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There is no Higgs-boson detector!

this is what we are looking for...
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Step |: find events with the right ingredients

We are looking for eTe uu...

Is this event OK?

© 'S CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
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Step |: find events with the right ingredients

We are looking for eTe uu...

What about this one?

CMS Experiment at the LHC, CERN
Data recorded: 2016-Jul-16 20:57:32.758784 GMT
Run / Event / LS: 276870 / 2920241170 / 1610
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Step |: find events with the right ingredients

We are looking for eTe uu...

. CMS CMS Experiment at the LHC, CERN
And this on e? Data recorded: 2012-May-27 23:35:47.274930 GMT
Run/Event: 195099 / 137440354

.
e
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Step 2: signal and background

g

Irreducible background Reducible background

The final state is exactly the same, but it does not The final state looks like the same because some
come from the particle you are looking for of the particles fake what you are looking for

fake e™ .
q g M

Roberto Covare (experimental) LHC physics



Interesting processes are rare!
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Lose some signal, suppress backgrounds...

® Selections based on particle
properties to reduce reducible
background
v" Shower shapes, track
properties, ...
¢ Selections based on event
properties to distinguish signal
from background
v Particle kinematics, decay
kinematics event shape, ...
¢ Try to keep signal while
reducing background!
V" Increase S/B...

Roberto Covarelli

CMS 7 Ns=7TeV L=4.7fb
Laoeer .+ patA |
C E 9r g QCD E
O 105 ° ¢ tt _
> = + Z+light jets =
L - ¢ ZbblcT ]
10° = ¢ Wtjets _
= ¢ o Single top =
- = WW ]
; - o :{;'5 v ZZ ;
- = m m,=350 Ge\ﬂc ]
10°L * @ o -200 GeWc |
= o mH-140 GeVic® =
- v 4 - ]
10°: . v o—e— =
E ® O r '| E =.=:
10 = E ] m O E O [ ] CE
E Q o o v 0 O E
1 ¢ =
= W S o 3
_ A A N -

107 T = | = | ) | = | © | Y | = | =

~ " T VI W
=% S VN

“&‘ag %

(experimental) LHC physics



Step 3: reconstruct properties of initial particle

® We have 4 particles...

v ... with their energy (calorimeters), charge and momentum (tracker)

¢ Use pairs of opposite sign e*e”and p™¥

® Reconstruct invariant mass from the 4 particles
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Events / 0.35 GeV

CMS 137 fb! (13 TeV)
8 + Simulation H—ZZ
LB _ Untagged

- — Parametric model
6 ‘

- 2016 : 60 = 1.15 GeV )

] l— 2017 : 6p = 1.14 GeV !
J 2018 : opp = 1.12 GeV

°E — ocp = 1.14 GeV

2

1=

o !'1'=|:\—1 L L
P05 110 115 120 125

(experimental) LHC physics

[\

=y () - (X7)

® But, even after selection, we
don’t have just true Higgs
bosons left...



Extract signal from background
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Extract signal from background

Events in real life do
not come with a label!
No way to distinguish
signal from
background on an
event-by-event base...

Number of events
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Extract signal from background

¢ Background gets
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How significant is an excess!

*  po: probability that the excess is due to a fluctuation of background

* Significance: S 7
[~ —— Po — 1 —Erf | —

VB V2
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Is it a
scalar
boson!
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DIN!

What'’s a particle spin?

“An amount of rotation
that is somehow
quantized”

An electron has always
an angular momentum of /2 h
either in its direction of travel (+'4 h)

or opposite to it (-yz h) h=1.0545 %X 1034] - s



How can we recognize spin?

spin O spin | spin 2

Spin-0 decays in all directions with equal probability; spin-1 prefers decaying toward or away from the direction of spin; spin-2 prefers
the poles and the equator to the region in between. These pictures exaggerate the real distributions for clarity.
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Spin with H = 4 leptons

CMS 19.7 fo" (8 TeV) + 5.1 fo ' (7 TeV)
8 T T T | T T T | T T T ‘ T T T ‘ T T T
S 10 ¢ Observed Dyg>05
- ~ . —— SM
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f -'GC__-; Lo fap=-0.5
U>J [ z2zzy
[ z+x
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D0h+

Spin-1 and a wide range of spin-2 models is
excluded at a 99% confidence level or higher
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Is it |
responsible
for masses! -
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Combine many other decay modes

. CMS 138 fo” (13 TeV)
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Many unanswered questions...

Why there are 3 families of Why is there a hierarchy of
particles! Are there more! masses (top quark mass >>
electron mass)?
Why there’s
more matter
than anti-
matter? Are there more
forces!?
How do
neutrmoi get What keeps
Masst the Higgs mass
so small?
How do we What is

incorporate gravity!? Dark Matter?
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. as many possible answers to probe!

Higgs sector!

-8
Su per-sym wmetry7 Extended \8®

Composite
quark and
leptons!

New heavy a|s|o|

I B —
bosons! WW
'Ill Z

: Any new theory

| needs to agree
I with the SM! | Large extra-

Leeeeee dimensions? o

Dark Matter Black holes?
particles? Gravitons?
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Where is Beyond-the-SM Physics!?

vd

Masses of new
particles
within the
LHC reach

\

Masses of new
particles
not within the

LHC reach




Simple example: heavy Z’ boson

. 137 fo' (13 TeV)
® Use very clear dilepton decay channel > 108 CI\|IIS T e ———
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More complex example: Dark Matter searches

q gluon/photon / W/ Z / Higgs

_ 4
X V.

q X 200 300 400 300 600 700 800 900 1000

9.9 Er (GeV)
jet’y/W/Z/H + MET 59.7 o' (13 TeV)
jet E.IOS clMS | |—+-Data ! .Z(Lv)+jets
® Use MET shape to extract signal a0y e [Jweros Wwwzzwz
. . GCJ 5 |:| Top quark I:l QCD
contribution 510
, —— H(inv), B = 25%
v Similar shape for signal and background 10 _ Axalm_~2Tev
. . 10 m, = 1 GeV
v" Background modeling very important
1
[ ]

Main contributions (monojet example)
v Z(w)+jet
| | |

v W(lv)+jet, where charged lepton is not 400 600 800 1000 1200 1400
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Masses not within LHC reach

® Search for indirect effects on cross-sections of known processes

Energy

A

New Physics >m /
YA
A /]
P
SM 1 1

p? — M? —M?
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Example: di-boson production

® Search for small deviations in
the predicted cross-section in
the high-energy tails of the
invariant mass distributions

® Exclude/find energy scales at
which BSM physics could pop up

CMS 35.9 fo (13 TeV)
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The LHC will run for a long time...
| Run1 | | Run2 ___Run3 | __Run4s

Js=13TeV Js =13.6 TeV lesSmtIcy
Js=7,8TeV
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Probing Higgs couplings at the LHC

gluon-gluon fusion:
main production mode at

S(pp ® H+X) [pb].,

GT ¥T €1 ¢T 7T OT 6 8 L 9

[Aa1] s)

=z

(H)W

SVACORTA)
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LHC HIGGS XS WG 20:
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Vector Boson Fusion
2 well-separated forward

VH
tag Wand Z

LHC HIGGS XS WG 2013
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Higgs couplings and properties
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70k

“H 0 ssooooy

olpb] @ 13 TeV
# Higgs produced in 140
fb! in one experiment

tag 2 top quarks

decay

H->bb
H>WW
H->1t
H>ZZ

H->vy

SM BR [%]
. = 125.09 GeV

58.1

21.5

6.26

2.64

0.23
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Spin with H=2>4| (& combination)

®  Sensitive variables combined in BDT score

v

NN NN

Roberto Covarell

Intermediate boson masses: m |, m»,

Z, production angle: 8*

Z, decay plane angle: @,

Angle between the Z, and Z, decay planes: ®

Decay angles of negative leptons: 6,, 6,

ATLAS )
H— vy ® Data
Vs=8TeV [Ldt=20.7 fo"
v CLS expected 0! B T T T T | T T T T | T T T T | T T T T ]
T gy assuming J7 =0 Ssor gt ATLAS  J
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Vs=8TeV [Ldt=20.7 fb" Bto _8 C [ 9 - H->ZZ*—41 ]
S oAef - Background Z+jets, tt .
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_____ P +
ool Y =1 (=8 TeV [Ldt=20.7 ']
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-1 -0.5 0 0.5 1
BDT output
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Standard Model Higgs decays

E 1 :_ [ | [ [ le | i [ [ | [ |\N\/|\/ [ [ [ _E %
8 ~ ] g
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+ 10-1 L Tt — -
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T = | .
10° i =
- m 24 .
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* | Higgs every [0 s
° | H>yyevery [.5h
* | H>ZZ>4¢( €= e or p) every 2 days
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decay

H->bb
H>WW
H->1t
H>ZZ

H->vy

SM BR [%]
my = 125.09 GeV

58.1
21.5
6.26
2.64

0.23
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@ATLAS

EXPERIMENT

Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC
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@ATLAS

EXPERIMENT
http://atlas.ch

Run: 204769
Event: 71902630
Date: 2012-06-10
Time: 13:24:31 CE%E



Higgs signals on July 4t 2012
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Higgs signals with the latest | 3 TeV data...

H->vyy H->4l
% 50000 ATLAS Preliminay 4 Data Events / 2GeV
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What spin do particles have!

fermions
@ @ (quarks, leptons)
spin = +1/2,-1/2

massive bosons

6 & Q }(W,Zbosons)

spin = +1,0,-1

4 7 massless bosons

& W - (photon, gluon)

spin = +1, -1
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What can a spin O particle decay to!

Roberto Covarelli

@ 1/ o l\bkl - photons
O=D+@ | fermions
J (quarks, leptons)

0=0+§

- W, Z bosons

@é-ﬁ-@
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What can a spin | particle decay to!

~ photons

- fermions

- W, Z bosons
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What can a spin 2 particle decay to!

Roberto Covarelli

experimental

w—

~ photons

~ fermions

- W, Z bosons

7 b quarks+gluon

~ T leptons
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So, what spin has our Higgs-like particle?
Spin of
particle
spin0 © ©

Spin1 ® @
Spin 2 @ @




Spin with H -> 4 |leptonst
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