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How to search for new phenomena
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The Standard Model: the ultimate theory !

» After a decade of measurements at LHC, the SM is becoming more and more consolidated

(a few hint for new phenomena in heavy flavor physics though, see Diego’s lectures)

* Process cross-section measured over 14 orders of magnitude, without any significant deviation from
prediction !

Standard Model Production Cross Section Measurements Status: July 2021
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However, many unanswered questions...

Why there are 3 families of
particles? Are there more? Why is the top quark so heavy?

Why there’s
more matter Are there
than anti- more forces?
matter?
How do
neutrinos get
?
mass/’ What keeps
the Higgs mass
so small?
How do we What is What is

incorporate gravity!? Dark Matter? Dark Energy!?

(experimental) LHC physics



. as many possible answers to probe!

Super—symmetry? Extended
Higgs sector?

BN

1
I
I
I
I
I
[

Composite
quark and
leptons!?

ringn quak

New heavy
bosons!

I I I I B B S .

Any new theory

‘ r sf L | need to agree [ Y .
I with the SM! J Large extra- SO\ //

e === ==a dimensions?  \

Dark Matter Black holes? ~ A+
particles? Gravitons!?

wwwwwwwwwwwwww
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Direct vs indirect searches

Direct search to (e.g) dark matter Indirect search to (e.g) dark matter

PCLLErE 1OWE

s l.l‘. *
o~ nealeere nowe

NV

ICLLErE 1OWE

Missing energy in detector High-energy behaviour of final state
particles modified
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Example: Dark Matter searches at LHC
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Failure of direct searches for now...

Many reasons:

- Too large target masses ?

- Too small signal efficiency in LHC environment ?
- Signal outside acceptance ?

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

June 2021 Vs =13TeV
Model Signature  [Ldt (7] Mass limit Reference
T T T —— T T T T —
G, G- q¥) Oep 2-6jets  EFS 139 1.85 m(i})<400 GeV 201014293
@ mono-jet  1-3jets  E7 36.1 |4 [8xDegen] 0.9 m(g)-m(¥})=5 GeV 2102.10874
o ) :
.§ 2, 2-qav) Oep  26jets EP™ 139 |& 23 m(¥})=0 GeV 201014293
z Forbidden 1.15-1.95 m(¥})=1000 GeV 2010.14293
<§ 28, BoqqWx| 1eu 26 jets _ 139 |z 2.2 m(¥})<600 GeV 2101.01629
Q i, aoqatOY e, pp 2jets . 12 m(@)-m(f)=50 GeV 1805.11381
@ gz zoqgWzh Oep  7-jets EP™ 139 |& 1.97 m(¥}) <600 GeV 2008.06032
3 SSeu 6jets 139 |2 115 m(z)-m(¥})=200 GeV 1909.08457
= g gt 0-1e.p 3p  EP™ 798 |# 2.25 m(¥})<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 g 1.25 m(z)-m(¥})=300 GeV 1909.08457
bib, Oep 2b EPs 139 | B 1.255 m(#})<400 Gev 2101.12527
by 0.68 10 GeV<Am(b; ¥1)<20 GeV 2101.12527
biby, by—bYy — bh¥] Oep 6b  EP™ 139 | By Forbidden 0.23-1.35 Am(E, ¥0)=130 GeV, m(¥})=100 GeV 1908.03122
-g S 27 26 EMS g3 |5 0.13-0.85 Am(E2. £0)=130 GV, m(t})=0 GeV ATLAS-CONF-2020-031
§§ iy, iy Olep  >ljet  Ep™ 139 |# 1.25 me)=1Gev 2004.14060,2012.03799
-8 Ao wht) lep  Bjetsnb EPS 139 |§ Forbidden ~ 0.65 m(E})=500 GeV 2012.03799
§ S i, >71by, 711G 127 2jetsnb EPS 139 |7 Forbidden 14 m(#)=800GeV ATLAS-CONF-2021-008
T L i, hodk) /i, eock] Oe.p 2c Ez‘“ 36.1 @ 0.85 m(¥})=0GeV 1805.01649
©“© T Oep mono-jet EF™ 139 i 0.55 m(f,&)-m(¥})=5 GeV 2102.10874
17y, ks, X3 —2Z/h¥] 1-2e.u 146 EPS 139 |@ 0.067-1.18 m(E9)=500 GeV 2006.05880
b, hoh +Z Ben 1b EPs 139 i Forbidden 0.86 m(¥})=360 GeV, m(iy)-m(¥})= 40 GeV 2006.05880
XA viawz Multiple ¢/jets Ez‘” 139 | Xy/%; 0.96 m(¥)=0, wino-bino 2106.01676, ATLAS-CONF-2021-022
e, >ljet  ERS 139 |WEE 0.205 m(¥})-m(¥)=5 GeV, wino-bino 1911.12606
XX} viaww 2epu EPS 139 |X7 0.42 m(¥)=0, wino-bino 1908.08215
X3 via Wh Multiple ¢/jets EP™ 139 | X;/¥; Forbidden 1.06 m(¥})=70 GeV, wino-bino 2004.10894, ATLAS-CONF-2021-022
= 5 XX vialp/v 2ep EP™ 139 X} 1.0 m(Z,7)=0.5(m(¥F)+m(¥}) 1908.08215
DL o) 27 EPs 439 |7 L 7R INIONE0I3] 0.12-0.39 mE)=0 1911.06660
S ki, 00 2ep Oets  Epv 139 |7 0.7 m@El)=0 1908.08215
ee. i >ljet  EPS 139 |7 0.256 m(f)-m(¥)=10 GeV 1911.12606
AH, H-hG|2G Oe.p >3b EE_‘“ 36.1 )24 0.13-0.23 0.29-0.88 BRp\'fé’ - hG)=1 1806.04030
dep 0 jets EPSS 139 H 0.55 BH()?}) - ZG)=1 2103.11684
Oep >2largejets EP™ 139 | it 0.45-0.93 BR(Y — 2G)=1 ATLAS-CONF-2021-022
Direct ¥} ¥; prod., long-lived ¥ Disapp. trk  1jet  EF 139 | ¥ 0.66 Pure Wino ATLAS-CONF-2021-015
'8 w» i 0.21 Pure higgsino ATLAS-CONF-2021-015
L4} "
= G Stable g R-hadron Multiple 361 |z 2.0 1902.01636,1808.04095
25 Metastable 2 R-hadron, g-gq¥} Multiple 36.1 | EIEE) =100 028 205] 2.4 m(F1)=100 GeV 1710.04901,1808.04095
5 3 7, -G Displ. lep EPs 139 0.7 2011.07812
0.34 2011.07812
e 139 Pure Wino 2011.10543
4ep Ojets  EPs 139 1.55 m(¥)=200 GeV 2103.11684
4-5 large jets 36.1 1.9 Large 1)), 1804.03568
N Multiple 36.1 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
& i, i—=bXT, KT — bbs >4 139 Forbidden m(¥})=500 GeV 201001015
i, fj—bs 2jets +2b 36.7 1710.07171
i, h—qt 2eu 2b 36.1 0.4-1.45 BRI, —be/bu)>20% 1710.05544
1u [0 136 1.6 BR(71—qu)=100%, cosf,=1 2003.11956
X118, 1), —stbs, Xi —>bbs 12eu  >6jets 139 |0 0.2-0.32 Pure higgsino ATLAS-CONF-2021-007
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.



Failure of direct searches for now...

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2020 JLdt=(3.2-139) fb! \s5=8,13TeV
Model l,y Jetst ET™ [rdifib™] Limit Reference
T T — T T T T T T LI s e T —TT
ADD Gkk +g/q Oe,u 1-4j  Yes 361 |Mp 7.7 TeV n=2 1711.03301
2 ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
% ADD QBH - 2j - 37.0 L 8.9 TevV n=6 1703.09127
£ ADDBH high 3 pr >lepu >2j - 32 | Mg 8.2 TeV n=6, Mp = 3 TeV, rot BH 1606.02265
£ ADD BH multijet - >3] - 3.6 My 9.55TeV n=6, Mp=3TeV,rot BH 1512.02586
J  RS1Guk -y 2y - - 36.7 | Gkk mass 4.1 TeV k[Mp;=0.1 1707.04147
© Bulk RS Gy —» WW/Z2Z multi-channel 36.1 Ggk mass 2.3 TeV k/Mp = 1.0 1808.02380
£ BUKkRS Gkx - WV — tvqq 1epu 2j/1J  Yes 139 | Gkkmass 2.0 TeV k/Mp = 1.0 2004.14636
w Bulk RS gkk — tt 1e,u >1b,>1J/2 Yes 36.1 8Kk Mass 3.8 TeV r/m=15% 1804.10823
2UED / RPP ey >=22b>3j Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®Y) - tt) =1 1803.09678
SSM Z" — ¢t 2epu - - 139 Z’' mass 5.1 TeV 1903.06248
SSM Z" — 7 27 - - 36.1 Z' mass 2.42TeV 1709.07242
» Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
g Leptophobic Z" — tt Oe,u >1b>2J Yes 139 Z’ mass 4.1 TeV Mm=12% 2005.05138
2 SSMW -y 1epu - Yes 139 | W’ mass 6.0 TeV 1906.05609
-8 SSM W’ - 1v 17 - Yes 36.1 W’ mass 3.7 TeV 1801.06992
g HVT W' - WZ — tvgqgmodel B 1e,u 2j/1d Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
3 HVT V' - WV — qqqq model B O e, u 2J - 139 |V’ mass 3.8 TeV gv=3 1906.08589
A HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gv = 1712.06518
HVT W’ — WH model B Oepu >1b>2J 139 W’ mass 3.2TeV 8gv = CERN-EP-2020-073
LRSM Wg — tb multi-channel 36.1 W mass 3.25 TeV 1807.10473
LRSM Wk — uNg 2u 1J - 80 W mass 5.0 TeV m(Ng) =0.5TeV, g, = gg 1904.12679
— Cl qqqq - 2j - 37.0 A 21.8TeV 1703.09127
O  Clttgq 2eu - - 139 |A 358TeV. 1, CERN-EP-2020-066
Cl tttt >leu 21b2>1j) Yes 361 A 2.57 TeV [Cael = 4r 1811.02305
Axial-vector mediator (Dirac DM) 0O e, u 1-4j Yes 36.1 Mined 1.55 TeV 84=0.25, g,=1.0, m(x) = 1 GeV 1711.03301
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) =1 GeV 1711.03301
Q VVyy EFT (Dirac DM) Oe,u 1J,<1j  Yes 3.2 M. 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0-1e,u  1b,0-1J Yes 36.1 my 3.4TeV y =0.4,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 1%t gen 12e >2j Yes 36.1 LQ mass 1.4 TeV p=1 1902.00377
Q  Scalar LQ 2" gen 12u >2j Yes  36.1 LQ mass 1.56 TeV B=1 1902.00377
= Scalar LQ 3" gen 27 2b - 36.1 LQ; mass 1.03 TeV B(LQ3 — br) =1 1902.08103
Scalar LQ 3" gen 0-1epn 2b Yes  36.1 LQj mass 970 GeV B(LQY - tr) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
§~§ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
g E VLQ Ts5/3Ts/3|Ts;3 = Wt + X 2(SS)/>28eu>1b,>1j Yes 36.1 Ts/3 mass 1.64 TeV B(Tsi3 > Wt)=1, c(TssWt)=1 1807.11883
T 2 VY- WhtX leu 21b>1 Yes 361 |Ymass 1.85 TeV B(Y - Wh)=1, cr(Wb)=1 1812.07343
VLQ B - Hb+ X Oepu,2y >1b,>1j Yes 79.8 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWgq lepu >4j Yes 20.3 1509.04261
> ‘é’ Excited quark ¢* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q”) 1910.08447
O 5 Excitedquark g" — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
S E Excited quark b — bg - 1b1j - 361 |b*mass 2.6 TeV 1805.09299
w “q:) Excited lepton £* Seu - - 20.3 A=3.0TeV 1411.2921
Excited lepton v* 3eurt - - 20.3 A=1.6TeV 1411.2921
Type Il Seesaw Tenu >2j Yes 79.8 N° mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2TeV m(Wg) =4.1TeV, gL = gr 1809.11105
& | Higgs triplet H** — ¢¢ 234eu(SS) - - 361 | H** mass 870 GeV DY production 1710.09748
£ Higgs triplet H** — ¢t 3euT - - 20.3 DY production, B(H;* — (1) = 1 1411.2921
o Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |q| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 237 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
«/':13TeV ‘/'=13TeV MR | 1 PR R B B AT | L 1 M B S AT | 1 1 PR
partialdata  full data 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.

+Small-radius (large-radius) jets

are denoted by the letter j (J).



Indirect searches: precision area

® Indirect searches possible only if good precision reached in measurements

® Precision limited by
v" Precision of the prediction (MC generation)
v" Large background contamination
v" Limited reconstruction resolution in detectors
v" Limited amount of event collected (rare processes)

v LHC collected luminosity precision

® Main focus of current LHC measurements: precision !

® In the following: main data analysis steps

(experimental) LHC physics



Step 0: Simulations

Monte Carlo tools used to predict final state of collisions

Structure of simulation

+ ISR and FSR
+ PDFs

Hard process
} + Pileup

Parton shower

Hadronization

AN Vs, _.
ISR H
FSR

Underlying event

Interaction between remnant partons

N

Many assumptions need to be done, in many parts of the simulation process !!!
v" Not a unique Monte Carlo simulation, but several of them are used

v" Their comparison allows to derive the “modelling systematic

uncertainties”
(experimental) LHC physics
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Worlwide LHC Computing Grid

Data replicated over several sites
~20 millions of files transferred each day at 10 Go/s
About 2 millions job per day (data analysis, MC production, ...)

Tier-2 sites
bout 140
(abou ) -

onsumption % :

Tier-1 sites
10 Gbit/s links

- E q

e

@® MC Simulation

@® MC Reconstruction
Final Analysis

@® Group Production

® Group Analysis

@ Data Reconstruction

® Others

ATLAS, Run1

e

f}&-fg o

-

=

(experimental) LHC physics 11



Step |: find events with the right ingredients

We are looking for ete-u*u ...

Is this event ok?

(experimenta [) LHC physics
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Signal and background

g
Irreducible background Reducible background
The final state is exactly the same, but it does The final state looks like the same, but some of
not come from the particle you are looking for  the particle fakes what you are looking for
+
fake e™
q g M
Z
q g -

fake e

experimenta sics
(exp [) LHC phy 13



Fake/Reducible backgrounds

® Examples:

v pion seen as a photon (due to its
decay to two collimated photons)

v" Photon seen as an electron (due
to missing one of the arms of the
photon conversion to e+e- pair) TEO

®* Fake backgrounds are mostly l
due to limited detector
precision !

— ‘

experimenta sics
(exp [) LHC phy 14



Loose 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...

S/Bi" = 0.00001
S/Bfin~ 1 11

CMS 7 \s=7TeV L=4.7fb"

N 407, | l l l I I I ]
+= 10" == s DATA E
- E e T8 QCD :
o 108 ° ¢ tt —
> 2 ; + Z+light jets 5
L - : © Zbblct ]
105 : ¢ Wejets _

= 0 o Single top 3

- : = WW ]

Eo i, 8 vz

- " o m,=350 GeVIc .
103+ | @ o -200 GeVIc _

= ] mH-140 GeV/c® =

Y “ ]

2| E —

10 = m s E] —— : E

E ® : . A v =Q=:’:§—Q—_’__,_:

10 E— ol O o O : | ] o _§

16 ¢ SR -

2 v e 3

_ - A A . ]
L B e
N = X @, S ) Ao S S

= % 03 3 3

"6% %
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Step 2: 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*p-

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

1/N dN/dm

b_

' o
)]
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\\\

o
o[

(0]
o

TLAS Simulation -

—— Gaussian fit

H—»>ZZ*—2p2e/2e2u
\s=8TeV

m =124.23 + 0.01 GeV
c=2.17 £ 0.01 GeV
Fraction outside + 2c: 17%

Without Z mass constraint

T T ‘ T ‘
my, = 125 GeV

This is the
reconstructed
simulated signal

| ‘ | 1
100 120 140

My, /002, [GEV]

(experimental) LHC physics 16



Step 3: Extract signal from background

> 0.l

(5 0. 09 ATLAS Prellminary
Simulatio
m, = 12

E 2 = 2 O 0 08: °
N = i — D; 3 50070
0.061
0_055_ \s=8TeV
- m=(123.90 + 0.03) GeV
0.04f 5 = (2.26+ 0.03) Gev
0_035_ fraction outside + 26: 19%

0.02]
0.01F Without Z mass constraint oy

OO 0 0™ 80""T00 110 120 130 140
: m2|.12e/2e2u [GeV]

Number of events

oG
000 | @ z+2quans
ol 1@

H my,

(exper imenta [) LHC physics 17



Step 3: Extract signal from background

> C [ T T T T T T T I T
3 0.08- ATLAS Simulation .

2 2 10 .
- S 0.07- e m,=125GeV
M — \/( E E’L) — ( E p’l,) §0.06; —— Gaussian fit

30,050 H>ZZ—>2n2e/2e2y

- (s=8TeV

0.04 m=124.23+0.01 GeV

F 6=217 £+0.01 GeV
0-03§ Fraction outside + 2c: 17%

0.021-
0 01:, Without Z mass constraint

1/N dN/dm

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\1\\\\

|

‘IUE) o 80 100 120 140
()] My, 26122 [GeV]
>
@) . .
45 Events in real life do not
= come with a label!
-g . No way to distinguish
E signal from background
. . on an event-by-event
. . basis. ..
m,,

(experimental) LHC physics 18



Step 3: Extract signal from background

> Fr I ]
8 008 ATLAS Simulati%n e 1 3
2 LO E I I ]
- © 0.07F o mH=125GeVI I =
M — E p’l, S I —— Gaussian fit ]
£0.061 : : :
30,050 H>ZZ—>2n2e/2e2y i I E
% - Vs=8TeV I ]
4 I I > 0.04[ m=124.23 +0.01 Gelkl [ -
I js there an excess? 1 S F0=217:001GeV T
I | Z 0.03} Fraction outside £ 207 17% i E
| ! 0.02 I T
| . I 0_01; Without Z mass consiaint > ° : é
" : I statistically estimate o ]
+2 [ 80 100 120 140
(]CJ : .. | background from GeV]
. »» m e
> i “control regions uselzey
o I
Y— i
o
| -
o
E .....Q.....
S
= ..‘....Q....
My,
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Step 3: Extract signal from background

¢ Background gets estimated...

v ... from simulation (normalized to data)

v ... directly from data (“control regions”, enriched in background events)

Events / 2.5 GeV

35

30

25

20

15

10

— ATLAS ¢ Das
; Ho ZZ" > 4] |:| Signal (m, = 125 GeV p = 1.51)
- ILdt 45" - Background ZZ*

- Background Z+jets, tt

7////% Systematic uncertainty

~
—
(0]
<

S =

Vs =8 TeV det =203fb"

——
— —

0
80 90 100 110120 130 140 150160 170

m,, [GeV]

(experimental) LHC physics

A region in which events fail to
pass one of the selection
criteria is highly enriched in a
given type of reducible
background

20



Events / 200 GeV

Data / Pred.

Machine learning to distinguish signal

Sometimes simple selection cuts are not sufficient

v" E.g in the Vector Boson Scattering process qq-> ZZqq

v" Very large irreducible background (order of magnitude
larger than signal)

T I T T T T l T T T T l T T T T l T T T T l T

¢ Data B ZZ(EW) ]

B ZZ(QCD) mmggZZ s

B Others Uncertainty ]

ATLAS .

Vs =13 TeV, 139 fb 1

Ceee i

Signal Region .

1.8 r b T T T E

1.25F I T 5

1-+ ..... +* .......... # ........... + ........... l ................. f >

0.75F =

0.55—— ' v | ¢ .
’ 500 1000 1500 2000 2500

m, [GeV]

Events / 0.125

Data / Pred.

Multivariate discriminant based on event kinematic helps !

22 T T T T T e
¢ Data B ZZ(EW)
20} B ZZ(QCD) mmggZZ
18l B Others 7~ Uncertainty
ATLAS
16f ! Vs =13 TeV, 139 fb”
jal et
Signal Region
12
10
18
5
075
05—1 —08—06 —04—02 0 02 04 06 08

q
—_— &=
w
w
—_— =
q
g q
Z
Z
9 q
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n -

ATLAS

EXPERIMENT

Run: 340368
Event: 454611985
2017-11-09 04:06:14 CEST
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Step 4: How significant is an excess?

* pO0: probability that the excess is due to a background fluctuation

* Significance:

* Convention:

Events / 5 GeV

Data - Background

S

7~

VB

Z
po=1—FErt | —

V2

- 3o is an evidence (py = 0.27%)

- 5Sois adiscovery (pg = 5.7.107) -> ~1 chance over | million

Normal Distribution

34.13%

13.59% \ 2.14%

0.13%

u—'4a u—'30 U—20 HU—O

35 _I L I L | T T 1T | L | T T 1T I L | L | T T 1T I T l_
C Ys=7TeV |Ldt=4.83fb" Nov 3,2011 . 0.40
30— p = 0.35 1
- V¥s=8TeV |Ldt=597fb" Jun22 2012 ] >
C ] ‘3 0.30 1
25— ATLAS Preliminary ] 0.25
— * — o v. 1
C H-zz"-4i channel >
20— — = 0.20
C [ Signal (mH=125 GeV) 7 s
C I Background zz" ] 3 0.151
15— I Background Z+jets, tt | g 0.101
C —4— Data
10 L 0.05 1 0.13% 2.14% 413.59% | 34.13%
C 0.00

IIII|IIII|I1|

u

U+0 u+20 ;1+'30 u+'40

But in general, more complex estimate of signal

functions integrating all correlations and

10 significance via the use of a likelihood
O_M*].‘;_M_ﬂ_._ﬁl__-_
10+ B i inti
50 100 150 200 250 300 350 400 ﬁo[e \5/?0 systematlc uncertainties
41 €
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Step 4: How significant is an excess?

o |

o — Obs 2012
SR - Exp 2012
@) — QObs 2011
B S I Exp 2011

— Obs combination
------- Exp combination
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~ ~
~ ~
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~ ~
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|
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H— ZZ*— 4l
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~
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~
~
S
Y ~
~
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~

~a
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~
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~
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~
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Significance increase with data (and tlme’)

> 35 _l LI | LI I LI I LI | LI I LI | LI I L I | ]
<)) — _
O - Vs =7 TeV j Ldt = 0.05 fb Apr 24, 2011 u
2 30 —
% B _
c — _
m L p—
o 25 ATLAS Preliminary
- H—2Z2""— 41 channel .
2 I —
0: [_] Signal (mH=125'GeV) i
— Il Background 22" ]
15— B Background Z+jets, tt ]
B —4— Data ]
10— —
51— —
e "_'!!4{!!!!!,!!!!!!E!!!!!!!,!!!!,!!!!,!!!!,!!!!_
= 10— —
o
2
o 0 -
©
m
g 10 ~
8 50 100 150 200 250 300 350 400 450 500

M, [GeV]
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Example of current questions/measurements

* s this the Higgs boson or a Higgs
boson ?

Wi

q
g . w2z

t H®
g t . i HO

9 “WZ Bremsstrahlung

gluon-gluon i
fusion (ggF) q
9 222220290 -
q W2 2
"4
> | Immm
i r: W2 tt fusion At
vector boson 9
100000000 fusion (VBF)

VBF

- H'3

100000000

10000000

1000000

100000

10000

1000

100

10
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Example of current questions/measurements

* s this the Higgs boson or a Higgs

boson ?
ATLAS —"‘(-’;;’s';,’,c,) Total uncertainty
_ ~ O\theory
my=12536GeV | eoN tioconpu
H = vy = T
PR o+
“_1'170.26 oo i HH i
H - zz* o T
B +0.40 H =
U= 146 0.54 0 : i H [ L
H — WwW* ate T
B 10.24 |-014 am
o= 1.180% 00 : 1, i
H— 1t Egi '__' ‘
_ +0.42 IE‘Q’J
H=1.44700 100 1 Il
H - bb o 1
_ +0.39 |-0m
=063 0.37 | oo 1 H
H — pu iZ :
=-0.7%7 [ f
,J 3.7 ‘: | |
H — Zy 42 -
=278 i ;
a 45|02 cl oAbl I3E
Combined T
~1.18°018 " o :
H=1-19 0 a0 1 w4 l
| | |

\s=7TeV,4547fb"
\s=8TeV,20.3fb"

-1 0

1 2 3

Signal strength ()

ATLAS

—e— Total Stat. [ Syst. | SM
Vs=13TeV, 24.5-79.8 fb"
m, =125.09 GeV, |y, | <25
Pg = 76% Total Stat. Syst.
ggF @ 104 +0.09(£007, T000)
+0.24  +0.18 +0.16
VBF ——=—— 121 Z0% (Zg475 —013)
+040 ,+028 +0.29
WH === 130 (35 (_ 027, —007)
0.31 0.19
ZH | 1.05 59 (£0.24, " 017)
{TH+tH HE=—— 121 1950 (£047, 7075)
lIlllllllllIlllIlIlllllllllllllllllllllll
06 08 1 12 14 18 2 22 24 26
Cross section normalized to SM value
ATLAS H—ZZ" >4
—e— Observed s=7TeV, 451"
------- Expected s=8TeV, 20.3 fb’'
= 8@322 H— WW* — evuv
[ 10'SM+3c s=8TeV, 203 15"
-J:+1c H— vy
-JPfZG s=7TeV,4515'
o ol — s=8TeV, 20.3 5" |
30F E
20F I I ]
10 E
e B B
I - = -
-20F E
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JP=0 JP=0 JP=2 JP-2 gPozr P
Kg=Kg xg=0 =0

2¢ JP=2*

Kg=2Kg Kq=2Kg

K
p,<300GeV p <125GeV p <300GeV p <125GeV
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Example of current questions/measurements

* Are we in a stable or metastable universe ?

ATLAS ~Total [ Stat. only
Run 1: Vs = 7-8 TeV, 25 fb™, Run 2: Vs = 13 TeV, 36.1 fo”' Total  (Stat. only)
Run 1 H—4l 124.51+0.52 ( +0.52) GeV
Run 1 H—yy 126.02 + 0.51 ( + 0.43) GeV
Run 2 H—4l 124.79 £ 0.37 ( £ 0.36) GeV
Run 2 H-yy 124.93 £ 0.40 (£ 0.21) GeV
| Runte2Ho4  —— 12471£030 (£030) GeV

Run 1+2 H—yy 125.32 +0.35 (+ 0.19) GeV

Run 1Combined 125.38 + 0.41 ( £ 0.37) GeV
Run 2 Combined 124.86 £ 0.27 (£ 0.18) GeV

Run 1+2 Combined 124.97 £ 0.24 ( £0.16) GeV

125.09 +0.24 (+0.21) GeV

, 123 124 125 126 127 128
120 122 124 126 128 130 m,, [GeV]
b :
Higgs
potential

Our Stable
vacuum

Higgs \
field \/
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Example of current questions/measurements

ATLAS ¢ my
= Stat. Uncertainty

* Is the standard Model fully consistent ?

— Full Uncertainty

; B T T T T T LI L L L L R I AL L B R L LEP Comb. Py 80376+33 MeV
D - ATLAS = B m,, = 80.370 £ 0.019 GeV 4
O, 80.5 Bl =17284+070 GeV Tevatron Comb. 80387216 MeV
= - M my = 125.09 £0.24 GeV 1 LEP+T 80385+15 MeV
€ 5045 = w4 68/95% CL of m,, and m 7 +evatron ——""
: ;:- ATLAS PN 80370+19 MeV
804 - — Electroweak Fit 80356+8 MeV
GRS g Y - 80320 80340 80360 80380 80400 80420
80.35F - m,, [MeV]
B _ m2
80.3 - - 6|§/95% CL of Electroweak__ m2 _ %% (1 + A r)
i it w/o m,, and m, ] w 2
= (Eur. Phys. J. C 74 (2014) 3046) - mZ V_G
B 1 1 1 1 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 B
80.25 165 170 175 180 185
m, [GeV] W @ W
Combined Value | Stat. Muon Elec. Recoil Bckg. QCD EW | PDF [Total | x?/dof
categories (MeV] | Unc. Unc. Unc. Unc. Unc. Unc. Unc. | Unc. [Unc. | of Comb.

my-p5, W=, e-u | 80369.5 | 6.8 66 64 29 4.5 83 55 92 185 | 29/27
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The LHC will run for a long time...

LHC HL-LHC

i AL -

LSt LS2 13- 14 TeV 14 TeV

13 TeV energy
Diodes Consolidation
splice consolidation cryolimit LIU Installation |
button collimators interaction inner triplet HL-LHC
R2E project regoons Civil Eng. P1-P5 radiation limit installation

-m- e | 2025 IIIIIIM
5 to 7.5 x nominal Lumi

75% nominal Lumi

ATLAS - CMS /——-,*
O upgrade phase 1 ATLAS - CMS

beam pipes 2 x nominal Lumi ALICE - LHCh 2 x nominal Lumi HL upgrade
e ) F

nominal Lumi :
r 1

5% nominal Ly / upgrade

- integrated [EatRi
190 fb m luminosity EEODIEV

_IIIII T 1T IIIIIl lI T T TTTTT T 1T IIIII T ] 1 B ATLAS Slmulatlon Prellmlnary t ";
1= ATLAS Preliminary z. A = hoyy, hZZ* 4, hsWW*siviv Z.T
- (s=13TeV,36.1-79.8 1" ot > - hote, hobb, hopp, hozy “An ]
[ m,=125.09GeV,ly, | <25 AN ’ 101 licz, Ky, Ky Ky Koy K] _
1 0—1 At SM Higgs boson - E BR, =0 o E
- ] 2l £ |
i v ] 107E = so1aTev E
—2 L ,x" — - T o _ 1 .
10°°E v b e - [Ldt =300 fb ’
10°% . — [Ldt=3000 1" =
: 1 A E
103E . e — 1 4 ——
- K : s 12 ;
e . (g 1 .1; E
1074 - 9 1? ________________________________________________________ I E
EIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 E E 0.9; 7:
_q 2 T 0.8F =
10 1 10 10 —— : : : 8

) 10 1 10 10?
Particle mass [GeV] m, [GeV]
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Detector upgrade for HL-LH

® Extended eta coverage for
trackers

® Improved granularity calorimeter

(CMS)

® Electronic chain need to be
changed (e.g hard radiation level)

— R‘ T T [ T L L | T T T 1 T 1 T W T T ]
E 1400/ ATLAS simulation B= oT
o ~ 1Tk Inclined ]
1200 n=10 7
A\ 1000% - ~
T‘|=2.0
800 3
600 —
= I |
=

TSR Y % o P et W0 0 O L Ll
200F—Fmwwer s T LT L LT 1 | =
e R I NS o o T O S O I

o v T L

\ AN~ a s e e J

O 500 1000 1500 2000 2500 3000 3500

z [mm]

< >
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HL-LHC tt event in ATLAS ITK

kX

=200

il

HL-LHC tf event in ATLAS ITK
at <p>

3
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And for the second half of the century ...
°* FCC FCC-hh P-p collisions -> 100 TeV, 20 ab-1

FCC-ee (ee- collisions)
CFF-eh (e-p collisions)

~Euture
Clrcular 5ot
Colllder :

Geneg »

-100 km
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And for the
* FCC

FCC-hh P-p collisions -> 100 TeV, 20 ab-1
FCC-ee (ee- collisions)
CFF-eh (e-p collisions)

second half of the century ...

Phase Run duration (years) Centre-of-mass energies (GeV) Integrated luminosity (ab_l) Event statistics
FCC-ee-Z 4 88-95 150 3 x 10" visible Z decays
FCC-ee-W 2 158-162 12 10® WW events
FCC-ee-H 3 240 5 ]06 ZH events
FCC-ee-tt(1) 1 340-350 0.2 tt threshold scan
FCC‘ee‘tt(Z) 4 365 1.5 106 & events
' ® HLLHC+LEP2 = +FCCee =™ +FCCeh = +FCChh
L e e o 1T
. 68% prob. uncertainties
10 :
; 1
— i 1 9
® ; | %
5 °
® 1f { B
: ] ,83
0.10 3
0.01 —
G  GHrr  GHee  Gue  Guos  Gfww  ONyy, Oz, Oigg G O91z 0K, Az

Marco Delmastro
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And for the second half of the century ...

* HE-LHC:

v' 27 TeV p-p collisions,

3 times the luminosity
of HL-LHC.

v" Reuse LHC

underground
infrastructure

v 20 years

v Need 16 T FCC-type
magnets

Marco Delmastro

Centre-of-mass energy 27 14
Injection energy TeV 3.3 1.3 (0.9, 0.45) 0.45
Peak arc dipole field T 16 16 8.33
Circumference km 97.8 26.7 26.7
Straight-section length m 1400 528 528
Beam current A 0.5 1.12 {1.12) 0.58
Bunch population 10t 1.0 2.2 (2.2) 1.15
Number of bunches/beam - 10400 2808 (2760) 2808
RF voltage MV 32 16 (16) 16
RMS bunch length mm ~ 80 90 (90) 75.5
Longitudinal emittance (dwa,og) eVs ~8 4.2 2.5
Bunch spacing ns 25 25 25
Norm. transv. rms emittance pm 2.2 2.5 (2.5) 3.75
IF beta function 87 m 1.1 0.3 0.45 {0.15) 0.55
Initial rms IP beam size o7 fem 6.7 3.5 9.0 (7.1 min) 16.7
Half crossing angle prad 37 100 165 (250) 142.5
Peak luminosity per IP 10% em 25! 5 30 16 (5, levelled) 1
Peak no. of events/crossing - 170 1000 460 (135) 27
RMS luminous region mm 53 49 a7 (68) 45
Stored energy/beam GJ 8.4 1.4 (0.7) 0.36
SR power/beam kW 2400 100 (7.3) 3.6
Transv. emittance damping time h 1.1 3.6 25.8

No. of high-luminosity IPs - 2 2 2 (2) 2
Initial proton burn-off time h 17 3.4 2.5 (15) 40
Allocated physics time/year days 160 160 160 160 (160)
Average turnaround time h 5 4 5 4 (5)
Optimum run time h 11.6 3.7 5.3 (18-13) ~10 |
Accelerator availability - T0% T0% 75% (B0%) T1%
Nominal luminosity per day fh! 2.0 8.0 4.5 (1.9) 04 |

=250 | >1000

350) 55
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Additional information

(experimental) LHC physics
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Standard Model Higgs decay

% 1 :_ [ | [ [ IbB | i [ [ | [ I\/\/\/I\/ [ [ [ [ _E §
- u 1=
> r l 4%
= - I ¢ decay
=
+ 10-1 L TT — H%bb
oC — -
o ﬂ."\ 7’ . H>WwW
> -
T - ! 7 H->tt
2 : _
107 | = H>ZZ
=/ |
'3 | i | | | ' | | | | | \ | | | | |
10" 400 120125 140 160 180 200
My [GeV]

* | Higgs every 10 s
* | H>Yyevery I.5h
* | H>ZZ>44( 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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Run Number: 204769, Event Number: 24947130
Date: 2012-06-10 08:17:12 UTC

Marco Delmastro (experimental) LHC physics 39



@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

CMB Vs=7TV.L=51b" s=8TV.L=53M"
> 2400_ T T T T I T T T T I T T T T I T T T T I T T T T I T T T T — - r ' ' T T T T ' ' ' T ' r ' T r
q, - _ 3 > I [ . | . 1 2
9 2200 Selected diphoton sample — Q i + Data :q; 7
2 5000F- e  Data2011 and 2012 = 5 16} 0] 6F K,>05 -
5 — Background model - ™ - . Z+X o 5F :
o 1800P%% ., i = — - n 1
(I (600 = SM Higgs boson m, 126.5 GeV (MC) = - 14 - D Z‘{ 7z ; ok .
= \s=7 TeV,j Ldt=48f"' = €Q  r[Im=125GeV T af .
1400 = cC 12} : @ .
— 1 - - ) 2 -
1200— \s=8 TeV,J Ldt=59fb — 0>J - - w “
1000~ - w 10} )
800~ * = . ’ ;
— - N - N
600~ — 81 Bl cwms :
400 — 61— ]
2005_ ATLAS Preliminary _f -
— l [ | l | - i
o — T 1 T T = 4+
5 100— + H = ¥
s 0 3 2
@ — 3
Q — H++ =
-100 Z_ + PR S S SO R NN SO S SN S SN ST ST SR S ET SR SR ST SR ST ST SY _: 0 -
100 110 120 130 140 150 160 80 100 120 140 160 180
M [GV] m,, (GeV)
ar
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Higgs signals with the latest |13 TeV data...

H->vy H->4l

> I —— CMS Preliminary 2016 + 2017 + 2018 137.1fb™ (13 TeV)
(D 50000 __ ATLAS Pre||m|nary + Data __ > 240 E'-I TT | TTTTTTTTT | TTTTTTTTT | TTTTTTTTT | TTTTTTTTT | TT I-'E
O - (5= -1 . — o - ¢ Data ]
g s=13TeV,1391b — Fit . (O 220F  H(125) -
[ ] 'Y C N
*% 40000 &% e Background — ~ 2000 9922, 2% -
b - - 2 - Mog-2Z,zy* A
30000 3 5 1801 - EZ+X =
- . (T3 160} E
20000__ ] 140__ } ]
- = 120 =
10000: H—yy, m,=125.09 GeV 100 = E
- : ]
S 80— —
o c ]
> 60:— E
8 40— ]
o - 3
g -500E-'_ . . . . 20E :

& 110 120 130 140 150 160 0

m,, [GeV] 80 100 120 140 160

m,, (GeV)
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Probing Higgs couplings at the LHC

g

6.9M

g

gluon-gluon fusion:
main production mode at

—i
o
N

—_

<
\S)
\

> q
----- H
> q

Vector Boson Fusion
2 well-separated forward
jets

tagW and Z
boson decays

LHC HIGGS XS WG 2016

Total Uncert

—
Q

o(pp — H+X) [pb]
S

Higgs BR +

—
\\\\HH‘
5ol
O
A N
N
T\
Zz\z
NEE
o \o
o
2]
| o
a
w
z
—
e}
o
Q
o
-
>
=
&

—
]
W

J

4

l‘

=

Vl8

Il Il l

| \\\\\H‘ | \\\\\H‘
LHC HIGGS XS WG 2013

H>WwW

(e}
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\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\IE\
10 11 12 13 _14 15

e

'4 Il Il Il l Il
10 80 100 120

Higgs couplings and properties

1200
M, [GeV]

o[pb] @ 13 TeV

# Higgs produced in 140 fb-

"'in one experiment

ttH

tag 2 top quarks

SM BR [%]
my = 125.09 GeV

58.1
21.5
6.26
2.64

0.23
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Spin with H> 41| (& combination)

®  Sensitive variables combined in BDT score

V" Intermediate boson masses: m,, m,

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
H— yy e Data
Vs=8TeV [Ldt=207 ib”
v CL expected a\] T T T T T T T T T T T T T T T T
H—ZZ2" -4l assuming JP=0"* P 30L * Data ATLAS _'
Vs=7TeV [Ldt=46 b oYL Back d zz* -
Vs=8TeV [Ldt=20.7 b A10 _8 C Il Backgroun . H->ZZ*—4l
= - Background Z+jets, tt .
H > WW* — evuv/pvev c 25 b ]
1 Vs =8 TeV [Ldt=20.7 fo" L E —J=0 (s=7 TeV ILdt =461fb" E
- E 1 P +
T ool Y =1 (s=8 TeV [Ldt=20.7 fo"
- - -
10" i ]
a ¥ ]
102 15F B
10° 10 .
104 sb E
10°) JEE==" — maes z
i ] [
10°—— - > . -1 -0.5 0 0.5 1
J'=0" J =1 J"=1 J"=2] BDT output
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Interesting processes are rare!

c (nb)

Marco Delmastro

proton - (anti)proton cross sections | nb =107 cm?
ETTT T T T T T T T TR 109 O-tot(|3TeV) = |08 nb
) 1 oy (13 TeV) = 0.05 nb
e - I LHC instantaneous luminosity L = 11034 cms”!
1 Tevatron LHC |, -~310
] 3 inelastic pp collisions
. 10 o 9
\ .
{v g |07 events/s A
= ) 410° 83 L
o, (E > s20) - = -
E I ]
B o, . 110 :1 = I O I O :
C cz . E [ |
- jet ' < 10° []
cjet(ET' > 100 GeV) : 10 8 :
f s | v
E ; —r -
, O > 10" events/s
' ./ / 110° 3 ~ | Higgs boson
6,1, (M,=120 GeV)” /' 110° every 2 seconds
i 3 10° [my ~ 125 GeV]
: 200 GeV )
s < 10°
; WJS2012 500 Gev /. ; 0.2% H 9 YY
s Tl s =P 5% H > ZZ

;
\s (TeV)
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There is no Higgs-boson detector!

this is what we are looking for...

Marco Delmastro (experimental) LHC physics 46












. '
pin!
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 (+2 h)
or opposite to it (-2 h)

Marco Delmastro
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h =1.0545 x 1034 m2kg/s
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What spin do particles have!?

fermions

@ } (quarks, leptons)

spin = +1/2,-1/2

massive bosons

é 1 @ } (W, Z bosons)

spin = +1,0,-1

massless bosons
- (photon, gluon)
spin = +1, -1




What can a spin O particle decay to?

—

\‘L/"'\“&/ - photons

el

—

| fermions
J (quarks, leptons)

O=p+@
OsO+O
@=0+

- W, Z bosons

Gl

1




What can a spin | particle decay to!?

0 * W - \'L/ - photons

O=d+d
0=0+0

\

J

- fermions

- W, Z bosons

Marco Delmastro (experimental) LHC physics
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What can a spin 2 particle decay to?

& ¥ & [photons

@ % @ " :'- fermions

Q=0+

- W, Z bosons

4 rb quarks+gluon

~ T leptons



Spin0

Spin 1

Spin 2

© ©
® O
© ©
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. . D0 [ T A A A A At

Spin with H2Yy S P amas R o F e Erpenien

£ ,9of Vs=8TeV J'Ldt=20.7fb'1 ° JP'0+Data_ -

olar angle 9 with respect to g ¢ e

VW b g p 150 =

Z-axis in Colin-Sopper frame g ]

100 -]

§ sinh(17,, — 1y,) 2pT pT 50 .

cosf = 5 .

2 m,y,y 0 ! ]

1+(P /myy) T T T .

000 02 03 04 05 08 07 08 09 1

Icos 07l

— 2500 e e e e . 250_""I""I""I""I""I """" L""*_ """"

o e Data H— vy ] e - ATLAS H— vy —JP-2+ Expected-

‘g i %‘IJB;ZI?+round f : *UE) 200—_\@=8TeV J.L dt=20.7 b ° J=2 Data .

g 2000_— g -] L%) C Bkg. syst. uncertainty :
z - —*— - -

= . 150~ (fa=0%) 5

1500 A=t - - .

- ] 100[~ + -

1000 - - | :

- ATLAS 50;_ .

"L \s=8Tev J-Ldt—207fb'1 - oF I ==

L T R ]

001 02 03 04 05 06 07 08 09 1 00002 03 04 08 06 07 08 09 1

Icos 6%l Icos 6%l
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The Higgs boson or a Higgs boson?

e |

Marco Delmastro

CERN press office

New results indicate that particle discovered at CERN
is a Higgs boson

14 Mar 2013

Geneva, 14 March 2013. At the Moriond Conference today, the ATLAS and CMS
collaborations at CERN*’s Large Hadron Collider (LHC) presented preliminary new
results that further elucidate the particle discovered last year. Having analysed two and a
half times more data than was available for the discovery announcement in July, they find
that the new particle is looking more and more like a Higgs boson, the particle linked to
the mechanism that gives mass to elementary particles. It remains an open question,
however, whether this is the Higgs boson of the Standard Model of particle physics, or
possibly the lightest of several bosons predicted in some theories that go beyond the
Standard Model. Finding the answer to this question will take time.

(experimental) LHC physics
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A few words about hadronic particules

° Principle of asymptotic freedom

v" At short distances strong interactions are weak
* Quarks and gluons are essentially free particles
* Perturbative regime (can calculate!)

v" At large distances, higher-order diagrams dominate
* Interaction is very strong

* Perturbative regime fails, have to resort to effective
models

I e

2
M| = +

+ O

(experimental) LHC physics

quark-quark effective potential

Vs

R X7

\

3 r

+ kr

\

J

¥

¥

single gluon confinement

exchange
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Confinement, hadronization, jets

Hard L &
\ J\ /
FJ P J M *
Parton Hadronization

shower

(experimental) LHC physics

61



The Higgs boson definitively couples to fermions!
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