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The Brout-Englert-Higgs mechanism in the SM
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The Brout-Englert-Higgs mechanism in the SM

» Introduction of the presence of a scalar
field into the SM leads to

» Particles acquire mass

» Bosons: 3 out of 4 through
electroweak symmetry breaking

+ \FD ¥+ "We
Higgs-
+ Y_,\ “3\,)‘/-; ?S + \{\,( fermion

interactions

» Fermions: described by Yukawa y;;
couplings

» Prediction of the existence of a particle + \D?\z'\/(¢)
N

— Higes boson .
555 DOSO Higgs-self
» Higgs boson interacts with itself interactions/
Hliggs-gauge | potential
boson (W,Z) interactions
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_ _ » Prediction from EW fits 2012:
The situation before the LHC SM Higgs mass 95 +30 53 GeV

» Status 2009: SM Higgs mass above 114 GeV, and NOT in the range 160-170 GeV

Tevatron Run Il Preliminary, L=0.9-4.2 fb™
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Interlude: Limits, how to read them and how to make them

» Status 2009: SM Higgs mass above 114 GeV, and NOT in the range 160-170 GeV

Tevatron Run Il Preliminary, L=0.9-4.2 fb™
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Interlude: Limits, how to read them and how to make them

» Status 2009: SM Higgs mass above 114 GeV, and NOT in the range 160-170 GeV

Tevatron Run Il Preliminary, L=0.9-4.2 fb™
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Interlude: Limits, how to read them and how to make them

» Status 2009: SM Higgs mass above 114 GeV, and NOT in the range 160-170 GeV

PS Lets see how the observed
limit (in principle)
calculated for one mass point



Reference

Interlude: Calculate observed limit s = number of expected signal events

........................................................................................................................................... p= signal strength modifier

» Construct a likelihood L(data| i, 8) = Poisson (data | u - s(8) + b(6) ) - p(8]9) g z Zzzls:; 30]; ngsfetfi Sbackgrow,md events

» Compare the measured data with two hypothesis

» H, (b only, p=0) g - S
< | _
8 L(data|u,,) E L -
> Deﬁne test StatiStiC q“ = —2 ln A~ 2 - — test statistic data ]
. . L(data|fz, 0) _ i

(based on the profile likelihood ratio)
~ob e -
> Calculate 9z for a specific p under test - -
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https://cds.cern.ch/record/1379837/files/NOTE2011_005.pdf

Reference

Interlude: Calculate observed limit s = number of expected signal events

p= signal strength modifier

» Construct a likelihood L(data| p, ) = Poisson (data | u - s(8) + b(8) ) - p(6]6) b = number of expected background events

0 = nuisance parameters
» Compare the measured data with two hypothesis

» H, (b only, p=0)

=

I IIIIIIIIIIIIII|IIII|IIII|IIII|IIIIIIIIIIIIIIIIL

—

I
|

— bkg-only, f(ﬁrzol r=0)
— sig+bkg, f('(‘q'r=1lr=1)

— test statistic data

» H; (uxs +b)

—h

Number of toys

l:(Ch%taJP%‘éﬂ)
L(datal i, )
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» Define test statistic g, = —2ln
(based on the profile likelihood ratio)

107
~obs

> Calculate 9. for a specific p under test

I IIIIIII|
| IIIIIIII

> Generate pdfs for the test statistic for Hy and H; for specific 1
107

» Asymptotic approximation (i.e. a formula) or throwing
toys (i.e. using computer generated random numbers)

-I-IIIIIII

(o)

]
>3
=
=

\ oo b "l|8 i
Test statistic

CL; = CL.,z/Cl; < @

» Integrate pdfs of H, and H, from dzbs —w to obtain CLs and CL_;
» Exclude a p-value if CLg < a (i.e. p%% or p at 95% confidence level)

> Repeat for next p under test a conventionally chosen to be 0.05

- 95% confidence level (C.L.) limits10


https://cds.cern.ch/record/1379837/files/NOTE2011_005.pdf

Interlude: Limits, how to read them and how to make them

» Status 2009: SM Higgs mass above 114 GeV, and NOT in the range 160-170 GeV

Lets see how the expected limit
and bands are (in principle)
calculated for one mass point

11



[Lectures K. Cramer]

Interlude: Calculate expected limits

» Repeat the same previous procedure but assuming now that the background only
hypothesis Hj (b only, 1=0) represents the real data

> generate large set of toys (or pseudo data)

350
» calculate n9% for each one of them

300
» find mean 50%, 68% (1 sigma), 250
95% (2 sigma) ranges 2 200

F-% 150

» In absence of signal, observed and
expected limit should be very similar

» pseudo-data are very time-intensive,
preferable to do this analytically where possible
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https://indico.cern.ch/event/208901/contributions/1501047/attachments/323314/450930/Cranmer_L3.pdf

Fun fact: it gets worse hefore It gets better

» The limit for a given model will improve by adding more data

» However if a signal is there the observed limit does not improve anymore

better than the
observed
= you have an excess

is worse than the

observed
= you have a deficit ———

|
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nggs productlon modes at the LHC
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» Higgs production cross section as a function of my
[Nature 607 (2022) 60-68] 14



https://www.nature.com/articles/s41586-022-04892-x

Higgs decay modes: a little bit of everything
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Higgs decay modes: a little bit of everything

-l: | 1 T T |®
8 1 _§ Decay channel Branching ratio  Rel. uncertainty
1=
< . i3 5.0%
S _;: H — vy 2.28 x 10 iy
e 8 —2 +4.3%
© z H— 77 2.64 % 10 VRt
© o |3 %
—10 = H—Ww- 2.15 x 107! T
i : g 00
% - H— 77" 6.32 x10~2 by
A —1 +3.2%
A H — bb 9.77 x 10 3307
Ol A-
107 = H— Zy 1.54 x 1073 b
I | L I —4 +6.0%
: H — up 2.19 x 10 5 0%

10'3f / » At myg = 125 GeV

: » H — bb: dominant decay, however large backgrounds

» H—yyand H —ZZ, H—- WW are the
|

160 180 200 “discovery channels”
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Events / GeV

Data - Bkg

"
Higgs to yy y
4
..................................................................................................................................... g y
» Fairly clean signature: 2 photons + reconstruct their invariant mass . I S
. . . o f Y 4
> Lots of work goes into dedicated photon reconstruction and calibration Y i

> Very good mass resolution = excellent channel for mass measurement

Full Run2 @ 13 TeV
» Large but smoothly falling di-photon background

> ) I I I | 1 I I I I I 1 I 1 I I 1 I I |
q) _ —
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Higgs to /L

» Very clean signature: 4 leptons (electrons and muons, 2 same flavor opposite sign pairs)

CMS Simulation, \s =8 TeV

o
i

» Channel with high S/B ratio Sow Hezzes
2 oosb ;4 Pr m, = 125 GeV E
g 0.07 — E: 3 p3 Before analysis selection—i
‘O 0.06F ! L | After analysis selection =
» Other important features: Soosci | o .
P 10/ @7,8TeV o g :
» Very low rate due to branchings s [T RSN i P :
of ZZ and Z to leptons 2 — T R B
s | m,, = 125 GeV - p (GeV)
e : o 8 .
> i 1
The trailing lepton is at low pT o __ Full Run2 @ 13 ToV
- J | - | — N S 8713 Tey
» The polarisation of the two Z om il \l I B + Data :
21 |t 121 % b ] 4§22, 2"
can be reconstructed e - i = 022, 21
08 100 120 140 160 180 TR —n .
, , m,, (GeV) 1501~ .
» Typically one Z is on-mass shell : :

100

50




140

+
B o
120 \s=8TeV,| Ldt=5.8fb" E

B *) .
- H-WW evuv/uvev + 0 jets
10of- T TEVHVEYER T

Events / 10 GeV

== o WW control region
1 - no signal expected

Higgs to WW

80F

> Final states including two leptons - e, - -orthogonalto the SR
and two neutrinos rrice
. . § ' atLas a BaTe:
» Higgs mass diluted by the = 120F ws-sTewfla-sen’ Qe Bsmere
. % 1 OO:— H-WW —evuv/uvev + 0/1 jets [J H[125GeV] _: _1
presence of neutrinos : i ot @ 8TeV

= mT variable is used

» Large event rate, but also large
backgrounds from SM WW and top
production

300
my [GeV]

I I I I I I | I I I I I I 1 I I | I I I I | 1 1 I
1200 ATLAS -4~ Data 2\ Uncertainty _
: - HggF - HVBF i
- H->WW*—evuv, Niegt =0 W WW _
1000~ ys=13TeV, 36.1 fb” R =
- - > O B zy  [] Mis-Ild 7

» Control regions in data needed o 3 :

to estimate these backgrounds 36fb1 @ 13 TeV 600

400+

Events /10 GeV

200F

of

50 100 150 200 250
m; [GeV]
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A textbook discovery

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Summer 2011 EPS and Lepton-Photon
= Still focused on limits

» December 2011 CERN Council:
= First hints

» Summer 2012 CERN Council and ICHEP
= Discovery!

» December 2012 CERN Council
= Beginning of a new eral

[PDG 2013]

o 10

[ T T =
a 10.1 - \—H
Q o2
9 0 / N

10‘2

10

10-5 (a) ooooooooooooooooooooooooooooooooooooooooooooooooooo

107

10

10° -

10" Summer 2011 r

107" ' S= 7 TeV

e CMS Prel. C2 fLdt~ 1 "

13 ATLAS Prel. A4 =

» Strongly Motivated

» Significance increased
with luminosity to reach
unambiguous levels

Spring 2012
CMS Prel. C3
ATLAS PRD A5

Is=7TeV
JLdt=51b"

» Two experiments

» Several channels

{s=7 and 8 TeV

10" = Summer 2012
1‘8 CMS PLB C4 .
- ATLAS PLBAg  JLdt=10fb

{s=7 and 8 TeV

fLdt=~ 25 b

December 2012
CMS Prel. C5
— ATLAS Prel. A7

110 115 120 125 130 135 140 145 150

my, [GeV]
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The Higgs turned 10!

Theinterational journal of science /7 July 2022

Research Articles

Article A detailed map of Higgs boson interactions by the ATLAS experiment ten years after g 2 wz 4
Open Access the discovery }H >M../W / g:z
/ \

4 Jul 2022 Ten years after the discovery of the Higgs boson, the ATLAS experiment at CERN probes its kinematic properties with ¢ L 2
Nature a significantly larger dataset from 2015-2018 and provides further insights on its interaction with other known g ik y " b
particles. ’ _<< woom Q — <

W N iz s 74 bl

H I Gﬁs The ATLAS Collaboration

~ Article A portrait of the Higgs boson by the CMS experiment ten years after the discovery = . .« "~
| : Open Access The most up-to-date combination of results on the properties of the Higgs boson is reported, which indicate that its o T |\ .
‘ 4 Jul 2022 properties are consistent with the standard model predictions, within the precision achieved to date. A P I S g
) : , Nature o :,p o
) . " ! ] . " - "
‘ rObmg.thC a _ , / The CMS Collaboration
properties
of themost »
C——— e

elusive particle *

in physics

Coronavirus Cleaning up Seaofplenty
Didvaccinemandates  Howto pull the plug Ocean microbiome
help or hinder the fight  oncoal-fired power reveals wealth of
against COVID? plants biosynthetic pathways

21


https://www.nature.com/nature/volumes/607/issues/7917
https://www.nature.com/collections/gbfhieacie

Adding more and more pieces of the puzzle

» What das the SM predict for the Higgs?

'Spin and CP

/ scalar: spin 0, CP even *,{

|

‘Width ~ my
|
Depends on the mass | charge
B o spin

|

\ ‘Couplings
Higgs-Fermion couplings ~ fermion mass |

Higgs-Boson couplings ~ boson mass?
L

— __

= SM Higgs sector is overall very predictive:
Knowing the fermion masses, only free parameter is mu

22



Let's test these predictions

Decay channel Branching ratio  Rel. uncertainty

» Measure all properties:
p p H — ~v J 2.28 x 1073 J_’Z:ggg
» Mass, spin, CPB, couplings Hozz f  260x10°2 rRts
H— WtWw= 2.15 x 107! s
» Deviations could point to physics beyond the SM  , _, + - R 7%
: : : H — bb 577 % 10! e
» Higgs can also play an important role in searches . 3 Ry
. — Zy 1.54 x 10~ el
for New Physics B o b N i) o0

23



Higgs mass measurements

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Not predicted by the SM

» Mass measurements in the “golden channels”

H—>yyand H — ZZ

» Optimized analyses in categories with best
mass resolution (photon, electron and muons

energy response)

» Reached a 0.2% precision

CMS

Run1:5.1fb™ (7 TeV) + 19.7 fb™ (8 TeV)
2016:35.9 fb™' (13 TeV)

Run 1 H-yy

Run 1 H— ZZ— 4]
Run 1 Combined

2016 H—yy

2016 Combined

2016 H— ZZ— 4l bt

Run 1 + 2016 b=t

—— Total

Stat. Only

Total (Stat. Only)
124.70 £ 0.34 ( £ 0.31) GeV

125.59 + 0.46 ( + 0.42) GeV
125.07 + 0.28 ( + 0.26) GeV
125.78 + 0.26 ( + 0.18) GeV
125.26 + 0.21 (+ 0.19) GeV
125.46 + 0.16 (= 0.13) GeV

125.38 + 0.14 (+ 0.11) GeV

IIIIIII|IIIl||III|IIIIIIIII|IIII|IIII|II

122 123 124 125

127 128 129

m, (GeV)

Events / 2 GeV

40
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10

—

1
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1

S/(S+B) Weighted Events / GeV

- ATLAS * o :
- * iggs boson (125 GeV)
50 —H —> 27" > 4“_’1 Bl zz ] ATLAS —eo— Total
- Ys=13TeV, 139 1b XX VWV . N Stat. Onl
VU . H— Z" — 4l g
) B Zijets, tt - /s =13 TeV. 139 fb [ Sys. Only
% 7 Uncertainty N - ’
% - [ | —
i 4e —o- 12451+ 0.73 (£ 0.73 Stat.)
% _ 2u2e | 125.33 £ 0.50 (+ 0.49 Stat.)
% — 2e2u —— 125.01+0.29 (*0.29 Stat.)
;{% } * _: 4p —e— 124.93 £ 0.29 (* 0.28 Stat.)
“wi 7% — — —
. ' Combined —e—i 124.99 + 0.19 (£ 0.18 Stat.)
110 120 130 140 150 160 Run1+2 —— 124.94 +0.18 (+ 0.17 Stat.)
m GeV Loy ..|...|....I.... N R B RS B
alGeVl o3 124 125 126 127
m,, [GeV]
CMS 35.9 fo' (13 TeV)
_I LI | LI 1 | 1T 1T 1 | T 1T 1 | T 1T 1 | | I I_
PO 5 =y All categories -
4000 S/(S+B) weighted —
2000 ¢ Data i
- — S4B fit .
0000 — = B component ]
8000 — - t1o _]
N |12 © N
6000 [ —
4000 - —
2000 —
O : | 1 ] |
s00F- 1 B component subtracted ]
400 E
200 =
0F .
200 i ¢ =
40006~ ""Mo 20 130 140 150 160 170 18 24
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Higgs width

» What is the “width” of a particle? ot

» Heisenberg Uncertainty Principle implies that °8] et
. Wigner
the energy (i.e. also mass) of all unstable ine shape
particles must have an uncertainty
= inversely proportional to their lifetime

1 1 1 1 1
-3I" -2I' -I' * +I" +2I" 43I

> the large the width the smaller the lifetime En =My

L —— S

» Higgs width is predicted to be 4 MeV

» If Higgs width is larger than SM predicts
= possible new physics decay channels

25


http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/parlif.html

Higgs width

» Two ways to access Higgs width
» Direct mass measurement

» Limited by experimental resolution to around 1-2 GeV

» Indirect methods exist, p.ex. using off-shell 10

signal strength offshell: away from the peak .

> on-shell cross section depends on width, g

L . . e 10

off-shell does not = ratio is sensitive to width! < 10"

107°
» Latest CMS result: 0o
- 10—7:

'y =327 MeV

50

Events / 2 GeV

[https://arxiv.org/abs/2202.06923]

40+

30}

20+

- H N ZZ* R 4}1 Higgs boso 5 GeV
— ZZ*
- Vs=13TeV, 139 o™ —

VVVVVVV

Ne

110 120 130 140 150 160
m,, [GeV]

CMS Simulation

E

— SM H signal (HF) =
—— SM contin. (|ICP)
—— SM total (|H+CF)

----- HF+[Cf

13 TeV

]
= EW ZZ(—>41)+qq production (I=e, p)

I_Jl_'_l

3
3

L]
500 1000
m, (GeV)
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Spin and CP

» Spin (SM = 0)

» Spin 1 excluded using ZZ, WW decays (and
by the fact that Higgs decays into photons)

» Spin 2 excluded for a number of different
tensor structures (~ 99.9%)
=> Spin O as predicted for the SM Higgs

[Eur. Phys. ]. C 75 (2015) 476]

— 014" " T T T T =
ks [
D - ATLAS Simulation
& 010 . |sinh (A)| 2Py Py
% CTE \s = 8 TeV — JP=0"sSm T teececcceene |cos G| = > >
N B S = P_op+ .. _ m
Z o1 Ty L+ (pF fmyy) T
° T p\TW<1 25 GeV P2 =2
= - g
— 0.08: —
— _l_l—._,_|__|_ S 0.5 | | | | 1 | | |
0.04 . 8 L Zégigiﬂzgg \s =8TeV,20.3 b .
B — ] o L
0.02F — - -
i g 0.2]- e -
O_ P T R T R R R R |%|:; _ 1 I_'_'__’_
0 0.2 0.4 0.6 0.8 1 O | S S — _+:‘
lcos(6")| I + 4
° 0_ |
Effect of Spin on : :
I | I I I I I I I I I

Cl1 C2 C3 C4 C5 Ce6 C7 C8 C9 C10 Cit
Category

| cos6*| of the two photons
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https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1

Spin and CP

» Spin (SM = 0)

» Spin 1 excluded using ZZ, WW decays (and
by the fact that Higgs decays into photons)

» Spin 2 excluded for a number of different
tensor structures (~ 99.9%)
=> Spin O as predicted for the SM Higgs

> Parity (SM: even)

» Parity odd excluded at > 99.9% (ATLAS,
CMS) Admixtures (CP even and CP odd
couplings) still possible (fermion channel
play important role in these studies!)

% 0.14_—'

8 0.121

L L

- ATLAS Simulation

\s=8TeV
p”TW<1 25 GeV

0.4

0.6

Effect of Spin on
| cos6*| of the two photons

|
0.
|

8 1
cos(6%)|

Variables can be defined

in the H—ZZ decay that are sensitiv to spin and parity

Signal fraction

Entries / 0.08

[Eur. Phys. ]. C 75 (2015) 476]

_sinh(Ap)| 2py'pY
|cos 8| = — 2
1+ (pT /my,,) YY
0-5_ | | | [ [ | | | |
R Y ATLAS
0.4 — — =2 Kq=Kg ‘ ] ]
- — JE:Z: Kq=0 \s=8TeV,20.3fb
- —J =2 k=2xy
0.3 -
0.2 e ]
N —— —— ]
Ol —+——_
—e— | ]
N —t ii .
(0] = ]
- | | | | | | | | | | | |
C1 C2 C3 C4 C5 Co6 C7 (C8 (C9 C10 C11
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I | | | I | [ I I [ I I | T I
o5l ¢ Data ATLAS -
: I Background ZZ.  HozZr o4l
" [ Background Z+jets, tt
200 p_o'sMm  \s=7TeV,45f"
I \s =8TeV,20.3 fb”
151 -
0 0.2 0.4 0.6 0.8 1
JP-MELA Discriminant
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https://link.springer.com/article/10.1140/epjc/s10052-015-3685-1

Higgs to bbar

» Highest branching ratio of Higgs decays to
two b-quarks

» large SM backgrounds

» statistical combination of various
“channels” or “regions”

» often machine learning techniques used

» Analysis based on three main channels
targeting WH and ZH production:

» 0 leptons (Z — wv)
» 1-lepton (W — v, ev)
» 2-leptons (Z — py, ee)

>

Analysis is sensitive to Z —bb,
can be used to validate the

techniques :
_2__| | 10
40 6
To) L L L L L L L B LB L L BB
Q 10°E -e- Data B
o = ATLAS B VH, H — bb (u=1.16)
£ - Vs=13TeV, 79.8 fb” tt
o B mu Single top
\7 1055—'— B Z+jets
- Multijet

[Phys. Lett. B 786 (2018) 59]

1 | 1T 1 | [
-~ ATLAS —e— Data

18 - (s=13TeV, 79.81b" B VH, H — bb (1=1.06) -

16 :_ 0+1+2 leptons - Diboson -
- 2+3jets, 2 b-tags Uncertainty

14 :_ Weighted by Higgs S/B Dijet mass analysis =

| | | | | | i T A

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

B W+jets
" Diboson

0 80 100 120 140 160 180 200

m,, [GeV]

29


https://www.sciencedirect.com/science/article/pii/S0370269318307056

) Y [arX1v:2201.08269]
Higgs to 77 <<

> 7 leptons are complicated to reconstruct hadronic
leptonic T = 1+ 4, (25,49 + 0,09) %
» Various decay modes ) o Y 2 (10,82 + 0,05) %
1 includ; . T e APty q:iéiﬁﬁ?? R S iy (9,31 +0,05) %
all including neutrinos N Al (17,39 + 0,04) % o 2 4 (9.200,10)%
» Analysis through statistical combination of
a variety of channels VHall 7 VBF TiepThad
% > ;_f/zl'_é% V 1|39fb—1 | //’// Bégaertaintyl _; (E ~ :_ATLéS V 1I b1 | ///’// Blata taint I _-
> Large backgrounds from Z+jets = 500 A1Vt 1 Se Zheiict SUVE I et it SOVE
N N g 400 - Other bagkgrounds_g g i VBF_1 SR O;'etrr’rbal_qurounds _
prOduCtlon Wlth Z —>TT L —— Misidentified ] L] i + "1 Misidentified t
2
need to be understood
» Embedding techniques employed
where muons in data (Z — p 1) E
are replaced by simulated taus _ ] 3
50 75 100 125 150 175 200

50 75 100 125 150 175 200

my'© [GeV] mMMC [GeV]
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nggs productlon modes at the LHC

» Most analyses so far were carried out
in the ggF, VBF and Higgs
strahlung (VH) production modes

» Observation of the ttH process
would provide direct access to the
top Yukawa coupling of the Higgs

Higgs strahlung
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ttH: direct probe of the top Yukawa coupling

» Very small production cross section: one of

. . L [
the latest discoveries £t N
H > vo

I I ‘:\“:‘ 7'+7'_ e D

» Large number of complex final states: s B L * T Th o Th T

mixture of b-jets, leptons, taus and photons P IWIWH | tut, 6025
blv,bjj | blv,bjj %

277 |s 40,2000, 2025

» Many different channels: many different
backgrounds and different systematic Marumi Kado
uncertainties — excellent way to cross check
each other
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[[HEP 03 (2019) 026]

Events

Single lepton Dilepton
4j, =3b 5j, =3b >6j, =3b >4j, 3b >4, =4b

Categorise by most probable process : Split at BDT

ttH— bb: squeezing the most out of the data Selection

Categorisation 1

» Many different event categories

MVA discriminants

» Use of sophisticated machine learning

(
(
(
techniques <
(

Categorisation 2 ttH, tt+bb/b/2b/cc/If median
» Combined fit of various different categories : : :
(all statistically independent) / 7
. . Measurement 3 X 6 categories 1 + 2 categories
> SM tebar + light and heavy flavor are main
imultaneous fit

backgrounds
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[[HEP 03 (2019) 026]

Events

Single lepton Dilepton
4j, =3b 5j, =3b >6j, =3b >4j, 3b >4, >4b

ttH— bb: squeezing the most out of the data Selection

Categorisation 1

» Many different event categories

MVA discriminants

» Use of sophisticated machine learning

(
(
(
techniques <
(

Categorise by most probable process E Split a:t BDT
Categorisation 2 ttH, tt+bb/b/2b/ce/f median
» Combined fit of various different categories = : H

(all statistically independent) / >

Events / Bin

Measurement 3 X 6 categories 1 + 2 categories
» SM ttbar + light and heavy flavor are main
g Simultaneous fit
backgrounds —
CMS 35.9 b (13 TeV) CMS 35.9 b (13 TeV) 35.9 b (13 TeV)
L L L L L s N g T[T [T T T T LB L A T
) SL (26 jets, >3 btags) e Data 15 x tiHgy, ] ° DL (>4 jets,>4 btags) e Data 15 x fiHg, ] SL (=6 jets, >3 b tags) DNN EEEE 68% expected
10 ttH node Wi+t [@Singlet 3 o 160~ BDT-low Wi [@Singlet —] == %5;/0 expgd[ed
Pre-fit expectation tt+cT Viiet 3 E ~  Pre-fit expectation = - ] . —— serve
I:l _+CC - _+Je S ] g) 140 — ‘:'tE+CC '['[+V ' — SL (5 jets, >3b tags) DNN Slgnal injected
5 Btb []t+v T R \\ Bl ti+o Uncertainty ] —
10 [@t+2b [ Diboson E 120 \ [ i+2b = _ 311
@b [NUncertainty - i ti: b6 ] SL (4 jets, > 3 b tags) DNN H<o.
] 100 B\ \ - _
2 — J ] . i
10 80 FRORN - DL (>4 jets, >4 b tags) BDT-high 1<3.12
ok J 60 E DL (>4 jets, >4 b tags) BDT-low U < 5.67
= 40 - —
I 20 B DL (>4 jets, 3 b tags) 1L <5.32
] | | : Do .
5 E: — T I T 1 N 1 ™ 1 i — | : : o L = Combined .
e 1_5 — DGL-J 1 5 R \ [ 1 1 1 1 1 11 1 1 1 1 1 1 11 l 1
o Z 2
= RNSRNRRY W\ s E \\ L
% 05E %{ W - % 0.5 _i 95% CL limiton p = G/GSM atm, =125 GeV
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[Nature 607 (2022) 60-68]

Putting It all together

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

L | | T 11Tl | | | T T 1Tl | | LR | |
138 fb eV) g2 ATLAS Run 2
>
S 1 . =
' + 1w combined £1 SD < = £t S
; —e— QObserved £1 SD ; — — I Kq = K; —
-
b o012 ' ' 4035 oo 1054 o g T ' g 1034 © B K. is a free parameter w B
VY 1.08 °).] 1 1.00 5755 I 1434)47 ] 119 e 1| 1.38 75 1 c P
: do— : —— —— : — L 5 10 & L =
L 143 £ 0.09 : | | | - S = SM prediction =
| | 1 1 LL — —
10.14 10.48 1.55 16.59 +0.73
77 0.93 713 ' 0.32 )3 ' | 0.007 | 1224 75 R 'l 0.00 ¢ — —
| | I 1 [ ]
u# =0.97 ﬁﬁ 1 1 I 1
) 1 1 | 1 -2 —
+0.11 ' 1028 ' 10.72 ! 10.75 ' 10 — /!b —
WW 0.90 1o 1 0.73 52, Lo 2.417 7 | 1.76 s 1| 1.44 +£0.32 — r =
L _ 0,67 £ 0.08 : R} Y .-t o - Leptons Quarks —
B | 1 1 | 1 B ]
1 I I I 1 — 1% 1% | % u =
+0.17 +0.61 +0.65 +0.44 e H 4
T _._E 0.66 + 0.21 +E 0.86 "y 16 _E’ 1.3305 E 1.89 'o'se E 0.35 757 10_3 _ _
u*=0.85+0.10 ] 1 1 I 1 — e ‘u T d S —
I | | I 1 — —
' 2.97 ! 10.42 ! +0.36 ! 10.46 — , , _
. BB E 5.317 5 N _E_.__ 1.26 54 _.E_ 0.90 34 :, _0'90 0.4 P Force carriers Higgs boson ~
ue = 1,05 0% . : : | -
. - . 4| g | v mi H| _
: 10.74 | | g 1086 ; 5 63 304 : - +2.63 10 — c =
l,l].l : :_0'33 -0.70 1 1.55 -0.73 I U -3.36 1| 3.07 55 >l 1 111 I Ll l Ll L Lol [
ut=1.21708 : I 0 : 2 4 6 8 I N 14_1|||| T T T 0rTT] T T T I1TT] T T TT1IT] —
: : 1 \ 1 I 1 1 L M . . -
1.39 3.82 - -
ZY , 3-86 iy Sle , 443 b w B ]
WZ = 259" : | © 121 -
1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 1 | | 1 1 1 1 1 1 1 1 Ll~ — I
0O 05 1 15 2 25 0 1 2 3 0 1 2 3 4 0 1 2 3 4 0 05 115 2 25 3 M — ¢ —
T
ggH VBF WH ZH ttH-+tH 1r I i} $ -
+0.26 +0.24 +0.18 - -
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107" 1 10 107

. . Particl GeV
Almost all production modes established article mass [GeV]

So far all measured couplings consistent with the SM
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Theory/Data

Differential Higgs measurement
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[arXi1v:2207.08615]

» Enough Higgs candidates collected to perform differential measurements for a

variety of observables

1-dimensional
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Theory/Data
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Standard Model fits after the Higgs discovery: 2022
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Knowing the Higgs boson mass has a large

Higgs mass measured with excellent precision
impact on global fits (compare grey vs blue)
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Next Lecture

Measure Search for

| | Search for the

Higgs boson

Standard Model New Physics

|
|
, i

“and measure it’s | | Beyond the |
| | properties | Standard Model

Large Hadron Collider

- parameters with
high precision

i
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light jet

neutrino

light jet

neutrino

lepton

neutrino
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» https://upload.wikimedia.org/wikipedia/commons/7/75/
Standard_Model Feynman_Diagram_Vertices.png
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