* Single top

q
W/Z
q
q 7
l"]

o (nb)

10° preer

T : - .
3 ot ; : 3

i Tevatron LHC i

10° s
F Op : : ]

3 ; : E

E H 3

L &> Vs20) 7/ b

10' | o : 3
F 0z 3

E 0 (E/>100GeY) ; E

- ; A :

]
10° F G, 3
’[ o’e‘(ET'e' > Vs/4) 1

=y :Ecﬂ,gt_;s(r\aH =150 GeV) B
F Gpugqs(Myy = 500 GeV) N 1

107 Lo PP | s ,...k3 N 2]

1

0.1

10t

—
o
£

10°

34

events/see for =10 ¢m s



‘ VH(bb) Main backgrounds

—e— Data
I VH, H - bb (1=1.16)

> Dominant backgrounds dependent on channel o

[ Single top
) ) ) Multijet
Z+bjets dominates in O, 2 lepton channels B Wijets
B Z+jets
Top quark and W+jets in 1 lepton channel R Uncertainty

=+« Pre-fit background

Multi-jet important in 1 lepton channel ==L SRS §

400
50 200

200

1 lepton 2 lepTons

o e . — > 1g00[C T T T e > {200 e e
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200~ i Single top - o C Multijet ] 2 800 \ B Wijets ]
- Uncertainty - 1200 E Il W+jets E Bl Z+jets 4
C «+ Pre-fit background ] 1 E I B Z+jets = Uncertainty B
150— = VH,H - bb x5 — 000 H e Uncertainty m 600 -« Pre-fit background |
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: O lepton s00c- b —VHHombxs ¥ ]
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‘ Multi-variate analysis

> Boosted decision tree (BDT)

Combine many different variables

Trained in 8 categories:

3 lepton, 2/3 jets, low/high p_¥ bin (2 lepton channel)

> Most discrimination from m, and AR(b1,b

— 500
S F

= Newinrun2:m_ |AY(V,H)|

— +7% in sensitivity

8 4501
&  F\s=8TeV det 203fb

B400F
€

3501

300:

250F

C O-lepton
F 2tags, 2 jets,. p'f> 12

= mMC

[ ] pata 2012

60

50

40

30

20

Events

Variable O-lepton  1-lepton 2-lepton

e = piiss X %

E¥iss S "

pf}l X X X

p,bI? X X 4

my, 4 4 3

AR(b_;,b;) % X %

|An (5, by)] x

Ap(V, bd) X X *

| A (V, bb)| %
Mef X

mln[Aé Z g] X

mT X

My X

ET™ /St x

Miop X

|AY (V, bb)| X

Only in 3-jet events

jets
Pr X X X
mbbj X X X
28



‘ VH(bb) Combined fit

> Signal strength from profiled likelihood fit

> Take into account all event categories

> Use BDT discriminant as input

> (Control regions to constrain the backgrounds

ey control region

—e— Data

o T
P 1400:—ATLAS VH, H - bb 116—:
£ F {s=13Tev, 79.8 0" -ﬁ ,H —bb (u=1.16)
) r i ]
Li 1200; 2 leptons, 2:ets,2b—tags -Singlelc_ap ]
 75GeV < pr< 150 GeV Uncertainty ]
1000; en CR «=== Pre-fit background -
- STt b
goof- RS g -
600 - -
400 B -
200 -
C ]
] rwrerere e - —————"
B = o e T B M e
9 3
a 1 =
8 _t E
© 0.5 & P ISR IR EERTIIN R R
o 0 50 100 150 200 250 300

m,, [GeV]

Events / 2

Data/Pred.

W+HF control region

e B o i o e T

F ATLAS —e— Data ]
1400 - . B VH, H - bb (1=1.16) —|
E \s=13 Tev: 79.8 fb [ Diboson ]
1200C 1 lepton, 2 jets, 2 b-tags fi 1
F p¥ > 150 GeV 1 Single top ]

E wsHFCR Multijet -
1000— Bl Wijets -
= Bl Z+jets ]
800 Uncertainty —]
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200
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o 10° P:2750GEV I Single top =
Multijet 3
Bl W+jets ]
4 B Z+jets _
10 Uncertainty E
: ««ee. Pre-fit background 3
: o, — VH,H>bbx100 -
10° A= S
10?
- B LR A AR AR AR AR R AL
% 1 ;—o—o—o—o—o—o——o——o——&—n,_\m_\)\_\l\;\é
©05bB b b b b b b b Ly
0 4 08-06-04-02 0 02 04 06 08 1
BDT,,, output
Process Normalisation factor
tt 0- and 1-lepton 0.98 4 0.08
tt 2-lepton 2-jet 1.06 £ 0.09
tt 2-lepton 3-jet 0.95 £ 0.06
W + HF 2-jet 1.19+0.12
W + HF 3-jet 1.05£0.12
Z + HF 2-jet 1.37 £0.11
Z + HF 3-jet 1.09 £+ 0.09 29




B k d » Use state-of-the-art MC generators Jrof ot e
ac grOU n (except MJ which is modelled in 1- eime | Sk
lepton using a data-driven method) w- WHHF CRESm

modelling

» Constrain (shape and normalization) from
data by using high purity control regions

1 0906 04 02 0 02 0NOSE 08

» Main background normalizations O-lepton  Lepton

floating in the fit

Process Normalisation factor
tt 0- and 1-lepton 0.98 £0.08
tt 2-lepton 2-jet 1.06 £ 0.09
tt 2-lepton 3-jet 0.95 & 0.06 " ;
W + HF 2-jet 1.19 4 0.12 ettt fo T
“’ + HF :Lj(\t 1‘()5 i ().12 1 08 06 04 0 02 Dluﬁs.h(’:"“"‘ 1 08 06 0402 0 02 V“le’* ”m!‘w.‘
Z + HF 2-jet 1.37 £0.11 \___ Zlepton
Z + HF 3-jet 1.09 + 0.09 S o\ e ] g oo T
C "“TopeuCR™
» Parametrize extrapolation = L o
uncertainties across regions as et
Slide from Y. Ma (LAL) uncertainties on ratios of yields e = P
foulm = e e
» Shape uncertainties on BDTs P ot -0




‘ Post-fit distributions

> (Control regions are used to constrain the backgrounds

E miss W transverse mass 2 leptons, 2 tags, 2 jets

T 1 lep., 3jets, 2 btags

0 lep, 2jets, 2btags BDT discriminant

A

> T B B e e I ™ ,u,..,,.”,,..,..,.,.,.Dm,..,",,.,_

@ C Data par C —e-Da ]

> e e g & 3500 ATLAS B < T (i t416) S [ ATLAS I VH, H > b5 (u=1.16) ]

3 - Data ] Q E {s=13TeV,79.8 10" g H=119 4 P m s=13Tev,70.8 10" iy =119 4
o ATKAS VH, H - bb (u=1.16) | 8 F ls=13Tev.798 [ Diboson ] 2 Y I Diboson

4 \s=13TeV,79.81b" = Dib’oso_n) (=1 )_= % 3000 1/epton, 2 jets, 2 b-tags & = § 10* E 2 leptons, > 3 jets, 2 b-tags B Zsjets =

P 0 lepton, 2 jets, 2 b-tags f = E r p: > 150 GeV I Single top i i) F p: > 150 GeV it E

€ i ] F i | + Single top <
c pY > 150 GeV Single toj — L|>J 2500 Multijet T c

2 T = W+jgets P — F Bl W+jets ] r Uncertainty -

w B Zejets E E B Z+jets ] <we+ Pre-fit background __|

Uncertainty E Uncertainty - = VH, H — bb x 20 3

«+s+ Pre-fit background __| «+=+ Pre-fit background 3 ]

—VH,H>bb x10 3 1500 — VH,H-bbx70 ]

.0'15:_‘w--‘w---|--w\|....|.‘;.|_: _8;1-5:J\||ll¥||v\|VVI[IIV‘I|V|¥l||v||‘lrl|vv\_:
R L] s B RS IS B A RS IR~ &) 1 Fra—e— e e g s a 1k +»o-—0—+m+wx_*\_\\_\?:«+«g¥§
Sk — 4+ 3 s - E 8 E
% 1 g ‘M&éﬁ Rl S T B N R 80,5—\\.IH\I..\I.\.I.‘.\..\I\.‘I\..\.\.I\\.—
LR T T R T B 2 o 50 100 150 200 250 -1 08 -06-04-02 0 02 04 06 08 1
O 150 200 250 300 350 400 450 500 my(W) [GeV] BDT,,, output

ET [GeV]



Diboson VVZ (Z—bb) “search"

= Search for the known signal Z—bb (diboson search)

» Test the fit and the all the analysis procedures

llllllll I!|'l"'l"'|Vl'l‘l'l‘l'l‘l"“" /\. ,ll||II|Illll|]|l|||ll||||l|||]l'|||7
ATLAS  VZ,Z-bb  (s=13TeV, 798" 8 gf ATAS - Data ;
7] F Vs=13TeV,79.8 0" Il VH, H - bb (u=1 06)
—Total — Stat. < {1BE 0+1+2/eptons [ Diboson I
Tot. (Stat., Syst.) 2 F 2:3jets, 2b-tags Y Uncertainty .
8 14:_ Weighted by Higgs S/B Diier mass analysis
W2z T 0.90 *046 (tgw fg:a) Qo 12k =
U .44 17 041 5 “F
g 100 + =
= 8:
+0.23 ;4010 +0.20 g :
24 Fe= 1.26 T55 (50105017 ) < 6f
> 4:
() =
""""""""""""""""""""""""""""""""""""""" (O] C
Comb +0.20 0.08 +0.19 o 2
. » +0. +0. -— =
e 1.20 % -ooas-o1s = AR I
[ITETETE ITETETAT IPEPIRITS APA AT AT ATy | EPETETr A | IETEETS ATETAT AT AT AT —
c 251,
0705 1 15 2 25 3 85 4 45ubb5 g "0 60 80 100 120 140 160 180 200
vz m,, [GeV]
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Systematic
uncertainties

Slide from N. Morange

Source of uncertainty Oy

Total 0.259
Statistical 0.161
Systematic 0.203

Experimental uncertainties

Jets 0.035
E™ 0.014
Leptons 0.009

b-jets 0.061

b-tagging c-jets 0.042
light-flavour jets ~ 0.009
extrapolation 0.008
Pile-up 0.007

Luminosity 0.023

Theoretical and modelling uncertainties

Signal 0.094
Floating normalisations 0.035
Z + jets 0.055
W + jets 0.060
1t 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005

[ MC statistical 0.070 J

Measured by impact on signal strength (i)

Many important sources !
b-tagging both b and c jet tagging calibration
e Resp. ~3% and ~10% per jet
Background modelling Z+hf, W+nhf, tt
e Mainly shape and extrapolation uncertainties
little impact on significance

e Dominated by systematic uncertainties on the accep-
tance

MC stats never-ending race between data stat and MC stat

e Use of dedicated MC filters
e Noteasy in all cases, e.g tt phase space in 0/1-lepton



‘ Di-jet mass analysis

e L L e
1 8: ATLAS —e— Data J

E (s=13TeV,79.8 " B VH, H —> bb (1=1.06)
1 6:_ 0+1+2 leptons 7 Diboson -
F 2+3jets, 2 b-tags Uncertainty
| | 3 . 6 0- 0 b S e rV e d 14 :_ Weighted by Higgs S/B Dijet mass analysis

—_

N

T
|

» 3.50 expected 1% t

1 I L1l ] 11l I 11l I Ll I 111 I 11l I 11l I 11 I 1
40 60 80 100 120 140 160 180 200
my, [GeV]

Events / 10 GeV (Weighted, backgr. sub.)
oo

,u{’,l}i = 1.06*8:22 =1.06 + 0.20(stat.)f8:gg(syst.)



‘ WH and ZH with H—bb results

> 79 fb-1 of pp collisions at Vs= 13 TeV

> 4.90 evidence observed (4.30 expected)

> systematic uncertainties start to dominate!!

/~‘VH

0.27
1.167 55 =

= 1.16 + 0.16(stat.) *0-23 (syst.)

UL RN AR RN LA LA prorrprery IR
ATLAS VH H—> bB \s= 13 TeV, 79. 8fb1

—Total — Stat.
Tot. ( Stat., Syst.)
WH —fo——t 108 oa (25.3%)
ZH oo 120 0% (08.95%)
Gomer - ppe 116 55 (55, 50)
v b b b b by by b b aa ug

00.5115225335445b5

lJ'VH

Phys. Lett. B 786 (2018) 59

LO T T T I I T T I T T I llllllll I | T T
2100 - Data _ —=:|
e ATLAS B VH, H - bb (u=1.16) 3
g2 Vs=13TeV, 79.8 fb™ tt 3
S s I Single top 7
o 10 W Z+jets =
Multijet 3
W W+jets n
i Diboson

10* E
10° 3
102 =
: : T I I T l T T 7T | I | Ljpni [ i | T \:
Q 5 c r # 1 _+_ -
:w’ 0E e iA ..... "L ...... ¢ ............. Y ......... l_
S I il gl il | T

& 35 3 25 2 -15 -1 -05 0
Iogw(S/B)

Dominant systematics from b-tagging,
background normalisation & modelling
(W+jets, Z+jets, top)
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https://doi.org/10.1016/j.physletb.2018.09.013

Phys. Lett. B 786 (2018) 59

H—bb Run 1 + Run 2 combination

» Includes ttH and vector boson fusion (with H->bb) channels

» 5.40 observation!! (5.50 expected)

VBF+ggF

ttH

VH

Comb.

e
ATLAS

T

—_———————
H—bb Vs=7TeV, 8 TeV, and 13 TeV

CIENCIA > ESPACO MEDICINA ECOSFERA

Total Stet 4710, 20.3 b, and 24.5-79.8 o'
—Tota ~ Stat.

Tot. ( Stat., Syst.)

+1.16 +1.01 +0.57

° 1.68 ", (Zio0: —051

’ +0.56 +0.28 +0.48
— ¢ — 1.00 "5, (Zo27 046 )

, +0.22 +0.14 +0.17
o4 0.98 -0.21 (—0.14 s -0.16 )

1 +0.20 +0.12 +0.16

I-T-l 1.01 5% (D120 2015

o b s b 1y Ll TR
0 1 2 3 4 6 7
p‘H—-bb

FISICA DE PARTICULAS

Bosao de Higgs visto (finalmente) a
desintegrar-se em quarks bottom

Descoberta anunciada no Laboratdrio Europeu de Fisica de Particulas (CERN) é um
passo fundamental para perceber como o bosao de Higgs faz com que as particulas
fundamentais adquiram massa.

¥ < X~ X°1- 11" 1=1" 1"
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Phys. Lett. B 786 (2018) 59

‘ Observation of VH production

LU L L L LA B LB L B UBRLELELEN B B L

» Combination of H—bb with two more channels ATLAS VH {s=13 TeV, 70.8 fb”
» Four leptons (2Z*) —Total - —Stat Tot. (Stat,Syst.)
vy T — v 0sa R (UE 9%
» Direct observation of the Higgs produced in Hes vy 1.08 1080 (103 02
association with vector bosons!
H—> bb Fe- 117 0 (7516, 70%)
Significance = 000000 e
Channel e 4024 ;4015 +0.18
Comb. [ 1.13 ,
Exp. Obs. I o3 om (ais, o)
0 05 1 15 2 25 3 35 4 45 5
H—-ZZ"—-4¢ 1.1 1.1 ",
H— vy 1.9 1.9
H — bb 43 49

VH combined 4.8 5.3
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CMS VH with H—bb observation

Data / Bkg

5107 (7 TeV) + 18.91b™ (8 TeV) + 77.2fb™ (13 TeV)

7
10 CMS ¢ Data
5 _ (| Background
Background uncertainty
10° —— Signal + Background
10*
10°
10?
10
1
1 ® ° * *
0-5 1 1 1 | I | N T R
-3 -25 -2 -1.5 —1 -0.5 0
log, o(S/B)

Run 2
2016
2017

Run 1

Combined

510" (7 TeV) + 19.8 o' (8 TeV) + 77.2 tb™ (13 TeV)

e Observed
— +10 (stat @ syst)
----- 2016

CMS

VH, H—bb

== +1G (SYysSt)

1.06 £ 0.20 (stat) + 0.17 (syst)
1.19+£0.39
1.08 +0.34

——— 0.89 + 0.38 (stat) + 0.24 (syst)

1.01£0.17 (stat) £ 0.14 (syst)

35 4
Best fit n

05 1 15 2 25 3
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‘ CMS inclusive H — bb search

> Simultaneous fit to search for

double-b tagged e | ,
gged - all Z — bb and H — bb signals
~35:9" (13 TeV) s T
> 8000:__’ LA DL IR I DL B L B '_I '«'»:.':\jj “" '.’ :‘ ‘:" >
8 - CMS 450 <p, <1000Gev W 7 7‘";* ! CMS  Preliminary 35.9fb” (13 TeV)
~ 7000 Prefiminary o e pag>08 - — ~T W 3N 3 16 =
~ - ---Multijet - ~ U pi
2] F ## Total Background ] et ©
£ s000F = H(oD) = ~
o E + Data 3 ~
& 5000 = 8
E 7 <
4000 = o
3000 —
2000 =
1000 =
ok: 1
e
=
3
g |
I 5 H Z
T T30 60 80 100 120 140 160 180_ 200 -
S mg, (GeV) Observed best fit p =238 pz=0780%

Expected significance 0.70 (ug =1) 580 (uz =1)
Observed significance 1.50 5.1c




Boosted
H—-bb
Decay (VH
production)

More sensitive to
new physics

effects!

EXPERIMENT

Run: 338349
Event: 616525246
2017-10-16 20:24:46 CEST




New physics in the hWW vertex?

= New physics can modify the hWW vertex structure

» Will affect cross sections

- Particularly at high pt!!
» CP-even and CP-odd operators b
- CP odd operators can introduce CP violation

- Angular observables to disentangle these contributions in future!

Tl 114 . LV b b /| ¢ LV p
iThww (ki k2) = i(g2mw) [g’ <1 +aw — —5~ (ki - kz)) + % ki’ ky + _‘;VE“ mklpkza]
Mw My My
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‘ ATLAS VH boosted studies

Binned profile likelihood fit in m, in 14 regions

- simultaneously extracting VH( - bb) and VZ( - bb) signal strengths

uyl = 091037 = 0.91 £ 0.15(stat.) () T5(syst.

Obs. (exp.) significance: 5.2 (5.7) ¢

Events / 10 GeV (Weighted, B-subtracted)

Yesterday!

T T T T T
- )ITLAS Prellmlnary
L {s=13TeV,139M"'

I~ 04142 leptons

E 2 1 large-R jets, 2 b-tags
Cpy 2 250 GeV

6f
5
4
3
2

P IR BRI

PRI R SR

LI e e
-+ Data
I VH, H - bb (1=0.72) -|

||||||_

I Diboson (1,,=0.91) 47

B-only uncenalnlg,/

Weighted by Higgs S/8

A T EEETE FETEE T

1

ubhy = 0722032 = 0.721):23 (stat.)*035 (syst.)

i d

60 80

100 120 140 160 180 200

m, [GeV]

Obs. (exp.) significance: 2.1 (2.7) o

* Good compatibility

* between signal strengths in
different channels / regions

*  With the SM prediction
* Analysis statistically limited

+ Leading systematic uncertainties: m,

resolution, background modelling and
MC stat. unc.

Hannah Arnold (Nikhef)

LHC seminar: Recent ATLAS Higgs results

07/04/20 54

H.Arnold, Seminar @ CERN
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[fb]

\
lep

H
o, x By, x B

Ratio to SM

Cross section as a function of p(V)

» Resolved analysis

10°

10°

10

ATLAS Preliminary VH,H - bb, % ections:
{s=13 TeV. 139 fb" ® Observed ==Tot.unc. == Stat. unc.
' == Expected [1] Theo. unc.

< G 250

o, X Brb X B;p [fb]

Ratio to SM

» Boosted analysis

12 ;—ATLAS Preliminary VH,H - bb, V - leptons cross-sections ~;
10F~f5=13 TeV. 139 o' :‘E’::c"l’::a::::":m_s“' -
81— —
6 - V=W ' V=2 _f
£ | 3
2 I : 3
oF- — I 3
2E g E
2F 1 i ¢
1 T ; -
oF (] + .
2 25, Pz
50\",7111‘4006;1’-\400691’ 0‘—0;,\'400%;)400(;0'/



‘ Higgs couplings to fermions

- Couplings to fermions
- Experimental measurements:

Decay rates to quarks & leptons

¥y Zy

99 023% g15%

(vij HYiy; + h.c.)

Couplings to
fermions

Rt =D myff (1 + %)
f
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Phys. Rev. Lett. 120 (2018) 211802 ATLAS-CONF-2018-026

Second generation: H—uu and H—cc

T T T T
[ ATLAS Preliminary

Entries / GeV
(o))
o

= VBF tight \s=13TeV, 79.8 fo’' —f

| | H—’l’ll’l “ %?/ndof = 31.2/48 +H::: analysis —é
» VVery low branching fraction but sensitivity reaching close to SM 3ok o

u H_’CC: 202 _;

10[—

» Extremely challenging: huge backgrounds :
oF
» Similar strategy as VH with H—bb 3 OF TR e 3 E
g.\/. _ S S | 5?;+*+;+¢**;+¢*++¢;*+++*+++*++++*+++++++;¢;+*+;+E
» Expected sensitivity ~150xSM g [ reesspisc ik R 3 E
g o E 110115120125 180 135140 145 150 155 160
[ ZH(bb) 3] m,, [GeV]
— ZH(ct) (100xSM)
95% CL upper limit
[@dt
Expected Observed
Huu 78.9 fb-1 2xSM 1.5xSM
%0 r N
H—cc 36.1 fb-1 1505, 110xSM @ foE 1
5 005G 80100 120 740 160 180 200 45

m 4 [GeV]


https://doi.org/10.1103/PhysRevLett.120.211802
https://cds.cern.ch/record/2628763

‘ Higgs couplings to fermions

- Couplings to fermions
» Experimental measurements:
Decay rates to quarks & leptons
Top quark coupling:
Indirect: gg fusion production mode

But model dependent —> need direct probes!

iated production

Rare decays

(i Hipspj + h.c.)

Couplings to
fermions

\h —Zm,ff(l-%—%)
f

tb, ...
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Probing the Hbb coupling

» Questions
» Isitreally as the SM predicts?
» What is the sign of the coupling? 7

» Are there anomalous components?  _______

= Probing the sign of the Hbb coupling: % T

» Decay H—=Yy @

- Interference between two difference diagrams results in

| BR T. Modak et al.
very low Phys.Rev. D94 (2016) no.7, 075017

- Can be enhanced if the sign of the coupling is the opposite!

- Very difficult channel —> will need HL-LHC
47




‘ Hcc and Hbb vertices

= Rare decays sensitive to Hcc or Hbb vertex

» Direct and indirect contributions

= Could be enhanced due to BSM physics

= No signal observed —=imposed limits on BR

Events/2.5 GeV

Data/Bkgd

o =

T T

60F ATLAS =

E {s=13 TeV, 36.1 fo" ]

E ¢+ Data .

50t === Background fit =10

- [ Combinatoric ]

40 [ Jw(nS) background

C ==ZFSR B

E [ B(H— ¢(nS)y)=10° ]

30 [ B(Z— y(nS)y)=10° ]
20F
10F
5F
1F
5F

50 100 150 200 250 300

m,.., [GeV]

» CMS

Phys. Lett. B 786 (2018) 134

= ATLAS
BR (H-J/wy) ~3x106  BR(H>Yy)~9x108
’ Branching fractionvlimit (95% CL) | Expected | Observed
BH - J/yy)[1074] 3.0%5 3.5
B(H — ¢ (2S) y)[ 1074 ] 15.6177 19.8
B(Z > J/wy)[107¢] 1.1793 2.3
B(Z -y (2S) y)[107¢] 6.0%2 4.5
B(H - T(1S)y)[ 1074] 5.0’_“%:1 4.9
B(H - Y2S)y)[1074] 6.2%39 5.9
B(H - Y(3S)y)[1074] 50132 5.7
Channel Polarization B(Z (H) — J/{ry) at95% CL
Z— Iy Unpolarized 1.4 (16700 x 107°
Transverse 1.5 (1.7J_r8:_2) x 1076
H— Iy Longitudinal 1.2 (1.470%) x 107°
Transverse 7.6 (S.foz) x 1074



https://doi.org/10.1016/j.physletb.2018.09.024

‘ CMS search for H—)/y )/, H2YY

» Expected BR~10-5, 10-8
= Search performed by CMS recently

» Z channel used as reference

c,b

q c,b

- Important also to understand theoretical calculations/uncertainties

Process Observed Expected

B(H— J/yl/y) 1.8 x 1073 (1.879%) x 1073
B(H — YY) 1.4 x 1073 (1.44+0.1) x 1073
B(Z—]/yl/v) 22x 1076 28733 x107°
B(Z — YY) 1.5x 107° (1.5+0.1) x 107°
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Higgs self interactions

Lsy = D HID,H + p2HH — 3 (HTH)® — (i Hit; + huc)

Couplings to Higgs Couplings to
EW gauge bosons self-couplings fermions
- h
[m2, WH W+ tm2 24070 - (14 2)? —p?h? — Jvh® — AR —;mfff (1 + ;)
/ \ y;
/ \ ,
/ N N Phys. Lett. B 784 (2018) 345
mu = v2p = VAl = vacuum expectation value) Phys. Lett. B 786 (2018) 223

* Higgs potential Phys. Rev. Lett. 121 (2018) 191801

* Experimental measurements: Eur. Phys. J. C 78 (2018) 1007
arXiv:1811.11028  JHEP 11 (2018) 040

arXiv:1811.04671 arXiv:1804.06174
ATLAS-CONF-2018-043 50

Higgs mass

HH production


https://doi.org/10.1016/j.physletb.2018.07.050
https://doi.org/10.1016/j.physletb.2018.09.048
https://doi.org/10.1103/PhysRevLett.121.191801
https://doi.org/10.1140/epjc/s10052-018-6457-x
https://doi.org/10.1007/JHEP11(2018)040
https://arxiv.org/abs/1804.06174
https://arxiv.org/abs/1811.04671
https://arxiv.org/abs/1811.11028
https://cds.cern.ch/record/2638212

Phys. Rev. Lett. 121 (2018) 191801
arXiv:1804.06174
JHEP 11 (2018) 040

‘ Search for di-Higgs production

» Sensitive to Higgs self coupling oTT —H '::D H./’H ::j> X.,,/”
A - N - N
and new physics 000 H NH RN
» Many different final states studied

» WW*WW*, bbbb, bbtz, bbyy, bbWW*
= No signal observed yet HH—bbrr HH—bbyy

c e —
o - e Data > S L L L L L B B
S 10 ATLAS Prel|m|n‘ary — NRHH k,=-5 8 20— ATLAS + Data
[2] - - — - -
HH—bbbb £ fs=13TeV, 36.1 fo NROR B o [ vs=13Tev,36.1 b — Bkg-only fit|
S HH = bbe'e == NR HH 1,=10 % r ! b
> 107 — . . r . — 2 10° - bbr*v [ Top-quark N [ 2 b-tag, loose selection .
3 t Data E w TiepThag SLT 2 b-tags et = 1,4 fakes 8 15 ]
S, ATLAS ' = 5 1 Z — 1t +(bb,bc,cc) S E
g " Vs =13 TeV, 243 10" [ Multiet E 10 B Other z b
- Resolved Signal Region, 2016 ] Hadronic 7 C_]SMHiggs ]
@ o o [ Semi-leptonic f = 10 5o g:‘c_?i?slmy = 10 7
€ - - = Scalar (280 GeV) 3 -e“- A & .
SUE M SM HH x100 E 1
Wl | ™ Gy (800 GeV, KiNp=1) 50 =
— = Gy (1200 GeV, kMp=2) 3 -
N\ Stat+Syst Uncertainty ~ —=| r
¥ - 0 b+
; 2 si 4 l f
= o .
3 R l| , II% |_I,4|4.H
- ] e I AR E PV AN AR AR
3 A SRR T S N bt
@ I Aof * d o ¥ S 110 120 130 140 150 160
© B 08E L e L mw[Ge\51
S [ N S y a -1 -08-06-04-02 0 02 04 06 08 1
05 300 400 600 800 7000 1200 1400 BDT

My [GEV]


https://doi.org/10.1103/PhysRevLett.121.191801
https://arxiv.org/abs/1804.06174
https://doi.org/10.1007/JHEP11(2018)040

‘ Combination of di-Higgs searches

» Channels included: bbbb, bbtt, bbyy
= Integrated luminosity: 36 fb-1

HH— bbt*t
HH— bbbb

HH— bbyy

HH— W'WW*'W
HH— W'Wyy
HH— bbW*'W’

Combined

T T T T MR |
ATLAS
T Vs=13TeV, 27.5-36.11b"

ook (pp — HH) = 33.5 fb

s
—e— Observed

------ Expected
[ Expected + 16
Expected + 26

Obs. Exp. Exp.stat. _|
12.5 15 12

12.9 21 18

20.3 26 26

160 120 77

230 170 160

305 305 240

0 10? 10°

1
95% CL upper limit on 6 (pp — HH) normalised to c:'g"F

10*

o(pp — S — HH) [pb]

10

107"

1072

ATLAS-CONF-2018-043

ATLAS

Vs=13TeV, 27.5-36.1 fo

1

spin-0

1 1 IlIlIIl

11 IlIlIIl

3x10°

2x10° 3x10°
mg [GeV]
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https://cds.cern.ch/record/2638212

‘ CMS combination

Observed 31.4xSM o
Expected 25.1xSM Obse I'Ved

CMS 35.9 o (13 TeV) ;

CMS 35.9 b (13 TeV)
beV E T T T T T T T I B T JE
Ohsoruod 76.6:5M - —— bbiviv JHEP 1801 (2018) 054 -
Expected 88.8xSM B —— bbrr PLB 778 (2018) 101 7

L § —— bbrr JHEP 01 (2019) 051

10" - ey =
bbbb E bbbb (2+2) JHEP 08 (2018) 152 3
Opserved 74.6xSM = —— bbbb (2+1, 1+1) JHEP 01 (2019) 040 7
T 5 - — —
Xpecte gg—HH C —— bbyy PLB 788 (2018) 7 7

— , Comb. (2+2, 1+1) PRL 122, 121803 (2019)
bbtt 10 —— bb2glv arXiv:1904.04193 3

T lIIIII|

95% CL limit on o(pp—X—HH) (fb)

— - -- - Median expected — Observed
bbyy . o --- Expected |
Observed 23.6xSM - 68% expected g 3
Expected 18.8xSM 950/0 eXpeCted - .
Combined i ]
Observed 22.2xSM 10 E_
Expected 12.8x SM E
L L ——— A . C I 1 1 1 I 1 1 | 1 1
6 78910 30 40 506070 100 200 300 400 300 400 500 600 700 1000 2000 3000
95% CL on o, /oM m, (GeV)
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Electroweak
fits

= But... are all the pieces of
the SM fitting
correctly???




Corrections to Electroweak observables

%  Electroweak observables are sensitive to masses of top quark and Higgs

through radiative corrections ho ho
> ) ) (p_l) - ‘\"1‘0 ’
My~ = p M~ cos-0y, :
(p—1) ~In M,

Sensitivity to Higgs mass is only logarithmic:
Need ultra-precise measurements!

%  Precise measurements of electroweak observables can be used to
constraint the Higgs boson mass or test internal coherence of the model!!
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‘ W boson mass measurement

> High precision measurement

Data from 2011 only!

> (Consistency test of the SM

T T T T
ATLAS ® my
=u Stat. Uncertainty
— Full Uncertainty ALEPH
LEP Comb. @-80376:33 MeV DELPHI
L3
Tevatron Comb. 80387+16 MeV
. e OPAL
LEP+Tevatron 8038515 MeV COF
DO
ATLAS 1 @-80370=19 MeV ATLAS w* o
Electroweak Fit 80356+8 MeV ATLAS W
I E3
] 1 ] ] ATLAS W*
80320 80340 80360 80380 80400 80420
my, [MeV]

10°
> RS T T T T
8 140 ATLAS -o-Data
(s=7TeV,4.1fb" WW - v
; []Background
€ ?/dof = 48/59
g
]
R s bttt 1
E 0"‘1 +'I++++*ﬂ++++f‘+'+ it {_++ +H"+ +++++1| lE
s 098k 411
8 60 70 80 90 100 110 120
m; [GeV]
HLE LI T L LA B
———
ATLAS
———
L
_________________________________________
® Measurement o
== Stat. Uncertainty
FuII Uncertannty
80250 80300 80350 80400 80450 80500 b6

myy [MeV]



‘ My, M¢, My

= Long list of parameters used

A(SLD)
lept
sin’ ®e" (Q )
sin 0e (Tevt)
0,c
A
0.b
A
AC
Ab

NG i

=

=

2 -1 0 1 2 3

- Omeas) / Omeas

0.0
-1.5
0.1
0.3
-0.2
-1.5
-1.0
-0.9
0.1
2.1
-0.7
0.1
0.8
2.4
0.0
0.6
0.0
-0.7
0.5
-0.2
1.3

; L T T T T | T T T T | T T T T | T T T T T T T I T |,_
8 - 68% and 95% GL contours m{‘;“’m_bi ;521157 Gov R
— 80.5 — I Fit w/o M, and m measurements =046 GeV —
Eg L Fit wio My, m and M, measurements —0=0460050, G&V
LI Direct M,, and m measurements g
80.45 —
80.4
~ M, comb. +1c
80.35 [ 1, -80.379+ 0013 GeV 7
80.3 [ —
C oot ]
80.25 — 0 [€] fitter]u]: 7
C |'/| L i) PR IR R R R B R
140 150 160 170 180 190
m, [GeV]

» Best fit mass for Higgs boson:

My = 9013 GeV

» Compatible with observation within 1.70
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l Future perspectives

LHC / HL-LHC Plan Loninosity

LHC
Run | Run Il Run [li un IV
. LHC '
Run 1 | | Run 2 | | Run 3
LS1 EYETS 14 TeV 14 TeV
] 13-14TeV energy
splice consolidation inject d - 5t07x
7 TeV 8 TeV l':utton collimators mlcwgrPl:’?fg'{a ° ﬁ,’%’e"r'é{gt'i‘on HL-LHC installation Inon::ni‘n%aslwl
i A R2E project civil Eng. P1-P5 regions e
2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2024 2025 2026

radiation
damage
2 x nominal luminosity 1
75% experiment nominal luminosity | | experi tupgrade | | — 1 experiment upgrade
[L?;?:any | beam pipes ase 1 phase 2
= 34 2¢-1
~ m L-axtouemes ) -~ 1% " pa
L = 1034 cm2s1 luminosity
p= 140
u=55
u=27

2037 8
Here we are



‘ Huge pile-up!!

ATLAS

EXPERIMENT

detectorsl! HL-LHC tt event in ATLAS ITK

+ Will require upgraded

at <pu>=200




High-Lumi LHC perspectives

» Uncertainties below 10% for most channels
= Continue to probe
SM predictions

or... find new physics!!

ATLAS Preliminary
Projection from Run 2 data

Vs =14 TeV, 3000 fbo

Total

Fe- Stat. Syst. [

Total Stat  Syst

BR,, e — +0.076 (+0.020 + 0.073)
BR: o +0.060 (+0.017 £ 0.057 )
BRyyw == +0.058 (+0.010 + 0.057)
BR,, ] +0.060 (+0.012  0.059 )
BR,, E] +0.053 (+0.016 + 0.051)
BR,, F—{_,—.—:_H +0.149 (+0.127 £ 0.075)
o | comenmsa) |
06 0.8 1 12 14 16 1.8 2

BR norm. to SM value
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Conclusions

= The Higgs boson provides an optimal ground to probe the SM predictions and search
for new physics!

» Qutstanding performance of the LHC and the CMS and ATLAS detectors
» Large increase in the available pp collisions
= A wealth of new results on SM Higgs boson studies
» Main decay and production modes now observed in each experiment!!
- Direct observation of the Higgs coupling to top and bottom quarks
- Observation of \VH, VBF production
= All results are compatible with SM predictions
= Searches for new physics and additional Higgs bosons continue

» Much more data to come!
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‘ ATLAS observation of H— 1t

» 13 different signal regions considering AL 'é—%é%éx'/'m
» Final state of the t decays —total —stat. ~SM exp.
o total (stat., syst.)
» VBF optimised category
_ Boosted ——.—— 4.02 13 (00N
» Boosted H (pr7>100 GeV) category, dominated by ggF
% : T T T T ‘ T T T | T T T T : VBF W 3-34 t:::: ( igsg E) r:?g )
O 150, ATLAS SIS el 09
e FVs=13TeV, 361167  mmzoor 1T e
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g o Sl i . 377 e (g% o)
9100— — P R I A N BN B B I
> I ] 0 2 4 6 8 10 12 14 16 18 20
E B ] OHore [pb]
S 50 7
q’ - -
= [ ]
- e = * Run 1+Run2 combined significance: 6.40 observed (5.40 expected)
g E— T T T T J T T T T | T T T T —E
no ++++“€m;++ e
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(D“ B | s I N I SR =
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Y (GeV] o4


https://arxiv.org/abs/1811.08856

Search for
ttH

production

Direct probe of the
top Yukawa
coupling

Very difficult channel:
many possible

final states, many

particles,
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un: 310341
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Observation of ttH production

= p P Entrar z

Direct probe of the top Yukawa coupling

Use all available final states:

Phys. Lett. B 784 (2018) 173

FiSICA DE PARTICULAS

» H—bb, H—=yy, multi-leptons (H—77, H
HoZZ* 44

Combined Run 1 & Run 2 significance:

Events/bin
3 3

—
(=]
>

= (s=13TeV, 36.1 - 79.8 fb”

CIENCIA > ESPACO MEDICINA ECOSFERA

Bosao de Higgs revela que relacao
mantém com o quark top

Investigadores portugueses participaram na descoberta.

» Expected: 5.10
» Observed: 6.50

Dominant systematic uncertainties
» tt+HF background in H—bb
» Non-prompt/fake lepton in multi-lepton channel
» Signal modelling

» Jet energy scale

ttH (bb) H—— 0.79 % % (+ = 4£053)
ttH (multilepton) He=e—ry 156+ 04 (£ 0% % 0% )
ttH (vy) | 139+ 02 (£ 0% . 0%)
ttH (22) fe <1.77 at 68% CL
comoned i 1022 92 (£018,5 %7 )
. Ll [ N IR B
-1 0 1 2 3

4
SM
Od O

AL AL I ILELLL B
- ATLAS

¢ Data

WH p-132) =

fiH (u=1)

[JBackground ]

66

vl

gH L.

X 1> Yo Yo 11" 1=


https://doi.org/10.1016/j.physletb.2018.07.035

