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The Standard Model

Standard model of elementary particles

Three generations Illl'llllllllllvl 'lll]’l'l T Ty
of matter (fermions) M, | Gfitter group Gm | 0.0
I || i My - 14
l'w | 0.2
mass—{ 2.4 MeV/c? 1.27 Gev/c? | |171.2 Gev/S ? GeV/c? M, i 0.2
charge—i{ 24 % % t 0 I I I, 0.0
spin—j 14 % 7) 0 N 1.5
Higgs R
u charm t 0.9
name— P op boson w
Ay 0.8
a8 Mev/ M (104 Mev/e M |4.2 Gev/e A(LEP) 0.2
Y - RYA A(SLD) 2.0
2 I
_%’ ” " " snn’(—):f,"(Qw) 0.7
S | down stra botto A — 0.9
m —
C 1o Apy s B X
A, 0.0
<2.2 eV/c? <0.17 MeV/c? A, - 0.6
Ve 1,V .
¥ EC A R — 0.8
electron muon - 0.0
neutrino neutrino neutrino n ¢ '
C m, 0.0
(@)
0.511 MeV/c | [105.7 Mev/c |l |1.777 Gev/c 2 m, . 0.5
» |-1 -1 -1 Qo .'\u‘:.’d(M"z’) [ 0.2
C 0.) il llllll]llll llllllll lllll]lllllll
o |% % ) g) 3 2 4 0 1 3
Q.
@ electron muon tau 8 (O,, “ Omess) / Omeas

Excellent agreement with all experimental results
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mb

pb

Proton collisions at the LHC

Collisions: 7-8 TeV (2011-12), 13TeV (2015-17)

LHC +Vs=14TeV L=10*cm’s”’ Event Rate

7x102 eV Beam Energy
10% cm2s'  Luminosity

—a = 2835 Bunches/Beam
10" Protons/Bunch
RERTS 7 TeV Proton Proton
R colliding beams
& - — -
kHz -
S Hz o ‘ﬁ. -
SUSYqa+qg+ag o

np=2 iEm=my Bunch Crossing 410" Hz
1 mHz \ -
' (:o) Proton Collisions  10°Hz
Parton Collisions
® Z o3y scalar 1Q Zi>2 't:z . 2 :
. - New Particle Production 10° Hz
jet Er or particle mass (GeV) (nggs SUSY )

Select 1 event in 10,000,000,000,000
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LHC Vs=14TeV L=10"cm’s’ Event Rate

jet Er or particle mass (GeV)

- Eventrate B [CH:
inelastic Level-1 input
@)
k— bb E
MHz 5
Level-2 input * ®
jets
Level-3 ....
o.WZ kHz
o Woelected events v
. z—>cv_t archive A
Hz
@)
m
m
_—
JmHz =
®
Y uHz
1 ns
50 100 200 500 1000 2000 109

P E—

Trigger

Trigger system decide if the
event is interesting to be
recorded

Two-step process:
- Level 1: dedicated
hardware processors

- High level: computer farm
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High radiation levels

3000/fb
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LHC Page 1: stable beams

LHC Pagel Fill: 5045 E: 6499 GeV t(SB): 22:33:49 27-06-16 16:12:56

PROTON PHYSICS: STABLE BEAMS

IPS: 4410.75 IP8: 321.21

Intensity
Luminosity / 1e30 cm-2s-1

T T T T T T
0 06:00 08:00 10:00 12:00 14:00 16:00
T T T T T T
06:00 08:00 10:00 12:00 14:00 16:00 — ATLAS AUCE — CMS — LH(b

BIS status and SMP flags
Comments (27-Jun-2016 15:14:06) Link Status of Beam Permits

Global Beam Permit
Setup Beam

Physics with 2076b
Roman Pots in

Beam Presence
Moveable Devices Allowed In
Stable Beams

AFS: 25ns_2076b_2064_1717_1767_96bpi_23inj PM Status Bl ENABLED  [Z\/ESIF\IEN YA ENABLED

M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 18, 2017 8




Experiments control rooms

Cessy: Master Control Room Fermilab: Remote Operations Center

y Monitoring Center Any Internet access
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2009: first collisions at LHC

November 23, 2009 December 14, 2009 March 30, 2010
First collisions at 900 GeV First collisions at 2.36 TeV First collisions at 7 TeV

t/Crossing: 32261678 / 1

Rho

First collision at 7 TeV in CMS
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Event reconstruction

* Reconstruct event and all constituents: Gt oo S g 6,229 2012 CEST Q
_ leptons (e, u, ), photons Lomi secion: 492+ o b

— tracks
— jets (b-jets)

ET =69.4 GeV

¥
4
ak5PF Jet 4

eta =0.234
phi = 1.292

— missing transverse ener / i
g gy /"J4 pT = 85.8 GeV
NN eta = 1.269
- etC' Electron ~ [ ¢/ phi = 0.906
pT = 114.3 GeV . W
eta = 0.515 = 2=
m CMS Experiment at the LHC, CERN ohi = -2.530 7 ik ~
4l Data recorded: 2015-Aug-22 02:13:48.861952 GMT ol g
Run / Event / LS: 254833 / 1268846022 / 846 \-/\
PFMet
pT'= 71.30 GeV
ak5PFJet phi =-0.451
ET =39.8 GeV
eta=2.134
N phi = -2.244

\

,\7\

\""7%
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Particle Flow event reconstruction

« Particle Flow (PF) combines information from all subdetectors to
reconstruct particles produced in the collision
—charged hadrons, neutral hadrons, photons, muons, electrons
—use complementary info. from separate detectors to improve performance
—tracks to improve calorimeter measurements

* From list of particles, can construct higher-level objects
— Jets, b-jets, taus, isolated leptons and photons, MET, etc.

T HCAL

] : Clusters
neutral . -
hadron : : |" detector

<>artic|e-ﬂow l
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Rediscovery of resonances

> e L
8 . CMS prellminary 900 GeV Dataq % . 900 oV s 36 Ty -
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- Nsi =295+ 49 1 2008 M= (1.01937 +/- 0.00030) GeV C
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Re-discovery of the SM at LHC

1933 1947 1964 1974 1977 1983 1995
2006 Dec Jan Feb May Jun Jul
, o 2009 20 10 «g _lc""slffe‘,i'“i_"’_’y '201_0 ——
u JTO /i %
. Us I
mrce | || tantient 3 W
) v'.’/'; gm";— T '|, cuswwmm;, :’;:{;v
. %v.mu!:-su::-. iu:- ' Ml
"Rediscovery" e l1
in CMS (dates “t ] et
& v' *J 4‘. M{u® 1) [GeV]
approximate) S ——
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Hadron interactions: pp scattering

Proton

P1 Product

X1 Hard Process

[calculable]

P2

Product

Proton
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Proton-proton scattering at LHC

» Hard interaction: qq, gg, qg fusion
* Initial and final state radiation (ISR,FSR)
« Secondary interaction [‘underlying event’]

M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 18, 2017 16



Monte Carlo simulation

Simulation

* Numerical process generation based on
random numbers

» Very powerful in particle physics

* Event generation
— Pythia, Herwig, Isajet, Sherpa ...

— Hard partonic subprocess + fragmentation,
hadronization, decay

e Detector simulation

— GEANT ...
— Interaction, response of all particles produced ...

M. Gallinaro - "Probing the SM at the LHC" -

Event Generator

simulate physics process
(Quantum mechanics: probabilities!)

Digitization
translate interactions with
detector into realistic signals

Reconstruction/Analysis
as for real data

Summer@LIP - July 18, 2017 17



Cross section measurement

Number of
Number of background events
observed events (from data, calculated

" /’ from theory)

0

O,; =
E tr * Ldt
/ \ Luminosity
Acceptance (determined by amount of data,
(experimental: detector, efficiencies) accelerator, triggers, etc)
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Minimum Bias

Three generations

Ferm | |ab S S C of matter (fermions)

CERT l LIiCl .

charge—

low article T -
T o E710 10°
. [ tot ol
production \— v

{.}

7 <2.2ev/c

10 + Ve

o
1 mb\ o

Ot
M gp = 200 GeV

electron

neutrino n

— c

- 0.511 Mev/c’ [l [105.7 Mev/c il |1.777 Gev/c| §

(& @ |1 -1 -1 2

S | @ S |u e % IJ' % )

1% =]

) N S electron muon tau g

1

o £
o 1ubr S
. 3
c L =]
49 Il
e L >
—
= S
B 1nb|l 3
n
S—
2
o
>
V]

O Higgs
m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
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Minimum bias events

* Particle density in minimum bias events
» Soft QCD (p; threshold on tracks: 50 MeV)

| [ | i ] T rTIT -
i CMS 7 * UA1INSD O NAL B.C. inel. CMg =
6l e ® 4 . o ® ® o - Y STARNSD < ISRinel. .
7TeV PR g 4 uAsNsD /A UAS inel. ;
i 1 ~ ®m CDFNSD > PHOBOS inel. * 1
| 4 T % ALICENSD ¢ ALICE inel g ]
e e M bk Aﬂ&' ¢ e o 9 @ cmsnsD .
£ 2.36 TeV ABAN Lo !
4 A AN m = i 1
~x waﬁ%@%ﬁw’q L.JEWD | -E'-; 4r- B
(& O | -~ - 1
Z | 0.9TeV J S r ]
© =z 3 -
© r ]
oL ®  CMSNSD i [
2
FAY ALICE NSD

1 L@ S ~ 0.161 + 0.201 In(s) '
I O UASNSD | T 2.807 - 0.315 In(s) + 0.0267 In'(s)
E 1.54 - 0.096 In(s) + 0.0155 In7(sz 1

0 1 l [ 1 1 1 I | O 1 11 1 111 1 11111

2 ‘ 2 10 100 10° 10°
n \'s [GeV1

Tuning of MC generators needed
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Jet production

. f matter (fermi
Fermllab SSC of matter (fermions) "

| 1}
CERN LHC -
L g0DnnE
T T T T o '
UA4/5 1 £
~ O G Lo NC
O bb : 7 <2.2ev/c [ <0.17 Mev/c | |<15.5 Mev/c|
- 1 mb- - 10 A AN (A
jets < ) I .
B 0.511 Mev/c* [l [105.7 Mev/c’ il |1.777 Gev/c §
S L 105 o :
§' electron muon tau g

-
=
O
|

103

ow —»2v)

O (proton - prot

1 nb|-
Ot
~ My, =200 GeV

Events / sec for £ = 10°*cm™ sec™

O Higgs
m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
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Jet production at LHC

Proton

o

° Jet 1
‘. $jp1 ISR
xk) FSR

Jet 2

1 t
Proton \/ v W ’ \/’
K

LO partons parton shower hadron level

NLO partons

Jet | Def Jet | Def et | Def Jet | Def

jet 1 jet2  jet1 jet2  jet1 jet2  jet1 jet 2
. . . . . ~ oy .

N A O )\ AN C M\ ( AN
N\ /7 &\ /7 N\ /N &\ /N7

Available up to NLO, first NNLO
calculations becoming available A\V4 AV4 AV4
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Jet production at LHC (cont.)

* Processes creating jets are complicated
i

—Parton fragmentation, with electromagnetic or
hadronic showering in the detector

e Jet reconstruction is difficult

 Jet energy scale and reconstruction is
large source of uncertainty

3ol J9jdWwiI0eD

Y

out of cone

Parﬁde k\\ffij

* Measure energy ina cone undcrlging.

event
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Jet energy calibration

jet \ Relative

Absolute \_calibration
calibration |
22010 CEST Photon
. pr =76.1 GeV/c .
., W n=0.0 jet
", jet @=19rad
/ ‘

Z (ory)

Anti-kt 0.5 PFJet

pr =72.0 GeV/c
n=0.0
SH Y @=-12rad

M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 18, 2017

24



E. can be measured precisely

19.7 b (8 TeV)

— 6 B I Ll 1 L L I |
é - CMS .Total uncertamty -
- ! ~ Excl. flavor, time
€ oF - Absolute scale
g - R= (I) f :F"'CHS ~ Relative scale ]
5 4L Mel = = Pileup (1)=20)
g - =Jet flavor (QCD) i
S - -+ Time stability ]
O 3r B
L : )
- I ]

2 ]

1 ]

0 Y VS 2 PN ":" _-:'_Y:":‘;'!”! : --- .-—m.A e

20 100 200 1000

o p_ (GeV)
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Inclusive jet distribution

arXiv:1605.04436

* Produced abundantly at the LHC

» Very good agreement with NLO QCD

over nine orders of magnitude
- P; extending from 20 to 2000 GeV

71 pb” (13 TeV)

< 2.5¢
': -CMS —e— Data
- e
+ 2;Antl-k,n=o.7 ....... MMHT2014 .
5 [M<05 Exp. uncert.
8 ] 5:_ ——— Theo. uncert. :
= I

C 4+ , e '
- 1 3 . _._“_t‘_’_._ ettt (-0
o ' sy + T
5 | t
T 05

200 300 1000 2000
Jet P, (GeV)

<71 pb' (13 TeV)

<10
E y CMS —e— Iyl <05 (x109
OF! - 0.5< Iyl <1.0 (x10
8 0 NLOJet++CT14 27 702 B =1 §x1043
10" Anti-k R=07  _y 15<Iyl<2.0 (x10°)
= ——2.0<lyl <2.5 (x10°)
~10° —=— 25<lyl <3.0 (x10
& ——3.2<lyl <4.7 (x10))
N; 107
S0 ey
103 = -===;:=e==e-
10 A R ====_'e==e9
10-1 =.== =P
10° o K-
200 300 1000 2000
Jet p_ (GeV)
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Dijet event at 13 TeV

CMS Experiment at the LHC, CERN
Data recorded: 2016-May-11 21:40:47.974592 GMT /
Run / Event / LS: 273158 / 238962455 / 150

Large mass dijet
candidate event
ij=7.7 TeV
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Dijet mass

arXiv:1611.03568

12.9 fb™ (13 TeV)

% 10°= CMS ¢ Data
£ e — Fit
Search for numerous BSM 8 Ot 09 (2.0 TeV)
resonances: & 10% .- qg (4.0 TeV)
— string resonance, excited quarks, axi- © 10;.5— -+~ qq (6.0 TeV)
gluons, colorons, E6 diquarks, W’ 3 L
and Z', RS gravitons =
107
102
f Wide PF-jets
L E m >1.06TeV
107 ;g Ml <2.5, lAnl < 1.3
i
S
©
Q
2 3 4 5 6 78
Dijet mass [TeV]
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W and Z bosons

Ferm | |ab S S C of matter (fermions)

Three generations

CERNl L l

<2.2ev/c

<15.5 MeV/c|
0 0

s Ve s Vi
electron tal

\u
neutrino neutrino

10

(0.511 Mev/c”

%e
electron

105.7 Mev/c? [ |1.777 Gev/c|

it

muon tau

Gl®)=E]

Gauge bosons

Leptons

W bosons

O (proton/- proton)

T / T
- Qe
1
e : Q '
1
Events / sec for £ = 10°*cm™ sec™

1 nb|-

m.= 200 GeV

O Higgs
m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
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W and Z bosons

 Leptonic decays (e/u): very
clean, small branching fractions

« Hadronic decays: two-jet final
state, large QCD background

® ev ® e

: KV ®

y ™V ®

@® hadrons @® hadrons
o v

* Isolated high-p; leptons: starting point of
many analyses
— Good rejection of QCD backgrounds
— “Tracking” vs “calorimeter” isolation

., //// » Excellent calibration signal

— Electron energy scale, ID/trigger eff., etc.

101
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W and Z bosons (cont.)

.| CMS Experiment at LHC, CERN | o ¢ Run Number: 152409, Event Number: 5966801
i Run 133875, Event 1228182 ‘ N ey, ; Date: 2010-04-05 06:54:50 CEST
Il Lumi section: 16 ‘ ~

Muon p;=38.7 GeV/c
MEr=37.9 GeV
M= 75.3 GeV/c?

W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

s = 26 GeV
M, =57 GeV

CMS Experiment at LHC, CERN
_ Run 133877, Event 28405693

‘ il Lumi section: 387 —— N
é Sat Apr 24 2010, 14:00:54 CEST / N
J
Electrons p;=34.0,31.9 GeV/c y \
Inv. mass =91.2 GeV/c2 \/—~ I
4
\ 4
N —
"
Z—ee. [
!

r~ LY N

Mass=912GeV 7 .,
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W and Z reconstruction

: CMS_ x10° CMS

° Select |SO|ated Ieptons C gsooi— L ++L-1a.2pb,\f‘_eTv E 8 10 . +L=18.2pb’,\/§=8TeV T
; :_ Z—ee - E -_ — a_.au + __
(electrons and muons) O™ b goop Em ]
W 400 4 o = t .
E by 06 p
U) aoo;— + — C ]
| = v ol
Z mass reconstruction O ool E N .
* Invariant mass of two leptons = e e
2 0 0.¢.,.’¢."00"4'm'O,,v#.o“m'ﬁmt.'om¢'A"¢Num0 < 0 .""ve""#".‘#0”“.“..“‘3"“¢¢b"..."‘ At
— 2 _ (&~ = \2 N 60 80 100 120 © ]
m \/ (El -+ EQ) (pl - p2) we'e) (GoV 60 BOM(ij) [GeV]1oo 720
. electrons ., muons
C E’, 107 — 'l:=l18,'2p‘b'1,'\f§|='8TleVl: § 6_ o L=182pb"\5=8TeV
. : ——dal _ S B )/ »> +da§ v B
W mass reconstruction O S 1 f =
& @ QCD ] g e - [ Jelel)
' UN: 1% 7 = ]
* Do not know neutrino p, O S0
* No full mass reconstruction e E I A ]
* Transverse mass | e e
: : - TR ) ° $ abdoob 4. bspety + s et b e, b
mT — \/lpglz + |p51|2 - (]5‘5“ + ﬁ]/“)z ; = g (A ot ‘vh'.uo.no"v. e _Z" LR FUAARITER] v” et
-50 20 40 60 80 100 0 20 40 60 80 100
ET [GeV] ET [GeV]
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W/Z cross section vs Vs

arXiv:1012.2466, CMS-SMP-15-004

L | [ I 1 T l 1 1 T 1 T T I 1 1]
'8_ - ®  CMS Preliminary, 43 pb” (13 TeV) W
E — ® CMS,18pb’ (8 TeV) W+ -
4 O  CMS,36pb’ (7 TeV) W
X10 E_ ® CDFRunll _E
O [ J DORunl .
[ A uA2 .
T v um Z
10° PP 3
- A —
- PP N
10° =
E Theory: NNLO, FEWZ and NNPDF 3.0 PDFs ]
B | ] | | | | l | | § | | 1 1 | l 1 ] ]
0.5 1 2 5 7 10 20

Center-of-mass energy [TeV
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Di-muon mass spectrum

CMS-DP-2015-055

‘0 2.7 fb" (13 TeV)

> 10 E Trigger paths
S . oF CMS .
< 10" g Preliminary Jhy
7 =
% 10°E
> = Y B low mass double muon + track
w1 07 E double muon inclusive

10°E Z

105

10

10° E

L 1 11 1.1 I 1 1

1 10 _ 10°
utu invariant mass [GeV]
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Di-lepton events

>
[0
O]
~
2
c
o
w

arXiv:1609.05391

29" (13 TeV)

Z boson
resonance

CMS ¢ Daa

dimuon [ ] yZz—-wuw
[ ] ti, single top
[ ] WW, Wz, ZZ, tt, W+jets
Narrow Z' (MZ, =2TeV)

» Select di-lepton
candidate events

 Search for other
resonances

Data / Bkg
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2017: Di-muon candidate event

CMS CMS Experiment at the LHC, CERN
Data recorded: 2017-Jun-27 15:39:36.789504 GMT

Run / Event / LS: 297599 / 134277310 / 86

Large mass dimuon .
candidate event
M,=2.4 TeV
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Single and diboson production

SMP-17—004, SMP-16-018

)

 LHC as boson-boson collider
« Single (or double) W/Z production

— Sensitive to NP ,
» Observation of vector boson scattering

=

— Same-sign WW
 Rich program of precision measurements
0 — 11— :'35[9 f|b1 ('13‘ T?V? - CMS Preliminary 35.9 fo' (13 TeV)
@
= - -@- Data — m,;.. = 200 GeV [OPP —» Data
QC.) [ EWWW o - 600 GeV CMS 810 I Zzjj EW
> 150 [ 7 H Preliminary - - Moy 22
L I Non-prompt N Eg. Unc. i £ EI gqx_’ z
Others W=WHjj z [tz WwWz
100 £ f 900 - 10 m> 100GeV
50 -
\\\\\\\.?\\\\\\.\\?\i'\i\'\'&ii*i&i\\\ii‘\\: 1
D I
500 1000 1500 2000

1 1 1 1 1
200 400 600 800 1000 1200 1400 1600

CMS-PAS-SMP-16-018 my (=€
m, [GeV]
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 Test of EW corrections

« Sensitive to New Physics from triple
gauge couplings
* Increased luminosity will further
improve sensitivity

March 2017
- -

CMS Preliminary

CMS measurements
vs. NNLO (nLo) theory

Y

WY, (NLO th.)
Zy, (NLO th.)
Zy, (NLO th.)
WW+W2Z
WW

WW

WW

Wz

wz

Wz
zZ
Y74
7z

|

7 TeV CMS measurement (stat,stat+sys) +———o—+—
8 TeV CMS measurement (stat,stat+sys) +———eo—+—
13 TeV CMS measurement (stat,stat+sys) ——e——

1.06 +0.01 £0.12
1.16£0.03+0.13
0.98£0.01 £0.05
0.98+£0.01£0.05
1.01£0.13+0.14
1.07 £0.04 +0.09
1.00£0.02 +0.08
0.96£0.05+0.08
1.05+0.07 +0.06
1.02+0.04 £ 0.07
0.80£0.06 £ 0.07
0.97£0.13+0.07
0.97 £0.06 £0.08

1

1.10£0.04 +£0.05

5.0 fb™
5.0 fb™
5.0 fb
19.5 fb™
4.9 fb
4.9 fb"
19.4 b
231"
4.9 fb’
19.6 fb
231"
4.9 fb"
19.6 fb
35.9fb"

0.5
All results at:
http://cern.ch/go/pN;j7
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Production Cross Section Ratio: o ./0

2
exp theo

=
-

r-channel

June 2017 . oms
Central ~ ATLAS

Fit Value LEP

Y

Diboson production

u-channel

Channel

Ax,

Wy

Wy

ww

ww

ww

wv

WV (Ivjj)
WV (IvJ)
wv

wv

DO Comb.
LEP Comb.
Wy

Wy

ww

ww

ww

wv

WV (Ivjj)
WV (W)
wv

wv

DO Comb.

LEP Comb.
1 l 1 1 1

Limits
[-4.1e-01, 4.6e-01]
[-3.8-01, 2.9¢-01]
[-1.2e-01, 1.7e-01]
[-2.1e-01, 2.2e-01]
[-1.3e-01, 9.5¢-02)
[-2.1e-01, 2.2¢-01]
[-1.1e-01, 1.3e-01]
[-6.1e-02, 6.4e-02]
[-1.1e-01, 1.4e-01]
[-4.4e-02, 6.3¢-02)
[-1.6e-01, 2.5e-01]
[-9.9¢-02, 6.6e-02)
[-6.5e-02, 6.1e-02]
[-5.0e-02, 3.7€-02]
[-1.9¢-02, 1.9-02]
[-4.8-02, 4.8e-02]
[-2.4e-02, 2.4e-02]
[-3.9e-02, 4.0e-02]
[-2.2€-02, 2.2¢-02]
[-1.3e-02, 1.3¢-02]
[-3.8-02, 3.0e-02]
[-1.1e-02, 1.1e-02]
[-3.6-02, 4.4e-02]
[-5.9e»(12. 1.7e-02]

1 L
1

1

1

s-channel

[ Ldt
461"
5.0 fbo!
203 fb"
491"
19.4 b”
461"
20.21b"
20.21b"
5.0 fb”
19 fb”
861"
0.7 "
461"
5.0 fb”
203 1b"
49"
19.4 fo”
46f"
20.21b"
20.21b"
5.0 fb”
19 o
86fb"
0.7 [b"

L
1.5

1

TGC vertex

s

7TeV

7 TeV
8TeV
7TeV
8TeV
7TeV
8TeV
8TeV

7 TeV
8TeV
1.96 TeV
0.20 TeV
7TeV

7 TeV
8TeV

7 TeV
8TeV
7TeV
8TeV
8TeV

7 TeV
8TeV
1.96 TeV

0.20 TeV
L L 1

aTGC Limits @95% C.L.

38



B-physics and Rare decays

» Study rare processes to look for NP
* Indirect searches: B,y = uun

» Flavour changing neutral current (FCNC)
forbidden at tree level in SM

» Can only go through loop diagrams

s(d)

CMS and LHCb (LHC run )
& : T l T T T I T T T I I I :
% 60 |— —4— Data =
= ¢ —— Signal and background .
fs5F [ B utw —
5 F B .
o . E - - = Combinatorial background
% = B o | Semi-leptonic background _:
i) B - = Peaking background -
B 0L 7
c 30— —
QP ]
o - .
oy —
= - -
L= 7
© [ 7
S 10| =

.................

Y SRS e i O el )
5000 5200 5400 5600 5800
m,. MeV/c?]

Three generations
of matter (fermions)

<2.2ev/c [if (<0.17 Mev/C|

0 0

wVe [.Vu
electron muon
neutrino neutrino

0.511 Mev/c* | [105.7 Mev/c?

A€ |

e [ip
electron muon

15.5 MeV/c’|
0
4 V1

tau
neutrino

g

g 6 () [
izl|ini=]i=]

Gauge bosons

Leptons

N

|—E;;

Lepton Flavor Violation (LFV)
Search for tau— 3 muon decays
Very rare process: BR~10-40!
Study in Ds and W decays

primary vertex

Ds

secondary vertex
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Top quark production

Three generations

Ferm | |ab S S C of matter (fermions)

CERT l LIiCl

<2.2ev/c

» Ve

electron
neutrino

10

(0.511 Mev/c”

%e
electron

[105.7 Mev/c? 5

a

muon tau

Leptons
Gauge bosons

1ub

1nb

O (proton - proton)

Events / sec for £ = 10°*cm™ sec™

top quark « ——

1pb

m, =500 GeV

| | | .
0.001 0.01 0.1 1.0 10 100

v§ TeV
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The top quark

* The heaviest known elementary particle
 Large coupling to the Higgs: ~1

QUARK MASSES

[GeV]

* Short lifetime 1=0.4x1024 sec

200

— very short lifetime = bound states are not formed
= opportunity to study a free quark

« Large samples of top quarks available

» Top quarks are main background for many
New Physics searches

* Measurements may provide insight into
physics beyond SM

M. Gallinaro - "Probing the SM at the LHC
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Top quark decays

Top quarks (mostly) produced in pairs @ Top Pair Branching Fractions

-l

" «‘:-,. / & 46%
e W

ttjets 15%

e i o
f'@ B\ ) \’)(\\}c ’.20/[\%10 n+ets 15%
. LR\ er® c+iets 15% _
¥ @ o "dileptons” "lepton+jets”
* Dilepton (ee, uu, en): 18
— BR~5%, 2 leptons+2 b-jets+2 neutrinos Vs
Displaced tracks
» Lepton (e or n) + jets
— BR~30%, one lepton+4jets (2 from b)+1 n ecay ey~ Plsccondary verto
» All hadronic P"mamma/\ T

— BR~44%, 6 jets (2 from b), N0 NEULNiNOS  pomusse | O-I€1S @lWays present
b-jet reconstruction plays important role

M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 18, 2017 42



Top quark and tau lepton

PRD 85 (2012) 112007, PLB 739 (2014) 23

Three generations
of matter (fermions)

 cross section measurement including taus
* Includes only 3 generation quarks/leptons TI

Channel Signature BR

Dilepton(e/u) | ee,uu,eu + 2b-jets 4/81

Single lepton | e,u + jets + 2b-jets 24/81

Gauge bosons

All-hadronic jets + 2b-jets 36/81 g
Tau dilepton | et, ut +2 b-jets 4/81 |=——> BR~5% :
Tau+tjets T + jets + 2b-jets 12/81 }
R NRME—— L
- Charged Higgs may alter coupling to W §10002 cms EE’L’.W
— dileptons
— Search for final states with taus P — gij‘;fﬁ;g;m
..‘9 800__ ) misidentified T, _
/ q 5 L 77 total uncertainty -
’ > - % ]
~7 [
j NS vV, q 400
t _\_ 200:_ Z
b 100 150 200 250 300 350 400 450
mtop[ eV]
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Top quarks and BSM

CMS Preliminary, 19.7 fb ', |s =8 TeV, l+jets
T

% 12000 [l weorrect W zels -]
- . . 1000027 v ! =:'::$:°P ]
* Monitoring of production T} G ST

S 8000 B

S 6000/ ; |

mechanism
* Interpretation of m,,: top, W,

- Jmass

1.5

Inclusive tt cross section [pb]

Higgs masses L]
» Are properties consistent with o g e
our understanding of EWSB? Jo.spr&%rﬁt\ies single top
e Is there any sign of NP in top - b t
production/decay? Ny T I :
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arXiv:1112.5675

Cross sections vs Vs

o(13 TeV) = 832 pb + 5%

R13/8 — 328

—_
o
w

OpOramE<«omEOEO

* Preliminary

—
o
[\S]

Inclusive tf cross section [pb]

107

Tevatron combined 1.96 TeV (L < 8.8 fb™)
CMS dilepton,|+jets* 5.02 TeV (L = 27.4 pb’ Y
ATLASep7TeV (L=46fb’ "
CMSep7TeV(L=5fb")

ATLAS ep 8 TeV (L =20.2 fb™)
CMSen8TeV(L=19.7 b7

LHC combined epn 8 TeV (L = 5 -20.3 fb'1)
ATLASep 13 TeV (L=8.2 b "
CMSep13TeV (L=2.21b")

ATLAS ee/uu* 13 TeV (L = 85 pb")
ATLAS l+jets* 13 TeV (L = 85 Pb1
CMS [+jets 13 TeV (L=2.3fb")
CMS all-jets* 13 TeV (L = 2.53 fb )

gglqq 9

~80%
800

700

NNLO+NNLL (pp)

NNLO+NNLL (pp)
Czakon, Fiedler, Mitov, PRL 110 (2013)
NNPDF3.0, Mp = 172.5 GeV, (xS(MZ)

ATLAS+CMS Preliminary ~May 2017 |
LHCtopWG

.
\
\
3
;L “

=0.118 £ 0.001

1 I3 l\(g ['II'eVi

252004

6 8

M. Gallinaro - "Probing t

10

14
Vs [TeV]

he SM at the LHC" -
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ATLAS+CMS Preliminary LHCtopWG G summary, fs=7TeV May 2017
NNLO+NNLL PRL 110 (2013) 252004
"""" Mygp = 172.5 GeV, o (M,) =0.118+0.001
scale uncertainty . totla\ stalt t !
scale ® PDF @ o, uncertainty
Oyt (stat) + (syst) = (lumi)
ATLAS, l+jets ] 179+4+9+7pb L=0.7 b’
ATLAS, dilepton (*) = 17367} “Spb LA07b"
ATLAS, all jets (*) F 1167 £ 18+ 78+ 6 pb L,=10fb"
ATLAS combined e 177 £3° + 7pb L=0710f"
CMS, l+jets (*) —tot—% 164+£3+12+7pb L=08-1.11"
CMS, dilepton (*) —tet+i- 170+ 4+ 16 8 pb L=1.1fb"
CMS, T +u (%) 1 149+ 24 + 26 + 9 pb Lo=1.11b"
CMS,; all jets (*) + + J 136 £ 20+ 40+ 8 pb Lo=1.110"
CMS combined —o— 166 + 2 + 11+ 8 pb L=0.81.1fb"
LHC combined (Sep 2012) = 173+ 2+ 8+6pb L=0.7-1.1fb
ATLAS, |+jets, b—>Xuv i 165+2+17 £3 pb L=4.7 b
ATLAS, dilepton ey, b-tag HaH 182.9+31+42+36pb L 46’
ATLAS, dilepton ey, NleE-ET“ im— 1812428737 +33pb L 46’
ATLAS, 1, +ets L + 1 194 +18+46pb L=1.7fb"
ATLAS, all jets 168+ 127X+ 7pb L=47f"
ATLAS, .+l —t—— 183+9+23+3pb L=t
CMS, l+jets e+ 1617 6.0 £120+3.6pb L 50"
CMS, dilepton e HeH 1736+21735+38pb L 507"
CMS, 1, + ———t 143+ 14 £2223pb L221b"
CMS, 7, +ets —t——t— 152+ 12+ 32+ 3 pb L.=3.91b"
CMS, all jets —t— 139+ 10+ 26+ 3pb =35
(*) Superseded by results shown below the line
NNPDF3.0 JHEP 04 (2015) 040
MMHT14 EPJC75 (2015) 5
CT14 PRD 93 (2016) 033006
ABM12 PRD 89 (2015) 054028
[¢s(M,) =0.113]
|||||||||||||||||||||||IIII|II||||
50 100 150 200 250 300 350
o, [Pb]
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How does a top quark decay?

I ATLAS+CMS Preliminary LHClopWG May 2017
Vel = V%"‘—" from single top quark production

6,... NLO+NNLL MSTW2008nnio
PRD 83 (2011) 091503, PRD 82 (2010) 054018, fmed
PRD 81 (2010) 054028 Aty

Ac, : scale ® PDF

, = 1725 GeV
Mhep = 17 f. Vel £ (meas) £ (theo)
t-channel:
ATLAS 7 TeV ) [— 1.02 £ 0.06 + 0.02
PRD 90 (2014) 112006 (4591 ) i
ATLAS 8 TeV . r—-— 1.028 £+ 0.042 £ 0.024
arXiv:1702.02859 (2021 ) :
CMS 7 TeV ) e 1.020 £ 0.046 £ 0.017
JHEP 12 (2012) 035 (1.17-1561 ")
CMS 8 TeV i 0.979 £ 0.045 £ 0.016
JHEP 06 (2014) 090 (1971 ) i
CMS combined 7+8 TeV bt 0.998 + 0.038 + 0.016
JHEP 08 (2014) 090
CMS 13 TeV ) i 1032007 £0.02
arXiv:1610.00678 (231 ")
ATLAS 13 TeV . ——— 1.07 £ 009+ 002
JHEP 04 (2017) 086 (321 ")
wt:
ATLAS 7 TeV , b e 1037 0,,2003
PLB 716 (2012) 142 (205® ') ’
CMS 7 TeV (S F— 1.01°015 "o

 almost always t—=Wb (i.e. V,,~1) AT A R

JHEP 01 (2016) 064 (2031 ')

CMS 8 TeV bo———— 4 10320122004
PRL 112 (2014) 231802 (1221 )

s lifetime is short, and it decays before LHC combined 8 Tov e 1o o0 50

CMS-PAS-TOP-15.019

h d [ ATLAS 13 TeV , ' i 11420242004
Xiv:1612.07231 (321 )

aaronizing o
ATLAS 8 TeV : - . 093320 +0.04

PLB 756 (2016) 228 (203® ")

the W is real: o s ey

¥ O, NLO POFSLHC1Y
, NPPS208 (2010) 10, CPC191 (2018) 74
nCiuang Deam energy uncerntanty

— decays W—lv (I=e,u,t), BR~1/9 per lepton A I T T -

0.4 0.6 08 1 12 14 1.6 1.8

— can decay W—qq, BR~2/3 Vel
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Top quark mass

S T T T T e |
° TOp quark Mass |S d fundamental é 80.5 :—68; f:v?/i/oMtLand l:lt measurements i:\;gggé‘:i:v - -
parameter of the SM I ot gt il .
t H 80.45 [— N
.. v W \\ W 804E :
a' v '."3 ’i’!"“‘ 'v'v.‘ N ’,;.;.,.’.’ , ’,
80.35 | 1 - 50385 - 0015 Gev
dm,, ocm;? dmy,xlog m,, -
80.3 —
* Precise measurement needed for checking  ;,F
= ~ \N}/’ og
consistency of the SM Ca N - .
140 150 160 170 180 190

* Top is the only fermion with the mass of the order of EWSB scale
* Discovered Higgs boson fits well with precise determinations of m,, and m,,
* Precise measurements of m, and m, sensitive to presence of new particles in loop

M. Gallinaro - "Probing the SM at the LHC" - Summer@LIP - July 18, 2017 47



Top quark mass

T T T | L s e T L R B S S S S A S B B
ATLAS * m, %‘ :_ ATLAS == m,, = 80.370 + 0.019 GeV
== Stat. Uncertainty S, 80.5¢ B =17284 +0.70 GeV
— Full Uncertainty E; . oo my, = 125,09 + 0.24 GeV
80.45} W 68/95% CL of m, and m, —
LEP Comb. @-20376:33 MeV C 7
Tevatron Comb. ©-80387£16 MeV 80.4 f ‘7 j
LEP+Tevatron ©-20385£15 MeV 80.35[ ul
ATLAS s @eRlS70£ 19 MeV 80.3— 68/95% CL of Electroweak]
- Fit w/o m,, and m, ]
Electroweak Fit s 80356+8 MeV - (Eur. Phys. J. C 74 (2014) 3046) .
1 1 1 1 80'25 PR S N ST TR S TR SN N PR T T ST W TR SN NN SN NN N N
80320 80340 80360 80380 80400 80420 165 170 175 180 185
my, [MeV] m, [GeV]

 First W mass measurement at the LHC

» Use low pileup data at 7 TeV

« Control of systematic uncertainties

« Uncertainties comparable to Tevatron results
« Expect future improvements
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itV (V=y,Z,W)

CMS-TOP-17-005, ATLAS-2017-052

u d
« Measurements will give access A o
to EW couplings of the top ! %\/\/Z\/\ﬁ Svo,
w <

\/ )

S
b e w
» Top+vector boson production TIT——

* {t+Z: measure ttZ coupling
* tt+W/Z: sensitive to BSM
=in agreement with SM

 tZq sensitive to WW/Z triple gauge
coupling and tZ coupling

* Multivariate technique used

4 W theory

- T rrerrrrrrTrTT T T | RARES REEARE LEAAS RAREN REARES

—[ 7 - 2 5CMS preminary 3'6m"v(1:ri TeV! e 50 ATLAS Pre]|m|nary Data ]
‘ g 2 7t % I " & 20bestit | . 8F {s=13TeV, 36.1fb" tZq 3
N i 68% contour i £ E . W .

o L / — 95% contour i %0k Z+jets ]

) 21 / — 1-D best fit - Diboson ]

d i =1DtiZ:10 ] E o tVH+tHAWZ ]

L SS1DMW =10 30— Uncertainty -]

u 150 / SN HZ theory ] C ]

il
_ \\\\\\\W&‘ o T gy 2y o { A g
osf - -
- gL S
o T o
%62 04 06 08 1 12 14 16 18 B S ¥4 ¥
orfw[pb] 00 01 02 03 04 0.15 06 07 08 09 1
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SM measurements

July 2017 CMS Preliminary

= - =
o] - :
[o) 5[ B @ 7 TeV CMS measurement (L<5.0 fb™) .
— 10° =" @ 8 TeV CMS measurement (L<19.6 fb™) =
o) = BE’ @ 13 TeV CMS measurement (L <35.9 fb™") 3
C onjet® Theory prediction ]
- 41 m L Z 2 CMS 95%CL limits at 7, 8 and 13 TeV |
C 1 O = 2n jet(s) E
Re) S &
B (sl ]
% 10 3 : B B E
- _m ]
i = s @ .
(V)] 1 02 - ql o =n jet(s) —
3 E B ol gy " Z o
Pt - @@ o 8= ]
O 10F T . o L N
g o E
C = : o ‘P_ ?’ ]
O 1 o i B oo

O E @ g - g3
=) - 2 - — L iy B E
Ol o 1 < ]
010 F ' - E
= - . =
o - 2§ - ’
10_2 3 5 ? 5 ’ E
- f o ? 1
10° + E
- o ]
4L < ]

10 "wlz Twyzy wwiwz 'z 'Eq%'ﬁq”%'m'iq%'s'iww'i&'%z'wvf Zy wyy' ot W,y Zg bW uz | ]ggH';’Eﬁ' VH tH HH

EW: Woslv, Z-l, l=e,u Th. Ac,, in exp. Ac

All results at: http://cern.ch/go/pNj7

...each one of these measurements (or searches) is a thesis topic!
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Not only SM: we need ideas!

* What is that accounts for 96% of the Universe?
It is one of the greatest mysteries of Science

DARK MATTER
N[

2 1: /O;‘

DARK ENERGY
A
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Summary

« LHC at the energy/intensity frontier

* Probing the SM with a full spectrum of measurements
* Many studies performed with data collected so far
 Excellent consistency but SM is incomplete

* A surprise can appear at any time = YT
IN HeRe . WE HAE
| T0 FINDTT.
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