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Step |: find events with the right ingredients

We are looking for eteu*u-...

Is this event OK?

'S  CMS Experiment at the LHC, CERN
Data recorded: 2018-Oct-03 01:19:17.320393 GMT
Run / Event / LS: 323940 / 44997009 / 65
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Step |: find events with the right ingredients

We are looking for eteu*u-...

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.271030 GMT
Run/Event: 195099 / 137440354

And this one?
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Step 2: signal and background

9
Irreducible background Reducible background
The final state is exactly the same, but it does The final state looks like the same because some
not come from the particle you are looking for  of the particles fake what you are looking for
+
fake e* |
q g M
L
q g -

fake e-
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Interesting processes are rare!

| nb = 10733 cm?

oy 10° o, (13.6 TeV) ~ 108 nb
: oy (13.6 TeV) ~ 0.05 nb

LHC instantaneous luminosity L ~ %1034 cm2s!
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proton - (anti)proton cross sections
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10? events/s

~|O|O

> 10! events/s

[m, ~ 125 GeV]

0.2% H = yy
001%H > ZZ

inelastic pp collisions
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~ | Higgs boson
every 2 seconds



Lose some signal, suppress backgrounds...

CMS 7 Ns=7TeV L=4.7fb"
® Selections based on particle Dok ! ", 'DATAl .
properties to reduce C  Ee 2 QcD =
) D ool . _
reducible background Lﬁ = + Z+light jets =
v" Shower shapes, track 1053_ . ﬁ’.ﬁ’e‘ig B
properties, ... = ¢ . &3\?'9109 =
® Selections based on event 10° L . —= : ‘é"zz —;
: o 2 g =
properties to distinguish signal - " . -ggg gewc .
3 & u = e C |
from background 107 ‘ o mH_14o GeV/c? =
C v Y -
v Particle kinematics, decay 1021 Y . 5 -
kinematics event shape, ... = . D D T #%,:b_,_ﬂ’_ -
- 0 [ O : —
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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 u™

2 2
® Reconstruct invariant mass from the 4 particles ) — \/(Z EZ) — (Z ﬁb)

CMS 137 fo! (13 TeV)

+ Simulation H—ZZ

Unt d
— Parametric model ntagge

2016 : 00 = 1.15 GeV ) ® But, even after selection, we

------ 2017 : 60 = 1.14 GeV | , ) .
,,,,,, 2018 : 0g = 112 GeV don’t have just true Higgs
bosons left...

Events / 0.35 GeV

— Gep = 1.14 GeV

!'1'=|:\—1 e L
110 115 120 125

=2
&
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Extract signal from background

=y (L e) - (Sa)

)
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Q@O0 2 -
g Q‘Q%@QQQQ Q Higgs boson
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z QQ%QQ@QQQQQQ ® z.2qun
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Extract signal from background

= \(Tm) - (Tn)

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




Extract signal from background

¢ Background gets

2 5\ 2 estimated...
7,) — (sz)

M:\/<ZE

v ... from
A simulation
(normalized to
data)
* Ztatlifticallydestimate v ... directly from
(- ackground from
0 S f . data (“control
> control regions . 3
o regions”,
o : :
. enriched in
)
X! background
£
S events)
Z

v

41
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How significant is an excess!?

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

* Significance: S 7
4~ — po =1 — Erf | —

VB

- 30 is an evidence (py = 0.27%)

* Convention:

- Soisadiscovery (po = 5.7.107)

S s =7 Tev,{ =517 ;15 =8 TeV, L=19.7 b
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Is it a
scalar
boson!?
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Spin!

What's a particle spin?

“An amount of rotation
that is quantized”

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

or opposite to it (-2 h) h=1.0545x 103] - s



How can we recognize spin?

spin 0 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.

Roberto Covarelli (experimental) LHC physics



Spin with H = 4 leptons

Roberto Covare

—h1

Events / 0.05

10

CMS 19.7 fo'' (8 TeV) + 5.1 fb' (7 TeV)
L LA L B L B L
— ¢ Observed Dyg>05 |
. —— SM
| e f,=-05
[ zzizy
[ z+x

0 02

0.4 0.6 0.8 1

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?

Roberto Covarelli (experimental) LHC physics




Combine many other decay modes

Roberto Covarelli

H > 72z* > 4l

H -> WW*- 2|2v
H- vy
Hé‘n’ -
H - pp

H - cc

H -> bb

pp - ttH

® If the Higgs boson is responsible for
masses, we expect each of these
cross-sections / decay rates to be
proportional to mg2, where F is the
final state particle

(experimental) LHC physics



CMS Experiment at the LHC, CERN
' Data recorded: 2018-May-09 22:21:35.609792 GMT
//é Run / Event/LS: 316058 / 353438669 / 284

.




Neutrino (and other invisible particles) at colliders

. ° nteraction length A, . =A/(p o N,)
® Cross section 0 ~ 103 cm? x E [GeV]
v" This means 10 GeV neutrinos can pass through more
then a million km of rock

® Neutrinos are usually detected in HEP experiments through
missing (transverse) energy

® Missing energy resolution depends on
v" Detector acceptance

v" Detector noise and resolution (e.g. calorimeters)

Roberto Covarelli (experimental) LHC physics 20



B-taggin
ks Displaced
cks

1977: Fermilab

o

Secondary
Vertex

When a b quark is produced, the
associated jet will very likely contain
at least one B meson or hadron
B mesons/hadrons have relatively
long lifetime

v~ 1.6 ps

V" They will travel away form collision

point before decaying

|dentifying a secondary decay vertex
in a jet allow to tag its quark content

Similar procedure for ¢ quark...

(experimental) LHC physics 21
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Al jets 44%

top quark

1995: Fermilab Mean lifetime ~ 5% 10~'3 ps

\ t+jets 15%

v Shorter than time scale at which QCD acts: no e 6
time to hadronize! T o 2o
ptp 1% )
v ltdecaysas { — VI b wo 2% ets 15%

Events with top quarks are very rich in (b) jets... oviets 15%

@ muon q {
] w+
vV
H neutrino
q b
proton bearm q q

LHC is a "top factory”!
* 5 millions of tt pairs
e ~100000 in Tevatron in

20 years

Roberto Covarelli (experimental) LHC physics 22



Tau

® Tau are heavy enough
that they can decay in
several final states

v" Several of them with
hadrons

v" Sometimes neutral
hadrons

® Mean lifetime ~ 0.29 ps

v
v

|0 GeV tau flies ~ 0.5 mm

Too short to be directly seen in the
detectors

® Tau needs to be identified by their decay
products

® Accurate vertex detectors can detect
that they do not come exactly from the
interaction point

Roberto Covarelli
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H > 72z* - 4l

H > WW*= 212y Elf
H - yy -
@)
H- 1t o
H‘)HP 3
H - cc_
H > bb
pp - ttH
5
g
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Combine many other decay modes

QMS R 13810 (13 TeV)
1 3 |mH=125_38 GV " Zl E._
Poy = 37.5% ..
107"¢ E
b‘xg
102 ¢ o
Leptons and neutrinos Quarks
ﬂl ﬂll
107w v Jlidl s | » R
:x.i'" Force carriers Higgs boson ]
' o
e
12—} 1.052— ﬂ —
g)g?_“ ....................... }...}. .................... ;sz... .....f...é
06:"' Ll L] L] 1
10™ 1 10 10°
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Particle mass (GeV)
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SM searches beyond Higgs

® Mainly targeting QCD understanding (least known part of the SM)

® 2025 marked the date for two fundamental discoveries in non-
relativistic QCD (forming quark bound states)

CMS 138 fb~1 (13 TeV)
® Existence of (cccc —— 1, olny) = 8.87}3 pb

bound states) Uncertainty
" Postfit (FO pQCD + BG + n;)

q”nu+

=
=

180 fb ' (13.6 TeV)
500 = CMS Preliminary

¢ Data —Fit
- -BW, --BW,
—BwW, Interfering BWSs.

-+ -Background

Candidates / 25 MeV

Ratio to FO pQCD + BG
=
o

0.0l I <Cha<1 3<Chan<1
’ 400 700 1000 1300
=g ¢ Mt (GeV)
=y ﬁ%_*f#,; %M*ﬂﬂ%%%%ﬁ *ﬁ* %Mﬁ*%ﬁf ® Existence of (tt

bound state)

[GeV]

Jf (ALY
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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 >>

wo74: Brookhaven & SLAC [ 1095: Fermilab w7a: DESY e I e Ct ron mas S) ?

Why there’s
more matter
than anti-
matter? Are there
= more forces?
How do ve
neutrinos get — What keeps
) .
Mass: the Higgs mass
- so small?
How do we What is
incorporate gravity!? Dark Matter?

Roberto Covarelli (experimental) LHC physics 27



. as many possible answers to probe!

Higgs sector?

8
Super-symT?try7 Extended - :\‘é

Composite
quark and
leptons!?

New heavy
bosons! !

:Any new theory

| needs to agree L
1 with the SM! arge extra-

l.__----- dimensions?

Dark Matter Black holes?
particles? Gravitons?

Roberto Covarelli (experimental) LHC physics 28



Where is Beyond-the-SM Physics!?

v

Masses of new
particles
within the
LHC reach

\

Masses of new
particles

not within the
LHC reach




Simple example: heavy Z’ boson

137 fb' (13 TeV)

® Use very clear dilepton decay channel > 108 CI\|IIS ' AR
| Data
v e.g. electron-positron © 107 1Y/Z —»e'e
o 10 mmt, tW, WW, WZ, ZZ, 1t

v" Drell-Yan modeling important, but clear & 1¢5

5 [ ]Jets
peak over a continuum (“bump hunting”) > 10°

— Gy KMy, = 0.05, M = 3.5 TeV
= Z'sgyy M= 5 TeV

® Result expressed as a 95% confidence- 102

level excluded (upper) cross-section 1(:
107
137 fb™ (13 TeV ee) 102
o) T 3 ]
s —— Obs. 95% CL limit . 10_3
g 107 ape\ ™ e Exp. 95% CL limit, median = 10_5
o)) 3 1075 E— [
X ] Exp (68%) 1 §osL T o W‘W"t" I
—_— 10_2 ) = ::. 0 LA [ T ———— ...-....m..nm“ + ++ A LSS SO AL ]
< 107 N i [ Y em— MG | §
PN . N N 1 = ~155 %00 200 360 7000 2000
— 107 37 & m(ee) [GeV]
N - .
5 104 E

AT N S TR S N T ST S AN TR T SO S N
1000 2000 3000 4000 5000
m [GeV]
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More complex example: Dark Matter searches

q gluon/photon / W/ Z / Higgs

X

jet /
WQ

q X

jet/y/W/Z/H + MET .
jet
® Use MET shape to extract signal
contribution
v Similar shape for signal and background
v" Background modeling very important
o

Main contributions (monojet example)
v Z(w)tjet

v W(lv)+jet, where charged lepton is not
reconstructed

Roberto Covarelli
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.....
- .

200 300 400 500 600 700 800 900 1000
E?'“ (GeV)
59.7 fb" (13 TeV)
o l+¥£ml a iiz&w;;sl
[:]Wﬂﬂﬂé$ Ilwnwzzmm
|:| Top quark |:| aco

—— H(inv), B = 25%

T | T T
CMS

—_
o
[5)

Monojet
2018

Events / GeV
Q

Axial,m =2TeV
— med
10 m, =1 GeV

400 600

'1_200 1400
pss (GeV)

800 1000
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The Effective-Field Theory approach

do |
BSM searches: —

dE
2010 = 2023
= New physics is heavy

Direct (bumps)
Indirect (tails) precision / E "E> Ey ye

measurements

Heavy new physics Effective Field
PrecisSion measurements

High energy Theory (EFT)

Roberto Covarelli (experimenta [) LHC physics 33



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 b (13 TeV)
ﬂ_losf"l""l""l""
§ 108 —e— Observed - V +jets
Ll D Top quark D QCD WV
4
10 | |smEWWY [ BKka. uncertainty
10°

...... f. /A% =-0.5 TeV*

1000

1500

P S RIN SR
2000 2500
m,,y (GeV)
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The LHC will run for a long time...

B Js=14TeV
Js=13TeV Js =13.6 TeV
2015 2019 2026

2021 2022 2023 2024 2025 2026 2027 2028
J|FIMAM|]|]|A|S|IOIND{J|FMAM|]|]|A[S|IOND J|FMAM ] JASiONDJ FIMAM|J|]|AIS|ON|D|{J|FIMIAIM J|J|A|S|ON[D| J[FMAM| ][] |A/S|ION|D]J|FIMAIM| 1| J|A/S|O|N|D| ]| FM|AM| ][] |A|S|ON|D] ]| FIM
Run 3 [ Long Shutdown 3 (LS3)J
AN

2030 2031 2032 2033 2034 2035 2036 2037

JIFMAM|J|J|A[SION|D)J[FIMAM| ]| J|A|SIO|NID| J|FIMIAM J| J|AIS|O[N|D{ J| FIM|AM| J[J|A|S|ONID) | FMIAIM J[J|A|S|O|NID) J[FIMAIM| J| J|/A/S|O|NID J | FIMAIM| J| J|AIS|ON|D{ J| FIMIAIM| J|J |ASIOIN|D{ ]| FM

Run 4 LS4 Run 5

Shutdown/Technical stop
Protons physics
EYETS Ions
Commissioning with beam
Hardware commissioning

Last update: November 24
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o[pb] @ 13 TeV

Probing Higgs couplings at the LHC gt 107

"in one experiment

g t q > q gq v 9 cooooooy—>— ¢
49 pb 3.8 pb 0.5 pb
6M AT H 5206y 50 H 70k r-——"""7° H
g qg——& > qg q 320k “H 9 wostoov—e——
gluon-gluon fusion: Vector Boson Fusion VH ttH
main production mode at 2 well-separated forward tagW and Z tag 2 top quarks
LHC jets boson decays
= N o(pp U H¥X)[pbl, ¢ T e
8 < - > R < R —— Ww Ep decay SM BR [%]
oY TRV VYL Ty T Sk - my = 125.09 GeV
1 ® - 12
3 S =T 99 2z 8 H->bb 58.1
ol % a4 + ‘ N ]
- o 1 x 2 ' ’
©ofF s 4 @ 1 H->WW 21.5
Sis R0 E
R 2 1T H->tt 6.26
. = * *
N 5 10% - H>ZZ 2.64
af S{ - ]
& : ]
3N e | H->vyy 0.23
CD C ('D . 10-4 I l I l L N1 l I I —
S <] 80 100 120 140 160 180 200
Ol e M, [GeV]
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Spin with H2>4l (& combination)

®  Sensitive variables combined in BDT score

V" Intermediate boson masses: m,,, mx, o
v' Z, production angle: 6*
V' Z, decay plane angle: ®,
v Angle between the Z, and Z, decay planes: ®
v" Decay angles of negative leptons: 6,, 6,
ATLAS o
H— yy e Data
Vs=8TeV [Ldt=20.7 fb”
v CLS expected c\! [ T T T T | T T T T | T T T T | T T T T ]
e o assumingJ7=0° 2 30f o Eati dzz ATLAS ]
s=7Te =4 C ackgroun * ]
Vs=8TeV [Ldt=20.7 fb" B:1o _8 - L g . H-ZZ*—41 ]
S Al - Background Z+jets, tt .
H —»> WW* - evuv/uvev c 251 . -
| fomeTevia=zor Wt — JP =0 (=7 TeV [Ldt=4.6fb" 1
= ool TY=T ls=8 TeV [Ldt=20.7 o'
) - -
10" B ]
a - §
102 150 ]
10° 101 -
10-4 5:_ _:
10° SR~ wa=s :
O ......
10° -1 -0.5 0 0.5 1
BDT output

Roberto Covarell
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Standard Model Higgs decay

1

5 - bb' | WW EE
= L e
D T l %
o - I 18 decay
=
+ 10-1 L TT — H%bb
nd — -
P "5Illllil.iiﬁi;!" ‘Iliaill" 1 Howw
B .
T - | 7 H->trt
2 | _
107E i - H>ZZ
ar, |
'3 | i | | | ! | | | | | \ | | | | |
10" 300 120125 140 160 180 200

M, [GeV]
* | Higgs every 10 s
° | H>yyevery I.5h
* | H>ZZ>4¢( ¥= e or ) every 2 days
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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 4" 2012

H-=>yy H->4l
CMB s=7TRVL=51b" s=8TeVL=53m"
% 2400: L L e - LI (N B B N B B B | L L
G 2200 Selected diphoton sample — QO + Data - ] ' ' ! E
P 2000F-— e  Data2011 and 2012 = 5 16 a g 6F Ky>05 7 4
o — Background model - . Z4+X o 5F 4
o 1800 o SM Higgs boson m = 126.5 GeV (MC) _E S 14 D Zy', 22 E 4 E_ E ]
1600E- \s = 7TeV,det=4.8 fo! S @0 []m=125GeV € 3} i
1400 = c 12 - S of
1200 is=8 TeV,j Ldt=591f" - g . L -
— = 1k i
1000 — w 10 : .
800 = .|_F | =120 140 160 .
600 3 8 *7] CMS m,, (GeV) -
4005— —: 6 -
200~ ATLAS Preliminary =
o | i | | = 4
&5 100 —
p f g 4 $ +3 5
& = | Hy o LA L
-100 :_ M P IR N P M s _: D I —
100 110 120 130 140 150 160 80 100 120 140 160 180
m,., [GeV]
m,, (GeV)
ar
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Higgs signals with the latest |3 TeV data...

H->yy H->4

3 9000 ATLAS Preliminary "+ Data E Events / 2GeV
© — (s=13TeV, 139 fb" - . S 2 :E2 a2 B3RP
o , — Fi - - Nsa3s8Rz22382EK 3
% 40000 e Background ] RARARARN RN RN AR ARS R RN AN AR
> - - o) =
L — ] o N
30000/ — -

- ] ]—eo—— ]

20000/ = N -

- - 3 E

10000 H—yy, m,, = 125.09 GeV *

I T S E
> — -
9 ]
g . |
= S EECO- 3
, Ne o TO J
oo 3 xee 38
8 -s00B M .t E N
) 110 120 130 140 150 160 — . NR=
m,, [Gev] @3 SRR

5 D—Q'HIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII-_I'
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What spin do particles have!?

fermions

@ @ } (quarks, leptons)

spin = +1/2,-1/2

massive bosons

6 1 Q } (W, Z bosons)

spin = +1,0,-1

t 7 massless bosons

\:]_u W - (photon, gluon)

spin = +1, -1




What can a spin 0 particle decay to?

Roberto Covarelli

@ O+ 4
"f/‘: & @A
OO+

0

-

—

P

J

J

- photons

| fermions
(quarks, leptons)

- W, Z bosons

O+

(experimenta [) LHC physics
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What can a spin | particle decay to?

G - \1) +@0 + photons

Oo=d+d
0=0+¢

- fermions

- W, Z bosons

Roberto Covarelli (experimenta [) LHC physics
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What can a spin 2 particle decay to?

w—

~ photons

~ fermions

- W, Z bosons

7 b quarks+gluon

~ T leptons



So, what spin has our Higgs-like particle?
Spin of
particle

spin0 © ©

Spin 1 ® @
Spin 2 @ @




Spin with H -> 4 |eptons|

ATLAS H-yy ——J =0"Expected
Vs =8 TeV I

Ldt=207fb" e JP=0'Data

Bkg. syst. uncertainty

Events / 0.1

vy polar angle 9 with respect to
Z-axis in Colin-Sopper frame

sinh — 2p p
cos 0F — My, — Ny,) T T

O 01 02 03 04 05 06 07 08 09 1

Icos 07l
~ 250 . ]
) o ATLAS H—yy ——J =2"Expected
2 o) s =8TeV _[L dt=207fo" ® J'=2"Data
% 200 % Bkg. syst. uncertainty
i @ f =0%
( o o)
150
100
[ ATLAS
500 )
;£=8Tev det=207fb1
1111 I IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0O 0.1 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
Icos 07| Icos 07
Roberto Covarelli
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