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o Inthis talle

Clementary particles
The Standard Model of
elementary particles and

their role.

Why is it important to
study Higgs and in

particular HH physics?

—

02

04

o

o

What do we do at
particle colliders?

How do we extract
results out of our data?
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particles %

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)

1l
leptons and quarks
make up all matter
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Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
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The Lharge hadron collider (LHC)
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The Lharge hadhron csllider (LHC)
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lhe Lbarge hadron (LHC)
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CMS: general purpsse
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ALLAS : general
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Transition
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Tracking
detector

The dashed tracks
are invisible to
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Houw do we study particle collisiens
and decays w

X Colliders Detectors g )
Jnitial state Final state
Production ®ecay products
mechanism Branching Ratio

Cross-section (what % of the decays

(how frequent a process is) /y result in this final state)
©

we call these feynnman diagrams
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the “couplings” tell us how #
M particles interact with each
other!
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CMS Experiment at LHC, CERN

Data recorded: Sat Aug 22 04:13:48 2015 CEST
Run/Event: 254833 / 1268846022

Lumi section: 846

Electron 0,
pt = 1256.20
eta =-0.239

Electron 1,
pt=1278.63
eta=-1.312
phi = 0.420



[his s what

it loshs litke
in real lfe!

CMS Experiment at LHC, CERN
Data recorded: Sat Aug 22 04:13:48 2015 CEST

Run/Event: 254833 / 1268846022 ‘\f
Lumi section: 846

Electron 1,

pt = 1278.63
eta =-1.312
phi = 0.420

v 4 Electron 0,
pt = 1256.20
eta = -0.239

phi = -2.741




[ he Standard Medel SM)
fag/mngécm

The mathematical formulation of the SM is \ l

complex.
The Lagrangian fills several pages
Ultra-short version

Describes all bsssns and their
(except the Higgs bssen)

Beson interactions with fexmisns. The fields
Y describe quarks and leptens

W :



[ he Standard Medel SM)
fag/mngc’an

The mathematical formulation of the SM is I
complex.

The Lagrangian fills several pages
Ultra-short version

Describes all bsssns and their
(except the Higgs bssen)

No mass terms!

Beson interactions with fexmisns. The fields
Y describe quarks and leptens

W :



[ he Standard Moded SM)

The mathematical formulation of the SM is
complex.

The Lagrangian fills several pages
Ultra-short version

L- -5 R F”

Describes all bosons and their , X

inferactions ts each sthen. BLL Dy the
(except the Higgs bssen) i\ %g)(’j¢*'l‘c’

Adding higgs field @

+ R V(@)

Beson interactions with fexmisns. The fields
Y describe quarks and leptens

W :




[ he Standard Medel SM)
fag/mngéan

The mathematical formulation of the SM is
complex.

The Lagrangian fills several pages
Ultra-short version

fermions couple to the Higgs field @
and sbtain mass.

fave you bheard sf Yukawa g,
couplings?

Bosans couple to the Higgs field

W

Adding higgs field @

= F”
+ ;_—D )L +he

\I

il )L; \5() )(’5 ¢ +he
Daf V(@)

The Higgs potential
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10 years ago

Higgs boson discovery!
« first measurement of its mass and
o spin
- Observed only the most common
production mechanisms
«  Only two decay final states

©
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10 years ago |

[ [ ]m=125GeV
12?
Higgs boson discovery!

« first measurement of its mass and
: ——— Sig+Bkg Fit (m, =126.5 GeV)
° Spln a S F 0 N e Bkg (4th order polynomial)
- Observed only the most common | d

production mechanisms

«  Only two decay final states
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https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.020

o ﬂ.’-\
“A portrait of the Higgs boson by

L}—) the CMS experiment ten years

* after the discovery”
published recently in Nature
Includes latest measurements on Ht’gg@
‘ Q*‘ /‘ /(J °
r~ " ems T T T 7" sty 1T CMS T T T T T
|E>|p 1_‘mH=125,386eV‘ T Wéj‘,,a_ 1 v [ '.‘ ] I I : ]
1 E o :I | | * Discovery # LHC Run1 % This paper | |
. . ! I 15 |—68%CL ---95% ¢ iggs |
Precision measurements of the L g o B%CL 0 SMHges |
. 1E° |
Higgs mass & I :
e . L e i ’ :
Measurements of Higgs couplings , B Voctorbosons RS .
o 1 1073 ¢ 3" generation fermions 11 |
to other particles : = b 2 gonorsiontomirs 3 1)
There is a lot we still don't know! ! .1 T e s ]
S 14p LA T ""”': — ‘ T
|7 3 ih L
| ‘g 1(2)—} ----------------------- *+ -------------------- woo---i--- 1 H
! E 827 L I 1 ” 1 i II I | | “ | |
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https://www.nature.com/articles/s41586-022-04892-x
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% [he Higgs petential 0

* Higgs potential: V(@) = —%,u2<p2 + %Mp“
* Expand around the vacuum expectation value: V(@) » V(v + h)
« V(h) =V, + W2h? + Ak + 2 Ah* +

_ KM _ mp’
.V(h)—VOI— mh “ v—TzandM—T"
Mass term Hiogs Jn the SM u=246 GeV
oe/%wupw quadhatic self- and A=0.13
coupling

© 0



% [he Figgs petential 0

* Higgs potential: V(@) = —%pﬂ(pz + %Mp“
* Expand around the vacuum expectation value: V(@) » V(v + h)
« V(h) =V, + W2h? + Ak + 2 Ah* +

*V(h) = Vs |' mh ‘@ )

— Im(é)

Re(¢)



% [he Figgs petential 0

* Higgs potential: V(@) = —%,uzgoz + %A(p“

* Expand around the vacuum expectation value: V(@) » V(v + h)
*V(h) =V, + Av?h? + Avh3 += Ah‘*

mhz

—_ K — h_
v—ﬁandu— 5

Jn the SM u=246 GeV
and A=0.13



https://indico.cern.ch/event/1167965/contributions/4905827/attachments/2462507/4222154/2022-06-14%20Guenakh%20Mitselmakher_FINAL.pdf

émpméami? ©
The least explored part of the Standard Model!

The Higgs sector is sensitive to new physics 8SM

Cosmological consequences:
a. dnflation
b. Vacuum stability
c. 8Baryogenesis
d .7

V(p)

Metastable
Vacuum

True
Vacuum

~\V &
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“Jf the Universe was infinitely
old, even an arbitrarily low
vacuum decay rate would be
incompatible with our
existence.”

hitps://dsi.er9/10.338 9/fepas. 201800040

o © i


https://doi.org/10.3389/fspas.2018.00040
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“Jf the Universe was infinitely
old, even an arbitrarily low words,

Just
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incompatible with our
existence.”

hitps://dsi.erg/10.338 9/fepas. 201800040



https://doi.org/10.3389/fspas.2018.00040
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“Jf the Universe was infinitely
old, even an arbitrarily low
vacuum decay rate would be
incompatible with our
existence.”

hitps://dsi.erg/10.338 9/fepas. 201800040



https://doi.org/10.3389/fspas.2018.00040

o
- We have to analyse the data from
Qo the proton colisions collected by our
detectors

- Find two Higgs boson decays at the

- Finding two Higgs bosons produced
at the same time is 1000 more rare

HL%@ Pm than finding one Higgs boson
PM&&LC&MQ //; /ft,’/o

Kt Ky ¢
---=¢
H \
\ Kt\\
HY ..
\
°
What will we see in the data?



Standard Model of Elementary Particles

H W i{d ! ""'"?:.':.‘If:':“:.;" i B s
H->bb highest 8R (why?)
H->yy clear signature
H->44 clear 4 lepton final
states
H->tt high 8R and cleaner
than bb
H->up very clean but tiny 8K

n
X
(14
<
=)
C

SCALAR BOSONS

electron

electron muon
; ; . W boson
neutrino neutrino neutrino

LEPTONS
GAUGE BOSONS
VECTOR BOSONS




H->bb highest 8R (why?)
H->yy clear signature
H->44 clear 4 lepton final

Each Higgs decays
independently
So the final states will be the

states same as Higgs but double
H->tt high 8R and cleaner e.g. HH->bbbb, HH->bbyy
than bb ' |

HH->bbtt

H->pu very clean but tiny 8R

——————————————————————————



g% HH decays

For example HH->bbtt

Lo

S
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g% HH decays

All HH
decay
pairs:

bb

Ww

b4

three best decays te losk for T

bbbb:
the highest branching fraction,

large QC® background

4.6%

bbTT:

7.4%

2.5%

0.39%

3.1%

0.26%

1.2%

relatively large branching
fraction, clear signature
but large background from tt

bbyy:
small branching fraction, clean
h = yy mass peak



What do we mean by backgrownd ?

When protons collide o lot of particles are produced and interact.
% But enly a subset of them are interesting. <~

From the small number of interesting events
our FH signal is even smaller!/

Despite the unique signature of the Hit signal. there are stitl many

° - o @



Simply selecting some events ,

|

E and rejecting others based
! on various criteria

! (nominally kinematic

! features of the particles in
! the event.)

! Training multivariate and

: machine learning algorithms
: to identify the features of
E the signal.

|

Accurately estimate the
number of background
events to expect

Using simulation or real
data

Compare to observed
data and check for an
excess of data wrt
expectation!
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CMS 36 fb' (13 TeV) n  CMS 13816" (13TeV)
a u < bb 7t Drell-Yan tt
£ 300 HH b bObD - § 2016 Data § 160 oe2b Q0D 8 Single H
o - ggg: lovx{-mHH [ Bkg. model (i B others + Data
L 250:—ASR region W Bkg. unc. 140
- —— SM ggF-HH x 100
200f ——— VBF-HH (x,,=2) x 300
150-3jiL
100
50
19 .
D 1 2Ry gy o o g
o ,JF Q
3 8'8 1 i < 0 : -
7 0 010270370405 06 07 08 05 1 O 08557300350 400 450 500 550 600 650 700 750
Q BDT Output M, [GeV]

Boosted Oecision Tree (BOT)
A multivariate algorithm used =~ @
often in particle physics o



Examples

Data/Bkg.

o

36 b (13 TeV)

300f~ HH — bbbb ¢ 2016 Data

- ggg: |°V‘{'mHH [ Bkg. model
250 Agp region Bkg. unc.

u SM ggF-HH x 100
200 —— VBF-HH (x,,=2) x 300
150 3L

100

01 02 0.3 04 05 06 0.7 08 09 1
BDT Qutput

Boosted Oecision Tree (BOT)
A multivariate algorithm used
often.

-

(]
s CMS 59.7 ™' (13 TeV)
g 10 bb 7,7, Expected VBF HH x 150—— Expocted ggF HHx 5
o B Drell-Yan f
u>J res2b [ aco I single H

[ Others ® Data

EE5] Stat+ Syst post-fit unc.

o 25
= 15F
s i 2
© =
0.5E
e oF | | | ! ! ] |
g = g g g 8 s 8
o o P= = o o P -
DNN

Oeep Neural networks (DNN)
are machine learning algorithms
often used.



ﬂna/%t'@/owceé\@émwm%

/ &
Select particles according to the final state of the /

Higgs decays e

Apply selection on events based on various

criteria A ’-\
Estimate background s

Machine learning (optional but common!)
Statistical analysis

Statistical analysis means that we
compare sur expectation to the sbserved
data and we check what s the
bhypotheses

W :
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/ &
Select particles according to the final state of the /

Higgs decays e

Apply selection on events based on various

criteria A ’-\
Estimate background s

Machine learning (optional but common!)
Statistical analysis

Statistical analysis means that we
compare sur expectation to the sbserved . -



latest HH results by CMsS
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L= Resullts! :

CMS 138 fb (13 TeV) CMS 138 fb' (13 TeV)
T T T T T LENLERLELE | T T T T LENLELELE | [ T I T T T I T T T I T T T I T T T I T T T | T T T I T T T I T | T I T ]
G =K=1 . —e— Observed ~ ----- Median expected L Kk =Ky =k, =1 —— Observed ~ -=--- Median expected -
e 8 68% expected r = Theory prediction EE¥ 68% expected
----- 95% expected VP o exp
| _ e s 95% expected 1
bb 72z N
Expected: 40 1 03 \
Observed: 32
Multilepton
Expected: 19

Observed: 21

bb yy

Expected: 5.5
Observed: 8.4
10
bb 1t

Expected: 5.2
Observed: 3.3

95% CL limit on o(pp — HH (incl.)) / fb

bb bb
Expected: 4.0
Observed: 6.4

Excluded Excluded

Combined
Expected: 2.5
Observed: 3.4

L% =P N N S R BN B B N S B

: S e -6 -4 -2 0 2 4 6 8 10
1 10 100 . /'6.\

95% CL limit on o(pp — HH) /o
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Q Q : W CMs Experim nt at the
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__Run/ Event / LS

Run 3 just™
started!

’ July 5% 2022
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Tabe away™
pm&@/

Thank you for listening!

©

Higgs physics is important and
exciting!

HH searches is one of the hottest
topics for the LHC right now

A little better understanding of how
we study collisions and decays

An idea of how we do data analysis
l,ong future ahead!

(at some point we need to measure
the Higgs quadratic self-coupling
remember?)

——————————————————————————————



Back up
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| |
| |
| |
| |
| Jets are the signatures of quarks and gluons produced ,
: in high-energy collisions such as the proton-proton :
: interactions at the Large Hadron Collider (LHQC) :
: A jetis a narrow cone of hadrons and other particles E
E They are produced by a process called hadronization * !
I I
| |
| |

|



What is a Gauge thesry 7 47

« Quantum field theories (Q¥T) describe the behaviour of particles.
What is a Langrangian??

A quantity that characterizes the state of a physical system.

e.g. In classical mechanics, %@f@gﬂangcmﬁuw&w@wéﬂe@ne&a@m%mm

« The quanta of the gauge fields are called gauge bosons.

o 53



« Quantum field theories (Q¥T) describe the behaviour of particles.
Written in the form of a Lagrangian.

%’ « A gauge theory is a type of field theory in which the Lagrangian is
invariant under a group of local transformations. (symmetry

groups)

« (Gauge fields are vector fields included in the l.agrangian to make a
theory a gauge theory

« The quanta of the gauge fields are called gauge bosons.

(o) 54



*  [he SM i a Gauge theory invariant under

SUBIHSU)xU)
C " su,3) SUL(2)
Voo, !
SGZ‘ 3W;f
® o = S \a:1,2,3l
Y | v (photon) |
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o (l(/@d&weneeclt%eﬁégg@ﬁe&l?
L su,3)

\L Strong
interactions

I y (photon) I
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o (M@c&ﬂw@n@e&léﬁe Hégg@ﬁe/cl?

T su.3)

‘L ﬂ:rg%tions
g 5 | WK
Q= 1 ‘

B

W+/-and Z

I y (photon) I

Experiments show that W+/- and 4 have

mass!

Not only they have mass!

The fermions have mass also!

No mass terms in this Lagrangian

S

o
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o (ll/@c[&weneeclt%e Hégg@ﬁe/cl?

< su,3)
\Jr ﬂ:rr;%tions
%\'1? SG/.L "
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- The SM £ an withsut the Higgs (i
B TRy angyqgian widhoul the Tigge field
gluon: iy Uy ¥y P rhe W+/- and 8?,[(3)%871(2)%?,((])

+ gl -V(@) > e masdive badons
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