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NUNO’S INTRODUCTION

®* UNDER-GRADUATE: LEFT/IST (1998)

®* GRADUATE: MSc CAMBRIDGE, PHD MIT

» CDF EXPERIMENT (@ FERMILAB’S TEVATRON
" THE MOST POWERFUL COLLIDER THEN

» DISCOVERY OF Bs PARTICLE-ANTIPARTICLE OSCILLATIONS

(DOCTORAL THESIS)

®* POST-GRADUATE/RESEARCHER: CERN, PURDUE, LIP

» CMS EXPERIMENT (@ CERN’s LHC
" THE MOST POWERFUL COLLIDER NOW (AND NEXT DECADES’)

» DISCOVERY OF SEQUENTIAL MESON MELTING IN QGP

DISCOVERY OF B Ul RARE DECAY

» CMS HEAVY-QUARKS’ PHYSICS GROUP COORDINATOR
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rare processes: what

A physics process may be suppressed in different ways and levels:
* detection

» the underlying process itself may not be uncommon but it may escape
our detection; e.g. involved objects may have little interaction with matter

» example: neutrinos, dark matter
* production

» the underlying physics object is scarcely available in nature

» example: unstable subatomic particles; Higgs, others so-far undetected
* decay

» the underlying object may not be uncommon, but its decay is suppressed

» rare decays of SM particles (e.g. Higgs, mediator bosons, hadrons, leptons)
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rare processes: how

Different strategies are followed:

 low detection rates

» use large-volume, large-area detectors

SNO

(detector target 1000 tonnes of heavy water)
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rare processes: how

Different strategies are followed:

* low detection rates
» use large-volume, large-area detectors

* low production rates

» eg large-exposure detectors; or

» carry out particle collisions in the lab, at appropriately high energies, and
search for the object of interest from the collision debris
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rare processes: how

Different strategies are followed:
* low detection rates

» use large-volume, large-area detectors

* low production rates

» eg large-exposure detectors; or

» carry out particle collisions in the lab, at appropriately high energies, and
search for the object of interest from the collision debris

* low decay rates

» produce large quantities of the particle, and search for its rare decay

» aka search for needles in the haystack
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rare processes: why

the Standard Model (SM) of particle physics is a fantastic theory
that summarizes our current knowledge of the subatomic world

» but it falls short of being the complete theory of fundamental interactions

various competing theoretical ideas have been proposed to
extend the SM, that attempt to address some of its shortcomings

»  but experimental guidance is crucial for development

phase space available for beyond-Standard-Model (BSM) scenarios
needs to be systematically probed experimentally, and excluded

» until evidence for new phenomena (expected or otherwise) is found

the search and study of rare processes provide a sensitive means
to detect physics phenomena beyond the SM
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beyond the SM, how?

BSM particles may be NEW PHYSIGS -

directly produced in

Quantum mechanical
effects of BSM particles

collision on SM processes
| 4 0
z i ' "
N\ B il
s(d) o ]
- z |
rare production rare decay
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particle identification

| |

om im

Key
Muon
Electron

Charged Hadron (eg. Pion) P
- = = - Neutral Hadron (eg.Neutron) .
""" Photon .

[leading order]

o [higher order corrections| objects are finally reconstructed
using information from different detector subsystems

combined in a particle flow algorithm

» electrons radiate via bremsstrahlung

» photons may convert to e*e" pairs in the tracker

> jet (q,g) energy is formed of charged/neutral hadrons (65%/10%)
and photons (25%): calorimeter and tracker info exploited

» missing Et requires ‘full event’ reconstruction



di-photons

»eriment at the LHC, CERN
orded: 2015-Nov-02 21:34:00.662277 GMT,

ent / LS: 260627 / 854678036 / 477

tracker

CMS-PHO-EVENTS-2015-007

TN COMS Experiment at the LHC, CERN
Dana recorded 2015 Now- (2 213400 SE22TT GMT
Pun / Evert / LS 200027 / B546T0006 / 477
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O STl CMS Experimentat the LHC, CERN
Data recorded: 2015-Oct-27.11:51:17.472320 GMT

Run / Event / LS: 260048/ 994381640 / 754

m» ~ 800 GeV
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Jet 0,
pt=3.04 TeV
eta = 0.059
phi = -1.235

CMS Experiment at LHC, CERN

Data recorded: Mon Oct 12 2015 EEST

Run/Event: 258749 / 549864773
Lumi section: 355
Dijet Mass: 6.14 TeV
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Jet 1,
pt=2.88 TeV
eta =-0.364
phi= 1.915
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Dijet Mass = 6.14 TeV

Jet 1,

pt = 2.88 TeV
eta = -0.364
phi= 1915

Jet 0,
pt = 3.04 TeV
eta = 0.059
phi = -1.235
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di-muons
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P,m ¢ J/U‘)
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trigger

= real-time event
filtering

* majority of collisions (hay) is rejected in real-time
* only small fraction is saved for offline analysis
* most interesting phenomena are rare (needles)
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99.9 % HLT

Readout

Systems

Run

Control

Filter

Systems

Needles in haystack
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de - mauon Drigger

> 1010 Trigger paths
o -
© 10° _—
g oy ot
c 10 - v
q>) P low mass double muon + track
LU 107 Y double muon inclusive
10°
10°
10*
10° }
1 1 | | | |
1 10 | 10°
u*u invariant mass [GeV]
= the is the most stage in the search for phenomena

= the deployed algorithms determine a search’s sensitivity and success
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Events / GeV
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P(X —pp) = ?
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Note B—pp and H—pu are similarly rare processes
when accounting for both production and decay rates
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Events / GeV

search for bumps at higher masses
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Events / 1.00 GeV

di-photon spectrum
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not rare !
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note ‘double-fake’ from Z—ee
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(X = vy)

Search for bumps in the di-photon spectrum

110<my<150 GeV

a) All classes combined
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200 g
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PP PRI PR B

100 110 120 130 140 150 160 170 180
m,, (GeV)

hint of a bump at m~124GeV?
significance 3.10(1.80) local (global)
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the bump at 125GeV, aka Higgs boson
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S/(S+B) Weighted Events / 1 GeV
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the non-bump at 750GeV
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a) All classes combined
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2016 Review of Particle Physics,

C. Patignary of al (Particie Data Group), Chin, Phys, C, 40, 100001 (2016).
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significance of a bump

@256
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@ 750G

Hint: the next bump i
(that will stay with us...)
will be revolutionary!
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colectod at the Large Hacron Colider (LHC) in 2015, which ¢co

an ndication of & new particle or resonance. 1% The anomaly 1

cata collected in 2016, suggestng That the Ciphoton excoss wa
fuctuason 121 in the interval betwoen the December 2015 ang

fesuts, the anomaly generated considerabio intorest in the sce |
community, incuding about 500 thecretical studies.!'™ The hyp

particie was cenoted by the Groek letter F (pronounced digamma) in the
scienfic Inerature, owing 10 the decay channel in which the anomaly
cccurmed. ™ The data, howaver, were Mwirys less than Sve standard deviations
(sigma) diferant Som that expecied if then wis NO New PArSCe, and, &S such,
the anomaly never reached the accepled level of statistcal significance
required o anncunce a dscovery in particle physics | After the August 2016
results, interest in the anomaly sank as it was considered a statistical
fuctuason (121

30

)\ " . . N
400 00 800 1000 1200 1400 1600

T~ m.., (GeV)
ma L :
| ny (th) Cltat|0nsf Composition Elementary particie
=" S C : Statistics  suspected bosonk
Status Refuted; absent in August 2016
Aticle  Talk data!"i?)
. Symbol & 11 o 151 x 181
750 GeV diphoton excess sttt onds
From Wikigeda, the ree encyclopeda nﬂm
Discovered Resonance of mass =750 GeV
The 750 GoV diphoton excess i pArticl physics wis & and decaying into two pholons could

have been seen by CERN in
2015%59 (though sufficient
statistical significance never
reached)

= 750 GeV/c? (CMS + ATLAS)
L]


mailto:nuno.leonardo@cern.ch
mailto:nuno.leonardo@cern.ch

statistical significance of a bump

* say we have found an in the data

 then need to estimate likelihood that excess is
due to a statistical fluctuation of the data
as opposed to a genuine new physics signal

. : probability of obtaining at least as
extreme a result as observed in data assuming
the null hypothesis is true

» ie probability of background fluctuation
to mimic the observed excess in data A

Null
Hypothesis

v

Probability

* p-value is normally expressed in number of
standard deviations of a normal distribution

P value

Observed

» 50 <& P-VALUE: O0.0000003
size of effect

» 30 & P-VALUE: 0.0013
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bumps’ p-values
@750G4

@256
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deanctiing for an wltra-rare decay: B

* the decay Bl is very suppressed in SM, O (10-)

* it can be sizably enhanced by various BSM models

* search has been pursued for 3 decades
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deanctiing for an wltra-rare decay: B

1. ONLINE SELECTION (TRIGGER)
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trigger paths
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Dimuon Trigger
& L1 Hardware Trigger
B pr>3 GeV (few kHz)
@ HLT Ful tracking and vertexing

& HLT Bs—pp

@ Leading and sub-leading p pr>3,4
(4.4) GeV |nyyl<1.8 (1.8<|ny,|<2.2)

& pr (up)>5 (4.8-6) GeV
B 4.8 <m(up)< 6.0 GeV
B P(x%dof) >0.5%
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deanctiing for an wltra-rare decay: B

1. ONLINE SELECTION (TRIGGER)

2. BLIND THE DATA (AVvOID BIAS)

SIGNAL
REGION
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=: |
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@ Toy Data (sideband)-
O Toy Data (blinded)
A8 —un ]
B 3
0 rare peaking BG |
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il ety |
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analysis procedure and event selection
developed without inspecting the data
in region where signal is expected

“box opening” only later,
at final analysis stages
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deanctiing for an wltra-rare decay: B
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deanctiing for an wltra-rare decay: B

BLIND THE DATA (AVvOID BIAS)
MULTIVARIATE SELECTION

FIT THE DATA (LIKELIHOOD)

Fit the data accounting for the various
signal and background components
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deanctiing for an wltra-rare decay: B

1. ONLINE SELECTION (TRIGGER)
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deanctiing for an wltra-rare decay: B
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deanctiing for an wltra-rare decay: B
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summary

e LHC is and will continue to be the world’s frontier accelerator

* many outstanding results during Runl, incl. two major discoveries

» observation of the Higgs boson and of the Bs— rare decay

» LIP had direct involvement in both
* rare processes provide a portal to New Physics, beyond the SM

* the search is ongoing! You're very much welcome to join!
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the Standard Model

* fully consistent and complete
description of the strong,
electromagnetic, and weak
Interactions

* LHC’s discovery of the Higgs by
ATLAS & CMS completes the
SM’s elementary particle list

* in short

» matter built of spin |/2 particles that
exchange 3 kinds of spin | particles
corresponding to 3 types of (gauge)
interactions

» matter fermions and weak bosons
have mass (via Higgs mechanism)

Three Generations
of Matter (Fermions)

mass— | 3 Mev 1.24 GeV 1725 GeV 0 125.7 GeV
charge-| 24 ¥ Y t 0 Y 0 H
spin— |15 u Vs C Ya 1 0
name— up charm top photon Higgs
6 MeV 95 MeV 4.2 Gev 0
*drs b0
~ Y2 Ya Ya 1
= down strange bottom gluon
<2 eV <0.19MevV | |<18.2 Mev | |90.2 Gev 0
Ve "Wy LV Z
y, Y@ ||y, u Y2 1
electron muon tau eak
neutrino neutrino neutrino rce
0.511 MeV 106 MeV 1.78 GeV 804Gev | |
S | -1 -1 T ﬂvv' :
h Y Vs Ya 1 ¢
eak :
] electron muon tau rce .

» there appears to be 3 generations of
matter particles; there appears to be
3 macroscopic space dimensions

» (extra) gravitation presumably
mediated by spin 2 gravitons, and
extremely weak

43


mailto:nuno.leonardo@cern.ch
mailto:nuno.leonardo@cern.ch

SM’s experimental scrutiny
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Resonances & NP
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SM’s shortcomings

despite its tremendous success, the SM leaves many open questions

from the cosmological front

» dark matter and dark energy (no candidates offered)

» abundance of matter over antimatter (not enough CPV in quark sector)

» how can gravity fit into the picture; and btw are there other dimensions of space
from fermionic sector (and it’s structure)

» why 3 generations; are there additional quarks or do they have substructure

» why not neutral colored fermions; spin, color charge, why are they quantized

» why so large hierarchies of fermion masses, and of coupling constants

from the scalar sector

» what stabilizes the Higgs mass -- aka the °
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going beyond the SM?

various New Physics scenarios exist that

attempt to extend the SM and address " i
some of its short comings Q """
supersymmetry + ‘
» introduce partners to all SM particles, with “(”\}

spin difference |/2; protects scalar mass H___t__\....../__t___"___
higgsless / composite higgs / little higgs o
» H is a bound state (due to some new strong =0

interaction) or dynamically gen. condensate

» H is pseudo-Goldstone boson of a
spontaneously broken symmetry

extra dimensions e

o
» N-dim space; gravity propagates in more —/
dims, SM only in “our” brane; eg warped |
extra dimensions can explain weakness of G

many other scenarios possible ) including some we did not think about !
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