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the role of flavor physics

in searching for

» discovery potential beyond energy frontier e.g. via searches for rare processes
in understanding why the appears so fundamental

» in that no phenomena beyond the SM has (yet) been detected at LHC

in learning about standing mysteries of the of SM (and BSM)

In connecting to the matter-antimatter asymmetry in the
observable universe

in understanding , and probing the properties of matter at
high temperature and density

extra: as an experimental tool & probe
» serve as probe or a in SM measurements and BSM searches

» used for (e.g. material budget, magnetic field, detector performance)



Direct search for NP

Y

Y

ey ) P
A/LWK New Particles

From the collision?

» searching for the decay products of
NP particles produced in collision

SM Resonance

nuno@cern.ch, tépicos fisica particulas, 3

Indirect search for NP

New Physics
hiding here?
» searching for effects of NP particles
running in quantum loops (virtual)

0.3
0.2
0.1

SM
10

C

0.0

6C10 y/

—0.1 Flavour!

-0.2 DATA SM

3
0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2
6Cy /G
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Indirect discovery via precision

* new physics can show up at precision frontier before energy frontier
» kaon (1947), /\ (1950) led to discovery of strangeness

v

v

v

v

1970
GIM mechanism

(Glashow-lliopoulos—Maiani)

required the fourth quark: €Charm
e.g. K*=p*v, so why not KO- ptp- 2

2492 Evenfs--z P

.. SPECTROMETER

B At normal current
. [J—10% current

1974

j/ll) meson

discovery fé
] Z

-(SPEAR+AGS)

1o
3.0 3.25
me+e—[Gev]

2.75

bottom line: historically, precision measurements at lower energies predicted the exis

N. Leonardo
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yk
qh

N
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GIM mechanism (1970) before discovery of charm (1974)
CP violation (1964) before discovery of bottom (1977) & top (1995)
neutral current (1973) before discovery of Z (1983)

precision W and t mass meas. constrained Higgs mass, etc!

80.35 I

80.3 |~

155

G

1 | .
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80.5
1973 s 80.45 |
3rd quark generation predicted 2
bottom and top é 50
by Kobayachi and Maskawa 2
to explain observed CP violation
(discovered in 1964 in the kaon system)
1977 2 _ — 1995
Y meson | top quark
discovery discovery
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Top Mass (GeVicY)

MQJ‘J Gf V

new, heavier states
flavour physics

(note: quarks postulated 1964 [Gellman&Zweig],
based on hadron classification [‘eightfold way’],

February 2012

1 2009,2012 (and earlier) *
mass measurement

.....
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Top Mass (GeV)

precision mw and m
= mu<145GeV
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Higgs boson
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Indirect searches: fuelled by Quantum Mechanics

Flavour observables provide access

to NP energy scales well beyond Vs !
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Precision tests of the SM

The “nightmare”
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Intriguing new result from the LHCb

experiment at CERN

The LHCb results strengthen hints of a violation of lepton flavour universality

BaBar
01 2 <42 Gl

. Belle

1.0 < ¢? < 6.0 GeV?

LHCb 3 fb™?
1.0 < ¢° < 6.0 GeV?

LHCb 5 fb™!
1.1 < g% < 6.0 GeV?

LHCb 9 fb!
1.1 <¢? < 6.0 GeV?

23 MARCH, 2021

0.5

Standard Model
Prediction

_—t— — — — — — — —————————— e ——

I
iL&

Brookhaven L ®

result

Fermilab

Very rare decay of a beauty meson involving an electron and positron observed at LHCb (Image: CERN)

March’2021
@CERN

First results from Fermilab’s Muon g-2 experiment

strengthen evidence of new physics

! April 7, 2021

result

} & }
Experiment
Average
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N. Leonardo
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flavour physics
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the standard model (of particle physics)

Standard Model of Elementary Particles

The SM Lagrangian

three generations of matter interactions / force carriers
(fermions) (bosons)
U 1l

eV/c? =173.1 GeV/c? 0 =124.97 GeV/c?

9. @ | @ | ¢
arm top JL gluon higgs

=418 GeV/c?
0

V/c?
8. |- @ W
ange | bottom Jt photon

MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
et 0 (g
H v ol . @S
uon tau L Z boson 8 9
o
e
<18.2 MeV/c? =80.39 GeV/c?
| 0 ] L @
Ve Vp . ) W (:.? &
I_
electron muon tau <L O
neutrino neutrino neutrino LW boson J')i 4

A great triumph of 20th century science.
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} the standard model (of particle physics)

Standard Model of Elementary Particles
T h e S M La’g ra’ ng I a n three generations of matter interactions / force carriers

(fermions) (bosons)
i L [

eV/c? =173.1 GeV/c?

y s 0
C

0
). @ | @ |- H
arm ' top Jl gluon higgs
2 o
0

=124.97 GeV/c?

© =4.18 GeV/c?

-V
D ||+ & 1.
ange ' bottom JL photon

MeV/c? ~1l 7768 GeV/c? O=91.19 GeV/c? w
=2
|- @ || @ |5
uon tau L Z boson 8 2
O
0o
<18.2 MeV/c? =80.39 GeV/c? LIJ8
+1
w | w (@ L
I_
electron muon tau <L O
neutrino ~  neutrino || neutrino Wboson ')y 4
new thing

Going Beyond the SM — New Physics!
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(heavy) flavor?



a tabela ‘periodica’ das particulas elementares

mass f§=2.2 MeV/c? =128 Gevic2 (=1731Gevicc % =124.97 GeVicz2 )

sabores pesados gEEEEEEES-A | "' > H
v g
higgs

o A
- . - .

=418 GeV/c?

Y5
" @

bottom

< -

!
saboros loves IERNRRRRRAL
< |
= |
@4

SCALAR BOSONS

’ 17768 Gevic? N
leptoes | CZD 3
carregados : N v
. | electron o ’
(o) %
2] Pt g—m—— - g Y 00 7} 3
<2.2 eVic? <0.17 MeV/c? <18.2 MeV/c? ", =80.39 Gev/c? LLI @)
3 o 0 0 051 D) 2
= Sk (|| @ [} =1
-1 | electron muon tau <O
% | neutrino neutrino neutrino | Wboson J 5y w _

sector

de sabor




a tabela ‘periOdica’ das particulas elementares
— testes de precisao e huscas de novas particulas

LHC, (LEP Tevatron)
[

mass §=2.2 MeV/c? ' ‘; f~1.28 GeVic? =124.97 GeV/c?

sabores pesados gl % b 1. @ |- 'l . H

_
LHC, Bellell, BESIII, (Belle, BaBar), ...

| higgs
0 ¥
---------- A8
< |
= |
@4

2 A =418 Gevic?

%
/ M

bottom

- < -

Compass, NA62, KOTO, (Amber, KLEVER), ...

© ~0.511 MeVi/c?

SCALARBOSONS\ ____J

= il 2]
leptoes I .> %1 ‘ %
carregados . | electron 8%,
MEG, Mu2e, Mu3e, Bellell, (TauFV), ... V) T TSR e mn3 2
’<2 2 eVic? <0.17 MeVi/c? <18.2 MeVic2. (@) ]
. . LU o
W W | O
. | electron muon tau ¢ < O
SNO, Minos, Nova, MicroBoone, DayBay, T2K, heutrino neutrino || _neutrino 0>

SK, Opera, ANTARES, BOREXINO, (DUNE, HK), SND@LITE

lons: RHIC, (FAIREIC), ...

Forward: Totem / PPS, Alfa / LHC, (AFP), ...

FIPs: MoEDAL, FASER, (Codex-h, MATHUSLA, MAPP. SHiP), ...
Cosmic: AMS, Auger, IceCube, Axion, ...

DM: LUX, ZEPLIN, DAMMA, CDMS, ADMX, CRESST, EDELWEISS,
EURECA, XENON, DEAP. ArDM, WARP. DarkSide, PandaX, ... ...

A
|
|
|
[ |
sector
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a tahela ‘periOdica

Just as ice
cream has
both color
and flavour,
so do quarks

top

neutrinos

das particulas elementares: flavour @ LHC

=2.2 MeVic? | =173.1 GeV/c?

charm

=96 MeV/c2 =4,18 GeV/c2
-3 S -1
Y 1
S b
strange '

=105.66 MeV/c? =1.7768 GeV/c?
-1

- @

electron muon

—J —J

<2.2 eV/cz <0.17 MeV/c? <18.2 MeV/c?
0 0 0

, Ve , Vi , VI

electron muon tau

(S

neutrino /| neutrino /| neutrino J

leptons
(charged)
e, U T




a rich «flavor» phenomenology

* the SM flavor sector arises from interplay of fermion-weak—gauge and fermion-Higgs couplings

Electroweak symmetry breaking:
Masses for gauge bosons and fermions [Higgs mechanism] T = 15|

Three generations of quarks and leptons

Left-handed doublets: (”e> ,(”ﬂ) ,(”T) | (“) (C) <t> |
€L \H/)L \T/, dLSLbL‘{

|

Right-handed singlets: er, MR, TR,  UR,dm, Cr,Sm, lr,bR

~_

T-0

“Rich flavor phenomenology ...

The parameters of the SM

» 3 li Out of thel9 parameters of the SM
gauge couplings (excluding neutrino masses/mixing),

) H|ggs Parameters : |4 arise from the flavor sector.
strong CPV parameter, O
6 quark masses

3 quark mixing angles + | phase (CKM) flavor

3 (+3) lepton masses parameters
(3 lepton mixing angles + | phase (PMNS))

() = with Dirac neutrino masses

v

v

v

v

v

v

14



flavor «puzzle»

* there are standing mysteries intrinsic to the SM flavor sector

» why are there so many free parameters

»  why do these parameters exhibit strong hierarchical structure spanning several orders of magnitude
» why are there so many fermions
» what is responsible for their organization into generations

» and why are there 3 such generations each of leptons and quarks

» why wide range of fermion couplings and masses
» for example: O(10) - m¢~ my~ my - O(10%9), |Vu| ~ O(1073) - [Vu|
» why are there flavor symmetries

» and what breaks them
» why is Bqcp<10-?
» what is the origin of CP violation

* various solutions to this puzzle have been proposed (but not established),
inevitably leading to beyond-the-SM scenarios

» for within the SM these parameters can only be accommodated, not explained

15



another, related «puzzle»: BAU

(baryon asymmetry in the universe) <«
* Sakharov conditions (1967), necessary for dynamical evolution of

matter/antimatter

matter dominated universe from symmetric initial state Mg

during inflation ?

|. baryon number violation
2. C & CP violation
3. thermal inequilibrium
* no significant amounts of antimatter observed
» ANg/Ny = [N(baryon)-N(antibaryon)] / Ny ~ 10-!°
 amount of CP violation in SM not sufficient to explain | BAU
» CPV in quark sector (CKM) would yield an asymmetry of O(10-!7) «0-!°

* more CPV is needed!
» to create a larger asymmetry, require: new sources of CP violation ... that
occur at higher energies

* where might it be found!?
» lepton sector: CPV in neutrino oscillations
» quark sector: discrepancies with KM predictions
» gauge/higgs sector; extra dimensions or other new physics?
» precision measurements of flavor observables sensitive to additions to SM

16



«heavy» flavor, aka B Physics

light quarks: m=/Aqcp neutrinos
u, d: realm of nuclear physics have their own
s: rare kaon decays test SM phenomenology, not

detected (directly) at LHC

m, ~ 1300 MeV

light charged leptons e.g.

top (not that heavy!) ~ p Y/ electric and magnetic
the top quark has its own m, 4200 MeY dipole moments test SM
phenomenology (since it ‘ m =~ 1800 MeV .
T fau

does not hadronize)
e.g. searches for lepton

flavor violation, T UM

Study Beauty and Charm quarks

- hidden flavor aka quarkonia: Y (cc), Y(bb), Xc

- open charm: D mesons

- open beauty, B mesons (B, Bq, B, B.) and b-baryons (A, =p, Q, ...)
- exotic hadrons: X,Y,Z states

note:
- «B physics» refers to study of flavor-changing interactions of b-quark mesons

- heavier states accessible only at the LHC — Y, Xp, Bs, B, b-baryons

17
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the SM
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the SM  discovery

Y, beauty

the discovery of the
b quark
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the SM re-discovery @ LHC

1977

il

Upsilon, Y

Events/GeV

g g g
Moss GeV

the discovery of the
b quark

2010
10° - A  Jly  CMS Preliminary, Vs =7 TeV
- P, -1
- J/Y, charm L. . =280 nb
o v Y(1S)
- Y(2S)
10° =
102 3
10 - |
= Iy
- ICHEP
1 ‘”l | H PARIS/Z0IO\.
— L1 1 11 lI 1 1 | I I - lI | | 1 1 ||| I | | | I N |
1 10 10%, 10°
p'pu- mass (GeV/c)

decades worth of particle physics
discovery ... in a single plot!
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Events/GeV

the SM re-discovery @ LHC

34 fb™' (13 TeV)
] I | I L |

10'@
10"
10™°
10°
10° £
10" E
10°
10° &
10* ¢

CMS

Preliminary

P, (I)
" P Y(nS)

Illllﬂl IIIIIIII| IIIIIIHl IIIIII"W

| IIIIIlI| L1

| IlIIIII | | llllllI | | IIIIlI|

1 10 | 10°
u* w invariant mass [GeV]

.. with 100°000 times more data (= precision + new particles?)
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NOT-SO-RARE ™ PRECISION!

baryon lepton GIM helicity EW
MEDIUM RARE ® EWK PENGUINS number flavour suppressed suppressed penguins suppressed
violation violation e.g. t»c/u e.g. B-pp e.g. b-sll e.g. b-u

VERY RARE ™ FCNC/GIM+HELICITY
‘m - . -W E e

ULTRA RARE @ | FV 0 ~10-50 ~1014 109 107 105

?  ew%

2%

Houp

7 0.001 %!

3%

B—pp

0.00000001%

RARE
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¢ (proton - proton)

HF production

Fermilab SSC
CERN LHC

, SRV 4 Yy v

o - I R high HF production rates at the LHC

» very large production cross section (O)
1 mb -

» large accumulated luminosity (L)

* LHC: HF *factory’ (N=L.o)

1ub

» allow to perform precision measurements,

as well as to search for very rare processes
1nb |-

* HF production is ubiquitous

» forming backgrounds for many physics

bl processes explored at the LHC

» need to be thoroughly understood

] | | ] .
0.001 001 O.1 1.0 10 100

/s TeV
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hadron production

 different mechanlsms contrlbute to HF productlon

bb productlon
at hadron
colliders

Flavour creation  Flavour creation ~ Flavour ~ ¢+ Gluon
(quark annihilation) (gluon fusion) excitation splitting

* produced quarks evolve into hadrons: known as fragmentation
» involving short-distance/perturbative vs long-distance processes

* heavy quarkonia QQ=(bb, cc) are an ideal laboratory in which to
study the strong force and the mechanisms of hadron formation

» non-perturbative evolution of QQ pair into a quarkonium state
» employ effective theories: e.g. non-relativistic QCD (NRQCD; CSM, CEM...)

EAED=§ 29910 Gl =3

need to carry out detailed of HF production,
X including , etc

25



guarkonia production

: 10 §| T'TT | TTTTI | T'TTT | T'TTT | T'TTT | T'TTT | TTTT | TTTT | TTTTI | T |§ inclusive J/w - uq»u-, corrected for acceptance
O E - E 2 i [ T T T I I I | | L I I [ T
S [ CMS \s=7TeV,L=36pb"’ ST CMS Vs=7TeV L=37pb" 1
_ = > 10 . E
8 1e —— ous data 3 " F middie__ o central :
= - NLO CSM - = vl . P .
9 10 NNLO* CSM 5 Q2L on BERA % |
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| 3 F 7 AR
= 102% CASCADE - o 0 e e il
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— B i > o R - -
» 10°F Y = R R i % o .
X = 3 i - ]
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-OI— 1 0-4 L VMY N = _ m [ m 09« |§| < 1.2 (x100) B -
Q_ § '''' § — A 1.2< :y: < ;? Ex:;)) _ ,':E —
- n - \4 16<|yl <21 (x -
% B |yY| <2 i 101 S 2.1<|¥|<2.4(x1) 3
-5 : —y -
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oM (GeV/c) . (GeV/c)
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* precision measurements of
quarkonium production

* LHC allows to probe higher pt

171 _e— CMS preliminary, tot. uncert., 68.3% CL

[ ] [ ]
P i i ki region for the first time
-1.5-1 —— NLO NRQCD at \'s = 1.96 TeV, PRD83, 114021 (2011)

3 R NNLO* CSM at \'s = 1.8 TeV, PRL101, 152001 (2008)
T wee bed s slientibsomledadelod el Set Selotel Gl Iet Mecelrdnintidelnlidelelnd sl St

0 5 10 15 20 25 30 35 40 45 50
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measurement, o

N
o =
Lint
. Nobs
A, €.L;,
Trigger (online selection)
e . N,y — N
Muon identification and reconstruction 5= 0k Tbke
A.e.L

Y meson candidate reconstruction
Extract signal (offline selection) N

Determine detector acceptance A and selection efficiency ¢
Luminosity L and branching fraction B

Systematic uncertainties (on N, A, L, B)

Compare to theory predictions (NRQCD)

© N O U kA WD -
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Trigger

Events / GeV

10"
10"
10°
10°
10’
10°
10°
10*
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L1 DoubleMu 0
HLT DoubleMu 0 MassY

13.1 fb' (13 TeV, 2016)

= Trigger paths
= CMS -
= Preliminary M Jry
- Jh K
= ¢ , . Y
B w Y B low mass double muon + track
= B double muon inclusive
£ Z
C | | | 1 1 1 | | | | | | | I .| | | | | | | | I .| |
1 10 10°

utu” invariant mass [GeV]
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Di)Muon signal in detector

"::’ ,— /-/ ‘&
s ,' = 4 v
LA~ 7 e




di-muon Invariant Mass

2200 L I LI I L L | UL I LI I LI ll__

2000 | CMS. Vs FreV A(po*3p) v
1800 F L =3pb — '
L 1600 [ ' "] < 2.4 3 \”’;\

E 1400 [ - — ' <
o 1200 F 3 < \
(@) - y - ¢ ¢
© 1000 k . m;tj\
g 800 ; wé:,x \
S 600 § JFa\
> 4 e
LIJ = l’é
400 [ \°\\ \
200 | ﬂ: 3

0
8 85 9 95 10 105 11 11.5 12

* Statistical procedure: extended unbinned maximum likelihood (EUML)

( Nob

L(Am;)) = ]_[ D NePa(mild)

\i=]l «a

—NNN|

N, obs '

* Fit PDFs: Signal (3 x Crystal Ball) and background (polynomial) models
» yield (N + Ostat), mass (M=+0Om)

nuno@cern.ch, topicos fisica particulas, 30
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Detector resolutlon
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Differential
yield measurement

* Perform measurement as
function of given
observable,e.g.pT

* Split the dataset in ranges

* Perform analysis produce
in each range

* note backgrounds levels,
resolutions vary!
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production cross section measurement, o

Trigger (online selection)

Muon identification and reconstruction

Y meson candidate reconstruction

Extract signal (offline selection) N

Determine detector acceptance A and selection efficiency €
Luminosity L and branching fraction B

Systematic uncertainties (on N, A, €, L, B)

Compare to theory predictions (NRQCD)

0 N o U1 A W —
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tag & probe

explore J/P, Y, Z— Py o example:
U-identification efficiency

* data:

» single-muon trigger
dataset

* tag
» good global muon

» matched to single-muon
path to remove trigger bias

* probe

. ,“‘ » inner track

probe

» passing criteria:
identified as muon

/.
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tag & probe

explore J/P, Y, Z— Py
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Efficiency

0.¢

Cross section

“‘N=L.0”

CMS, /s=7TeV, L=3pb™?, |y| <2

(2 < p* < 3)GeV/c]

i

70011
(0<p¥

(1< pht <2)GeV/cT

dza(Qa) 3
dptdy

(Q@ — u+u_) =

L -A-e Apr-A

N fit ( Qa) - j o <1)Gev/e

!

300/
100
0.8:' — I _ I _— I — _l 1 | 1 Ll T T I 1 1 Ll Ll I T T 1 I 500;
0.75[- L/ ; :
: ;3 R 300;
0.7) A - + ‘ . :
r B CMS, /s =7TeV, L =3pb ™" 1 r
0.65p | - pb~" 1 .
- - ,f’* | ] F
06p ad ~ . &:3005
S - | S :
0.55F* - . i ® JMdata T&P >
: e O 200
05k . - W o JwmeTep {5 %0
. e -.--'-V' '.... — -1 O- E
045:_ . " A Y MC truth - %100:
I i In"|<04" o ywmctrtn ] T
OI4:— - e B ‘ ) u ] q>) E\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\77\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\77\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\7
E L. W 5500 i < 10) Gev/ck 10 < i < 12)GeV/cT 12 < p¥ < 14) GeV /c-
0.35) .y 3 (9 <p7' <10)GeV/ck (10 < Py < 12)GeV/cE (12 < p" < 14) GeV/c3
03:. A BT 160;: :; :; :;
0 5 10 a E E E
120
= 40, ......... B e 01 o 7 (SR (S * E
52'5 08 > T T T T T T T T T T B T T gttt TR el WY s 3
= b (C) 1+ . —,___F J - } } -+ ] - } A+ } R
> 2 - W | - 100" (14 < i < 17) GeV/c] (17 < ph# < 20) GeV/c | (20 < pH* < 30) GeV/c]
2 = i i ¥ 1 T 1
LlJ B . L
15 09| CMS,\'s =7 TeV n 80"
F i det=3.1 pb! ]
N 0.8 B ® J/¥ Data T&P 7 20: ...... T
! ’ B O J¥Y MC T&P 4 LT RN TR 5 0 AR B ¥ v . s
i A Y MC Truth i 13 9 11 13 )
0s i > Jnw MC Truth i ptp~ mass (GeV/c?)
0.7 -]
L | L L s : | L L s : | M

40 45 50
Y p_(GeVrc)

10 15 20
Probe P; GeV/c

36



Systematics

* quantify all possible sources of systematic uncertainty
* signal yield, N
» signal & background PDF
» resolution, FSR,; ...
» fit procedure, possible bias
* acceptance, A
» polarization, limited MC statistics
* efficiency, €
» data vs MC, T&P stat and syst errors, limited size of T&P calibration sample
* luminosity, L
» stat & syst err on L (measured separately) give syst error on x-section
* branching fraction
» world average (PDG) uncertainty
* finally, can then quote Y measured production cross section:
* N £ Ostat £ Osyst
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b cross sections
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Events / ( 0.05 GeV/c? )

bottomonium
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We review the results on the bottomonium system from the CMS experiment at the
Large Hadron Collider. Measurements have been carried out at different center-of-mass
energies in proton collisions and in collisions involving heavy ions. These include preci-
sion measurements of cross sections and polarizations, shedding light on hadroproduction
mechanisms, and the observation of quarkonium sequential suppression, a notable indica-
tion of quark-gluon plasma formation. The observation of the production of bottomonium
pairs is also reported along with searches for new states. We close with a brief outlook
of the future physics program.

Keywords: Quarkonia; bottomonia; cross section; polarization; suppression; QGP; LHC.

PACS numbers: 14.40.Pq, 25.75.Nq, 13.85.Ni
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PHYSICAL REVIEW D 83, 112004 (2011)

h1

h2

Upsilon production cross section in pp collisions at /s = 7 TeV

V. Khachatryan et al.*
(CMS Collaboration)
(Received 27 December 2010; published 15 June 2011)

The Y(1S), Y(25), and Y(3S) production cross sections in proton-proton collisions at /s = 7 TeV are
measured using a data sample collected with the CMS detector at the LHC, corresponding to an integrated
luminosity of 3.1 = 0.3 pb~!. Integrated over the rapidity range |y| < 2, we find the product of the Y(15)
production cross section and branching fraction to dimuons to be o(pp — Y(15)X) - B(Y(1S) —
wtpu™) =737%0.13%38] + 0.81 nb, where the first uncertainty is statistical, the second is systematic,
and the third is associated with the estimation of the integrated luminosity of the data sample. This cross
section is obtained assuming unpolarized Y(1S) production. With the assumption of fully transverse or
fully longitudinal production polarization, the measured cross section changes by about 20%. We also
report the measurement of the Y(1S), Y(2S), and Y(3S) differential cross sections as a function of
transverse momentum and rapidity.

arXiv:1012.5545
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the new particles found at LHC

S\ 220__1 | L L L L L L L L L L l__: > 16 : CMS
% 2005_ ATLAS e Data:Y(1S)y —— Fitto Y(1S)y _E % 14 o pp, \'s = 7 TeV ¢ Opposite-sign data
g 180 f—J-L dt=4.4 fb-1 a Data:Y(2S)y —— Fitto Y(2S)y _f cg E L=5.3fb" ——— Signal+background fit
— = | Background to Y(1S)y 3 o 12 | Background
n 160 ] n B
O S B Background to T(2S)y o [0)] B
% 140F = < 10 (@)
2 120E A Converted Photons 5 f
= = . & 8-
S 100 ! = S I
5 8op | = W 6L
3 60F } ML H $ = B
= g Ty, e n 41—
40 e oo + + A ‘.‘ L]
- il s/ -
20F % NEIVE: S = 2 \ l ‘
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096 98 100 102 104 106 10.8 0Ed haedkndll 1
T(kS) M(J/YZETY) - M(J/yZE) - M(T) [MeV]
* first new particle discovered by ATLAS * first new particle discovered by CMS
* reconstruct the radiative bottomonium * first new b baryon observed at LHC
decay by exploring photon conversions * complex cascade decay topology

in tracker material . .
» 4 displaced vertices

Xb Y Y » 6 final state tracks

L > efe
vy

note: these (orthogonal capabilities) further illustrate the
ability of general purpose detectors to make flavor discoveries
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Events / 20 MeV

Candidates / (28 MeV/c?)

the latest new particles found @LHC
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BC b

* meson with different heavy flavors -- unique in SM

» sometimes also referred to as ‘quarkonium’: similar non- ;
relativist potential techniques used to predict properties

. b — € transition
» formed of b+c quarks: the heaviest quark flavors expected B = J/v ety

- +
to form mesons Be = J/ym

c — 8 transition
» b and ¢ may both decay weakly B — BOxt
S

> much shorter lifetime than other B mesons B — B%*tuy,

. 5 W+ "
* state by now observed in several modes co— W transition

B} — K*OK+
: Bf — ¢Kt
» no excited states observed yet (many expected) BF — 1w,
60— . : _ — —
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: 5 LHCDb i e Data
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beauty spectroscopy

mesons baryons
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exotic spectroscopy

* while not all of the predicted states
have been observed yet... many
unexpected ones already have

* referred to as XY/Z states

* all started with the discovery of the
X(3872) state by Belle in 2003

» quickly confirmed by Babar, CDF DO
» other unconventional states popped up

Many theoretical interpretations in discussion:

@ conventional quarkonia;

tetra-quarks states;

&

.IOL i Diquark - duntiquark

&

D*-D™ “molecule”

meson-molecules;
P

L” 99 gluon hybnd

hybrid mesons;
threshold effects:

properties do not well fit the quarkonia picture
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XY/Z states
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pentaquarks
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New particles discovered@|LHC? 59+1
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LHCb observes four new tetraquarks

3 March 2021

16 B+9J/IP¢K+

(CTUS): Zes(4000)+, Z(4220)+
4 (ccss): X(4685), X(4630)

March’2021 @CERN R T S

2
mJ/W(GeV)



https://cerncourier.com/a/lhcb-observes-four-new-tetraquarks/

nature of hadrons, a tricky business

qaq C{ @ Quark @ AntiQuark
+

(aq)(qa) C=C C=C

+

(aa)g  Cr T
+
99 —

Nature of several particles unknown... hadrons
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"% heavy flavor studies at the LHC are opening up new research lines in
nuclear physics, benefitting from the exquisite capability of the detectors
and unprecedented collision energies at the LHC

= several ground-breaking results already delivered, many more to come

proton-proton heavy-ion
\/ sSNN - 196 TeV m 7gTeV | 3(14) TeV 0.2TeV m 276TeV m» 55TeV
Tevatron (Run Il) LHC Run | LHC Run Il RHIC LHCRun|  LHCRunill €

Of very large datasets are being accumulated at the LHC

<z

= large HF production cross section + precision HF detection capability

N. Leonardo flavor physics & rare decays 55



"% at large energy densities, QCD
predicts the existence of a deconfined
state of quarks and gluons -- the
quark gluon plasma (QGP)
» studied in heavy ion collisions
» the goal is to characterize and
quantify the properties of the dense
and hot medium produced at the :
unprecedented LHC energies Nucle Net Baryon Density

Temperature T [MeV]

* heavy-flavor states are ideal
“hard probes” for studying the
properties of the created
medium

flavored Jets

Photons, Z°, W+

Quarkonia Hadrons, e.g. B mesons
(Prompt) Non-Prompt J/y
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CMS Experiment at the LHC, CERN
E Data recorded: 2018-Nov-08 20:48:06.756040 GMT

Run / Event / LS: 326382 / 308207 / 7

Icomaiw b:m

i O\ © h \\‘\.l—-u_L T

Particles loose
energy in the QGP !
(sequentially)

Particles melt
in the QGP !
(sequentially)

1.5 nb™ (PbPb) 5.02 TeV

x10° PbPb 368 ub (5.02 TeV) _
9 :_I | L | T T T I T T 71 | T T 1 T T | L I_: : CMS Work in Progress
: CMS - 0.8
8:— profon—profon . i lyl<2.4 (p_<10GeV/c: lyl>1.5)
7: ] i Global uncert +8.1, -8.1
= F ] - Cent. 0-90%
O 6:_ + PbPb Data _: -
~- O f heavyions _ . . 0.6]- ~+ Data Points
S o E 1] [ ] Systematic Uncertainties
— - ---Background o I , "
0 4F = 0.5 -1 fs/fu in pp collisions
S = -+ Ry, scaled . I — Fit to fs/fu data
S 3 -
L - arXiv:1805.09215 ]
D ge®™® E
1 * !
O: RN N T T U YT T T N T SO S T U A T T . I e ET
8 9 10 11 12 13 14 O.2‘1‘|||I|||||||||l||||||l||||||||||||||||||||||

GeV 10 15 20 25 30 35 40 45 50
My (GeV)  priwg o1 222301 P, (GeVic)

N.Leonardo, CMS @LHE CERN-THESIS-2019-256 57
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quarkonium suppression  [Po-rb

(\’1-\ 800_—f L L L L L L Y BB B N o . .
e dom oms Popb =276 Tev | © TIF'St (quantitative) measurements of
8 70F — popofit || cento-t00% yi<24 1 theY(nS) states in HI collisions
—F e pp shape || L. =150pub™" B . i
S 800 | 4 Gevic 1 ¢ unprecedented resolutions, allowing
o [ roton-proton -
£ 500 | se— PO to separate the three states
> - $1 & n . .
" 400 - » experimentally and theoretically robust
3000 / heavy-lons 3 o excited states observed (>50) to be
- A 1 more suppressed than ground state
200— —
B * spectacular indication of formation of
- 1 Quark Gluon Plasma in heavy ion

1 1 11 I 1 1 1 1 | I I | I 1 1 1 1 l 1 1 1 1 | 1 111 I I |
% 8 9 10 1 12 13 14 coll
Mass(u*w’) [GeV/c?]

“the LHC heavy-ion -
result” + deconfined

nedium:

IMatsul->atz: screening the potential

Q and Q cannot
“see” each othe

;D < rQg
offective

Exercise: the excited states betng suppressed, what vt
may be expected also of the observed ground state  eguced

(hint: ns—1s feed-down)
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quarkonium sequential suppression

T/TC 1/<r> [fm'l] g 1_4—| T rrr [ rrr|yrrr T T T |
a o - CMS Preliminary 0-100%
~-| y@s) 1-2:_ PbPb\[s\ = 2.76 TeV E
_ 1: »_ Inclusive y(2S) (6.5 < P, < 30 GeV/ce, |y| < 1.6) -
_ J/w 0.8 - ¥ T(3S)(iyl<.2.4), 95% upper limit N

F4 T(2S)(lyl <2.4) 7
Y(2 S) _ m prompt J/y (6.5 < p_ < 30 GeVie, ly| < 2.4) |
SO 8 (15) (Iy1 < 2.4) _
04k Y(1s)
Y'(3S) : "ty :
qp(z S) 0.2—wy(2S) Y (2S) —
[é Y(3S) 2 i
0'.1;..11..|11.|H.|.H‘

0 0.2 0.4 0.6 0.8 1 1.2

Binding energy [GeV]
quarkonia suppression pattern experimentally established:

— ——————
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IN medium hadron suppression
PLB 710 (2012) 256

_IITIIIIIIIIIIIIIIIIIIITIIITII]ITI‘I‘ITIIlIlI‘IT[ITlI_] I ! I I l ' I 1
- —=— Z (0-100%) p,>20GeVic |yl2 - - 1
1.8 T T, uncertainty N W (0-100%) p:>25 GeVic In|<2.1 N _
160 B hctndpiotn G400 W14 - CMS-HIN-12-003 -
1.4 : - - —
- N i —8— *qg/g-jet (0-5%) Ij<2
1.2:— “: I —E— *b-jet (0-100%) Mi<2 |
PR S B B (TR S -
0.8 * E _| Jets (R = 0.3) are suppressed -
0.6 ? E N
: - . ¢ -
04: M ¢¢§ o é }_:- -4]....‘ ’ ‘ ‘ ]
T # LS5 Charged particles (0-5%) [nl<1  ~ i .
L © il
0.2 0° BES b-quarks (0-100%) yl<z4 — m -
- (via secondary Jiv) 5 T B T
0llllllllllllllllllllllllllllll'lll 1[1'111111]1'1-1
10 20 30 40 50 60 70 80 90 1« 100 150 ) 200 250 300
p, [GeVic] jetp_(GeV)

* measure of suppression, Raa (nuclear modification factor)
» cross section ration in PbPb vs pp, scaled by number of binary collisions

* different particle species undergo different energy loss in the medium
» colorless probes (W,Z,Y) are not suppressed (Raa ~ 1)
=study flavor dependence of energy loss

N. Leonardo flavor physics & rare decays 60



e prior to LHC, b-hadron detection was pursued
mostly through inclusive-lepton (B—1X) and

b-hadron detection

inclusive-charmonia (B—)/WX) studies

* with LHC, moved to a new class of more reliable
and precise new measurements

» through non-prompt charmonia: remove prompt
contribution through lifetime analysis [see next section]

» through exclusive state reconstruction [see next slide]

both achieved for the first time at the LHC

l LI I 1 l' 1 . I I L | I 1 I L I LI ]
m§ 1.4 CMS Preliminary Vitev: g;;%o/r’ y,_gNM _
: PbPb VsNN =276 TeV [N Rad E Ig:zCNMi»Dissoc :
1.0 WHDG: 0-80%, y~0 _
C [ Rad+Coll E loss ]
1 \ Buzatti: 0-100%, y~0 N
[ CUJET preliminary
- He,Fries,Rapp: 0-100%,y~0
0.8 N [ HF transport
0.6
0.4
0.2~ b-quarks: 0-100% Il<2.4 ]
B (via secondary J/p(u*p))
O L N - l | I l | l J I l § I -] I 11 ]
0 5 10 15 20 25
P, (GeV/c)
N. Leonardo

flavor physics & rare decays

C\/1\3()00'_llllllllllll]lIIIIIIIIIIIIIIIITII lllllll
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o 3 ‘, Ny, 8525+ 177
(05] 2500~ PbPb \ s, =2.76 TeV a5, 1 mevic® ]
o i [_'m =150 Hb.1 e data

o - %45 total fit

Z 2000}yl < 2.4 7 ) -
~ - 65<p. <30 GeV/c %5 bkgd + non-prompt. _
2 [ cent 0-100% S background

C B . («] 7
Q 1500 -
L - i

Events / (0.035 mm)

500f

10*

10°

102

10

1000

)87 OO o -
llllllllllllllllIlIIllIIllllIllllIllllllII

6 27 28 29 3 31 32 33 34 35

C I T 1 1 71 I T T 71 I lllllllllllll
- CMS Preliminary
- PbPb \[s\ =2.76 TeV 3
L, =150 ub’'g ly| < 2.4
; 8 6.5 <p, <30GeV/c
E Cent. 0-100% 3
® data
%44 total fit
&> bkgd + non-prompt
= === background —
: . Rt els o8
1 0.5 0 0.5 1 1.5 2
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B mesons In 1on collisions

» first B meson decays (fully) reconstructed in collisions involving heavy ions
» novel probes of the QGP!

1 A
351 Mb_1 (Pbe 5.02 TeV) 27.4 pb”" (5.02 TeV pp) + 530 ub™ (5.02 TeV PbPb)
200(— . C - [m JD°+D°
' CMS Preliminary pPb \/S_NN= 5.02 TeV S0F CMS 10<p.<15 GeV/c 1 .6:— CMS e charged hadrons
1801 10<p®<15 GeV/c L=34.8 nb’ I T - %] B lyl<24
- T — [ B'+B ly| <2.4 1.45
160F Iyl <193 . | % 400 —e-Data ; e e
:G-(\-;140: e D.ata B % i — F|t 1 2:_ TAA and_ lumi. * lyl<24
E - S 30‘_ S|gna|. . < 1:_uncertamty .....................................................
=120 g 0 o ----Combinatorial e — 4 Ras
Soof = [ 7 0.8 o
=100} = - B-oJwyX E + =
£ sof £ 20 0.6 } e
— - - 09%%
g T ) C i
60 Lﬁ i 0.4 n
RISk ‘ ) 10 : - lyl <1
TR S o i 4 021 Cent. 0-100%
20._ : s i ‘4) ! = , O_Ill 1 1 1 IIIII| 1 1 1 IIIII|
0"—‘{7!7;711 ll;.LJ";‘!ILjC::’J-&.J LAl L‘ L.l LJ L ] l .l | 1.l \LIJ Ll % 5-2 5-4 5-6 5-8 6 1 10 102
5 51 52 53 54 55 56 57 58 59 6 2
B+ in p+Pb B+ in PbPb Measured suppression of different hadron species

these systems constitute precise handles that will facilitate a much improved
understanding of the mechanisms of energy loss of hadrons in the deconfined (‘hot’)
and nuclear (‘cold’) media -- and of its flavor dependence

currently actively searching for Bs and Bc, using dataset collected November 2018
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top quark in ion collisions

* top observed already in p+Pb collisions at 8TeV

» used signature: e or muon plus >=4 jets
* yet another novel probe of the QGP

* may be used to resolve time dependence of jet quenching effects

pPb (174 nb™, \[s,, = 8.16 TeV)

pp, 19.6 fb™, ({s=8 TeV) cT10 CMS @ F _
Data scatd by - Zpsceut C20 0 NNLOANNLL Tops- S a5 CMS et/ut + >4j (>2b)
l+jets EPJC 77 (2017) 15 —pgs NNLO+NNLL Top++ Lﬁ : ¢t Data
el JHEP 1608 (2016) 029 . 30:_ B tt correct

- tt wrong
pPb, 174 nb™, (|s,,=8.16 TeV) CT10+EPS09 Bl background

, B (NLO MCFM ) “Kinomnie (Top++)

I+jets s (R oerme™®) Ko (Top++)
u+jets —feF——i
e+jets

Exp. unc.: stat stat ®syst
—t-3—

PRL 119 (20]7) 242001 Th. unc.: pdf pdf @scales
1 | 1 1 1 | 1 1 1 | 1 1 | | 1 1 1 | 1 1 200 250 300
20 40 60 80 100 m.. [GeV]
o [nb] i

* next step: search for the top in PbPb at 5TeV collected in 2018
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lifetime



a distinctive experimental S|gpature

* bottom and charm hadrons live longer than
the other unstable particles

» T(D) ~ 0.5-1ps, T(B) ~ 1.5 ps
» they travel macroscopic (i.e. measurable)

distances in the detector before decaying,
producing a displaced vertex topology

* extensively explored

» in heavy-flavor analyses themselves

»

: discriminate b-jets from the lighter
quark jets

» in SM measurements and BSM searches: to detect
signal HF components (e.g. t—=Wb, H—bb,...) or
control HF backgrounds (e.g. bb dijets,...)

N

- B decay point

| / ' B production point
I*, q
t o=y T
o
top decays — 100%
b
b
higgs decays -
-__H__<< 57.7%
Bf >
susy decays



guantum mechanics (i)

* an unstable particle may be described H=m-—1
by an effective hamiltonian

¢>t — e—imte— %Ft |17/)0>

(Pol)e]® = e,

* through the non-relativistic
Schrodinger equation

* the solution reproduces the law of
radioactive decay

T=1/T

1 — T
P(t) ~ € Y T is the

* tis the proper decay time,
experimentally it is measured from
the decay length L and momentum p

[ /
{ /
| /

(or their projections on the transverse plane)
. / / B decay point
L M M L)
t =—=L — =L, — /i
By P Pr s
L, Lorentz boost factor / B production point
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ifetime modeling

— Ltlon) = 3] %e-%e(tmc(t;a,)]-s(t)
i

PDF

° - I”eSO|UtI0n normalization

» use per-event uncertainties Gt
(more precisely reco'd B’s get larger weight)

» calibrate using data (high stat. modes)
gy > SL O
* trigger/selection bias

» vertex detachment requirements
used in selection bias t-distribution,
requires acceptance correction, &(t)

* backgrounds
» prompt, O(t) (— resolution)

» long-lived (from decay products of
other b-hadrons)

f

theory

model

i f

t-acceptance
function

t-resolution
function

N

time —»

example i lifetime fit

. Data

Signal
---- Bkg
— Signal+Bkg

10?4

+ ct=477.6+24.2um

|||||||||||||||||||||||

1000 2000 3000 4000
Proper Decay Length (um)
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3

10

Candidates per 15 um

* should be calibrated, using data

It-resolution, oy

* O may be taken per-event from the vertex kinematic fit

* a possible strategy (CDF also used for example by LHCDb)

» if dataset is t-unbiased: fit prompt peak with scale factor, et ®R(t,5.0v); else:

» construct a prompt sample of B-like vertices, closely mimicking kinematics
and topology of the signal; fit this sample as above, allowing for scale factor

» to further facilitate transfer to signal sample, parameterize S:(AR,l,Nn,z,X?)

L =355 pb”

CDF Run Il Preliminary

i Ll [ TALeA
il
' HL it

N. Leonardo

|| l|| i

i — data
L — fit
f+
f++
— prompt
r

1

Uil
T !l ||| I

'ili J 'Lli
0.0

proper time [cm]

CDF

signals:
B—DT1,DIX
triggered by SVT

calibration sample:

SVT-displaced D +
prompt tracks

10%E

10°

102

10 108

] LHCb
signal:

{ B=)/@TrTT
| displaced

| calibration sample:

J'mw;.;i.‘.h m

U
0 1 3 4

Decay time (ps)

(PLB 713 (2012) 378)

flavor physics & rare decays

| prompt J/p +

prompt pion pair
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[t-acceptance, ()]

* if dataset is not biased, £(t)=|I

* if bias corresponds to a threshold (global or per-event) on L,y or t,
then the efficiency is given by a threshold function €(t)=0(t-to)

* if a more general bias, £(t) can be estimated from MC or data

2- "
‘ &
) )
j E 0981 4t X -
1.5- ‘Ei -+ ++ 4t 4+
1 n
W 0945 :
| ] LHCb
i 092+ -
05- - arXiv:1402.2554, JHEP
! 09— ¥
| 1 10
off — , — t [ps]
o 0 %2 proper decay length [Gn] 151 (a) LHCb Simulation
MC driven: QEMWM¢%%W@%
. . i 1~ =
c (t) t—distribution after selection
= BO — Jhp K*O
Z{a } Le—t/T ® G(t; Ut) 05  arXiv:1402.6242 _ / . —
tr T i Ag — JYpK— |
Data driven: pro s3 (2011) 032008 L _. o
2 4 6

N. Leonardo

0
flavor physi

8
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b-hadron lifetimes

N. Leonardo

T (ps)
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(a) D@, 10.4 fb" ™
E ~+ Data_ ::' 10° B J
Do - Snl 10° oo S R Ifb- LHCb
§ -------- Background — Background w102 A = I A o
ks — Signal+Background B..“’ 3
o 2w '
10E 10 1 - é
NI — (L :
3501 005 0 o0E o 05 02 05 03 B 3 0
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T(Aw)=1.537 £0.045 £00l4ps  Tpo,yyxe = 1.499 + 0.013 + 0.005 ps
T(B*)/T(BY)=1.088 + 0.009 +0.004 740,754 = 1415+ 0.027 £ 0.006 ps
T(Aw)/T(BY)=1.020 + 0.030 +0.008  Tgo, s = 1.480 = 0.011 = 0.005 ps
103§—Ab (\(:§M=S7TevL=5fb'1 s T
i — Fitunction JHEP 07 (2013) 163 ATLAS T, =1449+0036ps ]
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B meson mixing

B+ B° BSOS B
D _ _ _
+ b b b
= u d S
D
©
=
<L

= neutral B mesons undergo spontaneous flavor oscillations between particle and antiparticle!
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quantum

mechanics (i)

allowing for a flavor-changing perturbation (AF) in the hamiltonian

H =Ho+ Har
[¥) = a|P°) +b|P7)

. d
Z_
dt

Yp=HY

B 1
m 2I‘
= 1T %
M7, — §P12

Mz — 5T

i
m 21"

() )()

a pure flavor eigenstate at t=0 will evolve to an admixture

» non-diagonal elements in H = f
[P) = p

flavor eigenstates [Pu) = p

avor eigenstates differ from mass eigenstates
P%) +q|P°)
P%) —q|P°)

with [p|* + g/ = 1

time evolution of flavor eigenstates (after finding H eigenvalues An,L)

|PL,H>t — e )‘L.IitIPLJI> — e L.ut QIL‘HtlpL,H)
probability for particle-antiparticle transition
4 2
_ _ 1 . AT
|(P°|'H|P0)|2 = s |(P0|’H|PO)|2 = ‘B 56—“ [cosh (T t) - cOoS (Amt)]
q
> with Ar = r,-r, and Am = my—my

neglecting CPV in mixing (i.e. p/g=1) and Al, the mixing probability is:

Ppopo () = Paope () =

N. Leonardo

ge—rt [1 — cos (Am )]
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flavor oscillations

et /T
p(B — B) =
T
et /T
(B — B) =
T
- , H
8 07 A g 07
> "V (ideal scenario) - (realistic scenario)
E= =
E 0.6} otal 3 — total
o . [+
505 ~ 0 e mixed 508+ 0 e mixed
unmixed unmixed

0.4 0.4f-

03} oaf 7

0.2} 02f .

04f : 0.1

..*u'l’.;'lLL}.-il.;lJ';J;A-"rg P S R A

) 0.5 1.0 15 2.0 085 0.5 1.0 2.0

. 0. 15
proper decay time, t [ps] "\ proper decay time, t

t-resolution, t-bias, dilution

[ps]

(1 + cos Amt)

—
(1 — cos Amt)

oscillation frequency given by

_—7 mass difference between

heavy and light H eigenstates

1 N
|
[
|
|
|
0.5/ [ |
[
I‘ \
|
o|' "
0f— - =
e o
10 12 14

EXercLse: show that a proper
tmee cut t>t, tnpluces
unoershootings bestoes the

eak tw the Fourter transform
of the oscillation signal

* but... one critical ingredient still missing: need to known whether
or not a given B candidate in the data has mixed " flavor tagging

N. Leonardo flavor physics & rare decays
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particle or antiparticle
— osllations ... o=

* (let‘flavor’ here refer to the particle and antiparticle state)

* flavor at decay time:

» trivially given by the charge of the decay products, if using flavor specific
final states

» (e.g. final flavor given by pion charge in Bs =@ Dy 1" vs Bs = D" 11

* flavor at production time: ...

Exercise: think about it
before resuming discussion
L next 2 slides
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how to tag”?

* attempt #|: use Bs mesons from the decay of heavier particles

B — Blz* t—Wb
V* I, q
C +
Bfr% t 4 Vv, (_7'
A
b

» the initial B flavor (b or b) could be inferred from the decay products of
the heavier, parent state, eg from the charge of the pion in the examples

* attempt #2 : make use of the other b quark (from the originally
produced bb pair), by reconstructing the other b-hadron in the

event, say B*— |/WK?F (flavor given by the kaon charge
Y g y g

» these possibilities are quite interesting! but given / Bs or Bs
reconstruction inefficiencies (of parent or other B), A
very high signal statistics would/will be required...
catch: infer flavor without full decay reconstruction % B or B+
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» kaon

flavor tagging methods

Final State Reconstruction

b-flavor at decay

opposite |~
side lepton

o
it
K-

fragmentation
. kaon + G/
; K

B jet B hadron - -

Collision Point L, ypicaly ch
Creation of bb ‘ '

Mg

i t=Ly—

- ; Pr
b-Flavor Tagging 5 Proper Decay Time

b-flavor at production
In B rest frame

opposite-side tagging same-side tagging
’ b b J—
» lepton (e,p) Exercise: o ? }B‘:
) jet-charge 1.explain ,ho:v,B ﬂaxa/[g{ OéS,GLLLa‘FLtOl,l:\IS C s
B cause an Lntrinste atlution o e — (o fepe ,

OST wethods erformavwe g:- i }.Ko JCEM)(CVOLSG. BKPLHW\’SVQ
2. show how the Lepton tagger, ( u ( Cfg_ff)‘foamaﬁc(e ch)
based on semileptonic B ecays nod demern f)v»o’?he . V:ilco‘ies of
(B—L) is affected by sequential B EMSDW being Eagged

deoags such as B—=D—L
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dilution factors

* various effects decrease the amplitude of an oscillation signal

2
.. 6D2 S S —0 22
mixing ~ . . e %t
significance T 2 A S + B A oscillation frequency w

Exercise: explain
why the t-resolution Ls

| T even more determiniing

for B, than B, mixing

signal  signal proper time
yield purity resolution

* tagging power £D? is given by the algorithm efficiency € and dilution D=(1-2w)?
where w is the wrong-tag fraction (i.e. probability algorithm gives wrong decision)

* it determines the effective statistical reduction of the sample size: S " S . £.,,D?

tagger \ €D2|  CDF DO ATLAS CMS LHCb
for decay |.3[9(;_rso.T<;5% ECZZT SSSSI/] | 4[50?35/ OST] 2.431F£§$]o.26%
.68+0.54% 45+0.05% .
B )/ (3521 :{; ;ssn e Ol ey . o.s%g;)g{; [SST]
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mixing model

. . . [for each sample component & event]

Cancthca s per X0 N
- a 2

! /TN
' |
1 e 1+ ASpD cos(Amskt ) ‘
Lt — K -~ ( - I) ®R(t — t,; Sat.at) . g(t) ®F(l"8)
N T 2
» Frequency Ams
analytical or
computation > Amplitude (A,0a) for fixed Ams
(if need be)

* ingredients: mass, proper time, proper time resolution, t-acceptance
function, kinematic factor (for partially reco’d decays), and... flavor tagging

N. Leonardo
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asymmetry

Raw asymmetry

0.3
0.2

0.1 1

-0.1

0.2 ]

-0.3

e
=

e
¥}

CDF Run Il Preliminary L ~355pb’
JVX Jet Charge Tagger
] 4
'._+_ 4T
1 o data
— fit projection
] B contribution
1 B* contribution B—e/uDX
0.05 0.1 0.15 0.2
pseudo proper decay-length [cm]
i 1
. LHCb
C +B'->D
- — combined
[ 1 IR |
5 10 15
B decay time  [ps]
Amy
N. Leonardo

asymmetry

Raw asymmetry

0.3
0.2

©
=~

e
[}

Bg m

IXINg

CDF Run Il Preliminary L ~355pb”
] Soft Muon Tagger
Ly
I 1

T
b e data

— fit projection
B? contribution
] B* contribution

B—e/uD X

0.05 0.1

0.15 0.2

pseudo proper decay-length [cm]

L
LHCb A
+B"> Iy K"
— combined

Illllll

/

g:

=0.5156 % 0.0051 (stat.) & 0.0033 (syst.) ps ™~

flavor physics & rare decays

1
10 15
B’ decay time ¢ [ps]

CDF Run Il Preliminary

L~355p0

- datar 10

A 95% CL imt

0.3 ps”

16450 sensitvity  >20ps’

data » 1,645 o (stat 0'3?,']
Amge to

Events/ (0.4 ps)

=

?‘-Bo tags

— B tags

]TT

Ll [ll

Raw Asymmetry
S o © o
- IS

|[I TI17

III ‘Il‘]l' IJII

b)

s L-xlnx‘xulx Ll 'l 1 l‘

(most precise measurement)

At (ps)
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Amplitude

Bs mixing

CDF Run II 31.3 ps-'

2
5 0 :
1.5-: el o Tagged mixed
1 é g ! o Tagged unmixed
0.5- ++ > 400_H —— Fit mixed
0 P . . ' Il 2 — Fit unmixed
: L e T IW |||| |||| ¢
-0.51 | = i
| A 2 200F |
-1 8 i
1.5- #
o] AAm=17.75)=1.21= 0.20
0 5 10 15 20 25 30 35 00 1 ' ) ' 3 y
A/oA=6.05 Am, [ps’] : :
decay time [ps]

frequency space & time space
observation by CDF (2006)

p-value = 8x 1078 corresponding to 5.40 |
Ams = 17.77 + 0.10(stat) * 0.07(syst) ps-1 ~ Omg = 17.768 £ 0.023 (stat) + 0.006 (syst) ps”

LHCDb confirmed (improved precision)

In agreement with SM expectation Amq = 17.3 + 2.6 ps'I [arXiv: 1102.4274]

note: experimental precision O(10?) times better than theory calculation
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— BY - Dot = BY - D_n™ = Untagged

0L ! . L
2 4 6 8
t [ps]
e nen =] CERN LHCb 6/fb 2021
e ol N Ame=17.7656 = 0.0057ps"
- | Fermilab CDF 1/fb 2006
e Ams = 17.77 = 0.10 = 0.07 ps™

Amyg [ps™!]

Bs mixing provides one of the strongest constraints to NP models that try to explain the

observed . E.g. a Z' could easily alter the B.. oscillation frequency.
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the standard model

£SM =—1 Vglpaug% ggfabc?#gggzgg _0 %gzlfabcfadcgzgsg:gs - 8,,1/(1)/;5VW; -
M2W,j'W_ 3 Z Oy Zu — EM Z“Z” — EaﬂAua#A,, — zgcw(('),,Z”(W;W,,_ —
WW,) - ZB(W;E)VW; -W, oW+ Z)(Wo.W, — W, 0,W,)) -
igsw(('),,A”(W:W,j -Wyw,) - A,,(W;@,,W; -W,oW;)+ AW oW, —
W, 0W,)) = Sg°WIW, WIW, + 39" Wi W, Wi, + g (B ZW,
DWW, + PsL (AW AW, — AAWIW) 1 Psucn(AnZIW Wy —
W W) —24,20W: W, ) — 10,HO,H — 2M?a), H? — 0,60, - 19,6°0,¢° —
B (2;% L 4 3+ 80+ 276 )) + M a, -
gapM (H? + H¢¢° + 2H¢™¢™) —
%920}; (H4 + (¢0)4 + 4(¢+¢—)2 + 4(¢022¢‘:¢— + 4H2¢+¢_ + 2(¢0)2H2) _
— ] 070
oMWW, H — 3o Z020H —
%Zg (W,j_ (¢Oaﬂ.¢_ - ¢_8p¢0) - Wu— (¢Oap¢+ - ¢Tau¢o)) +
39 (Wi (HO¢™ — ¢ 0,H) + W, (H Oup™ — 6" 0. H ) + 59:-(Z)(H8,¢® — ¢°0,H) +
M (= Z°8u¢°+W*6,L¢_+W“8u¢+)—z'gi"*MZ°(W+¢“ W) +igs,MAL (W —
W ¢+) - "'9 ZO(¢+3#¢— - ¢ auqu) + 198, A (¢+8,,¢_ - ¢_aﬂ-¢+) -
192W+W (H* (¢°) +207¢7) — 39°F Z0Z) (H? + (6°)* + 2(2s%, — 1)%¢7¢7) —
39 -“*Z°¢°(W*¢ +W,ot) — Zgzi“ZOH(W““(ﬁ‘ W, é%) + 56%5,A,8°(Wié™ +
W, o") + 3ig swA H(W+¢‘ W, ot) — g°2(2c;, — 1) Z0 A 81 ¢~ —
92S?DAuAu¢+<é" + 5195 X (@7 749795 — & (70 + m2)e* — v (v0 + mp)v* — 43 (0 +
m;))u;‘ — d} (70 + my)d} + igsu A, (—(é’\'y”en’\) + %(ﬁg\;’y“uj‘) — %(d?f)l“d?)) -
yom ZO{(f/ YA+ + (*(4s2, — 1 = °)et) + (i (585 — 1 —7°)d}) +
(T} 7"(1 — 352+ )} + 2 5Wi (P (1 +7°) UM ace®) + (@394(1 +7°)Credf)) +
W, (( Uy (149 + (dCH (L + 7)) +
siimd” (—mE (U P (1 = 7°)e") + my(PAU'P e (1 +7°)e") +
Tn/\ -—
9 (MU 4 7)) — i@V (1~ )w) — $RHN) —

2M\/2
5P H(E ) + ¢°(V*75VA) (@) — §oa ME (1= 75)0 —
1o ME (1 ’)’D)V,{ + 2M\/_ T (—mf(a 3\0,\,{(1 — %)) + m’\("*C,\,G(l +')’5)d'“)
skt (@497~ mi @Y1~ ) ~ S5 H () —
A
%{L ( d/\)+_gﬂl¢0(u)\,),5u)\) 12"“(}50((1’\ 5d’\)+ Gaa2Ga+gsfabr_6 GaGbgu
X*(8% - M2)X*+X (02 — M) X~ +X°(8 — {?f)X0+Ya2Y+zgcwW;(a XX —
0, X X0)+igs,W}(0,Y X~ —8,X*Y) +ige, W, (8,X X —
0. X°X*)+igs, W, (0, XY —9,YX) +ige, Z) (0, X X" —
0, X" X")+igs, A (0, XX+ —
0,X~X")—LgM (X+X H+X X H+ 4 X°X°H)+—“- gM (XX — X~ X" )+
LigM (X°X~¢+ — X°X+¢~ )-{—ngsw (XOX-¢+ — XOX+¢~) +
LigM (X*XT¢"— X~ X¢) .

A
2
+
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Quark gauge couplings
: gauge couplings equal for all generations

3
tmiem = ZjSlDQQj =+ UjimUUj T DJilDDDj
j=1

Doy = 0Ou+igT°G), +igm" W, + iYog' By,

Yukawa couplings
: Induced by Yukawa couplings between quark and Higgs

3

Lyuk = Z (—Yy4;QriHUg; — Yp;QriHDRj + h.c.)
i =1

Lo =[(8, — igWit® —ig Y3B,) ¢]" + 26’ ¢ — A(¢!¢)?
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Higgs mechanism

V(g) = 1d'¢ - NM¢'¢)’

spontaneous symmetry breaking
by non-zero <¢> =v

expand Higgs field around vacuum

¢(x) = ¢o + h(x)

o+ ! b1+ i | 0 vacuum expectation value v # 0
¢ = 0 | V2 \ 4s4i0 R v+ h(z) u|  2Mw
S = — = —— = 246GeV

(v
V) g

Lf= %(foR+fRfL)U | %(foR‘FfRfL)h

: . gfu \@ngW sin Oy
fermions acqguire mass. my = ——= =

V2 e
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guark masses

a Lagrangian mass term mi1) would break chiral gauge symmetry " not allowed  <how this
introducing Yukawa interactions with a scalar field, fermion mass terms get generated

— Yulig ~Y¢ip (v + ¢')

spontaneous

symmetry breaking

the mass terms for up- and down-type quarks have the form

Ly = —ﬁORT m, u; — dORT my d; + h.c.

the mass matrices - my, mq - are not diagonal; may be diagonalized (w/ unitary matrices L,R)
L,m,R! =,

; [T 2 Iflu(d) — dlag (mu(d), mc(s), mt(b))
Ldded — ﬁld

flavor changing interactions in the SM (charged currents) through couplings to W* bosons

Ly = %ﬁg‘r’y”“di W; + h.c. 2\[u Tyl =) VAW + h.c.cKM
the unitary quark-mixing matrixV is the Cabibbo-Kobayashi-Maskawa matrix
V=L,UL} . .
describing quark-flavor mixing [/ & Ve Vs Vi d Vi
d=vVd 1= Vaa Ves Vo $
v Via Vis Vi b W
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recap: no FCNC at tree level in SM
qi di qi qi d; q; qi di
Y 7Y W g

(in SM at tree level) et

charged currents (W) = flavour changing interactions Ve
W= g

leptons: flavour universality

quarks: flavour non-universality W+
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Nuclear 3 decay K— mlv

S A

V' W\ b— ulv
Us ub
Vexn = oo ||V opf& b— clv c
WV > 1 — DIy ¢
 /

——» ¢ — slv

» B meson mixing




quark mixing [CKM]

((Vaa Vs Vo \ [ 1-X%/2 A AN (p < in) )
= | Veu Ves Va | ~ -\ 1—X2/2 AN
CKM
\ Via Wi Vi ) \ A)‘B(]- — P ’”7) —AN 1 / +O(>\4)

* CKM:a unitary 3x3 matrix
» has 9 parameters: 3 rotation (Euler angles) + 6 phases
» 5 of these phases can be absorbed by making phase rotations of quark fields
» we are left with 4 independent parameters: 3 angles & | (complex) phase

» m in a standard parameterization (Wolfenstein) these are: A, A\, p & 1

* one irreducible phase "™ the source of CP violation in the SM

Exerclse:

* show that iw case of N generations, unitarity bmplies (N-1)2 tndependent

ﬁ“m meters, with N (N-1)/2 rotation angles and (N-1) (N-2)/2 complex phases
show that at least quark generations are regquired for CP violation
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[CKM | parameter counting]

V=L,L!
dLi — el%idLi
(C)—% \ (,/ml l/u\ l/uh \ (e-q)! \ P,
) . u. . ee utu .
V — e 9. y V” th e ¢, Li Li
>~ >~ h
\ € ) \Vn/ Vn V:h ) \ ¢ ) V”, —>exp(i(¢,—¢”))l/“/

- a complex NxN matrix has 2N° parameters

- unitary = VVi=1 = N2 parameters

- can absorb 2N-1 redefining 2N-1 phases of 2N quarks

- accounting 2N? - N2 - (2N-1) = (N-1)?

- this correspond to N(N-1)/2 angles and (N-1)(N-2)/2 complex phases

Degrees of freedom in Vi, in 3 N_ generations 2 generations:

Number of real parameters: 9 + N2 cosf sin#

Number of imaginary parameters: 9 + N2 Vern = ( " 8)

Number of constraints (V77" = 1): -9 -N? —SImY cos

Number of relative quark phases: -5 - (2N-1) / No CP violation in SM!
This is the reason

Total degrees of freedom: 4  (N-1)? / Kobayashi and Maskawa

Number of Euler angles: 3 N (N-1)/2 first suggested a 3™

Number of CP phases: 1 (N-1) (N-2) / 2 family of fermions!
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[pause: quarks vs leptons]

CKM PMNS

> b Vi V2 V3
U [ ] : V, O
c B . Vi
L ' - V,

- in SM, lepton Yukawa matrices can be diagonalised independently = no FCNC ...

- however, v oscillate = |epton flavour not conserved

- there is also a corresponding mixing matrix (PMNS) in the lepton sector
- CLFV depends on mechanism to generate neutrino masses

- CPV in lepton sector

- are CKM & PMNS related, can explain different structures in quarks vs leptons, ...
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CKM unitarity constraints

VTV =1 6 = unitarity triangles

Vudl/u:) + Vchc; + Vdex;
VV +VV. +V.V,

us' ub cs' ch ts” th

VidVis + ViV + ViV,

*

VidVa + V.V,

us Is

VVa + V.V,

cs' s

VidVei +V.V.

us cs

+ V.,V
+V.,Vy

*
+V, Ve

*

*

All 6 triangles have the same area, a measure of CPV in the SM
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“the” unitarity triangle

o = arg thVd
J* 1/ VAR VA Va R VA 0 p—
‘ ub ‘ wd 1 ‘ ch ‘ cd T ‘ th ‘ td — U ’ljb‘/;t.d

X
ub ‘/;l'd
Pick k ph ti h that Ve Ve is real 7= als *V
ICK a quar P asSe€ convention suc a cb cd IS IF€a Cb Cd

Normalize all sides by -V Veg ,B ( C* chd )
— alrg '
*
i Vtd

(1,0)
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over-constraining the unitarity triangle

BY— p*p-, pm,

B & B, oscillation rate
B%— pY

B— X, 1v
Bomlv
B* — D%/ DOK* B? (B%) - cc K\?
B— X_ 1v B (BY) —» s5 K. ¢
B— D* | v ( > B
B? (B%) — cc dd
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constraining the unitarity triangle

* is the CKM matrix unitary (as expected in the SM)?
» 4th generation of quarks? New forces? E.g. SUSY?

* over-constrain the UT: measure each side and each angle
» do all measurements cross at one single point?

semileptonic

B decays 08

B—Xulv, DOIv | 1=

CPVin |
neutral kaons' 04 |\ z:
02
CPV in B—D’K,Dri,Krmt
angle: gamma 0 bl
~ (the least well known) M

B4,s mixing

sin 28

Amg/Amg

Bs— Dsti(rm), DsIX

= 'CPV in B—mm, prt
angle: alpha

CPV in Ba
Ba— K, D'D’
' angle: sin(2)
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B meson mixing in the SM

b Vv Vi d . —_—
F” W g * the mixing process (and oscillation
F— . .
BO‘ u,c,t et | B’ frequency, Amg) is proportional to
| I : .
~' | the involved CKM matrix elements
o ‘/;d 17 th b
b 7V g _ 1/ |2 _
Ph WV J Am, = C|ViV,|" , (g =d,s)
0 30
u,c,t u,c,t
BAS'| ‘.lBtg
d\ W ‘ 0.8 Spe”
: Ws |7 b = F .| 25ps
06 |- | 35
Amy Ca |V;:d|2 _ Mpo §—2|Wd|2 i
Am Cs |V;;s|2 mp, |V£8|2 04 |-
Amg, _ , MB, 1 — %)\2 - 1 E :
Ay mp \ A ) (1-p)+ 7 02
(1-p)’+7 =c e e
* i.e., the ratio of B4 and B; oscillation frequencies = a measured ;/alue of Am; away
yields a centered at the point (p=1, N=0) from ~17.5ps* would have been

incompatible with the SM
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UT fit

\2 _9 _ Amg ., Mmp, 1— 1a2\*
A=p)+70"=c ¢ = Sn €A ( N

mpgo

* if c would be exactly known, the
constraint would indeed be a circle

A=0.224+0.012

_ . _ = 1.210 *0.947 from lattice QCD
f(B,7le) = 6((1 - p)2 + 7 — ) §=1.210 553 from latico ACD_

e but...there are uncertainties,

. . Am, =(51.0 +0.4) x10'° A s7! ,
both theoretical and experimental ‘ (PDG’14)

Am_ =(17.69 +0.08) x10'* A s~!

EKBVOLSC which factor Limits the CKM-constraining
e thus c is described b)’ a Probabi“ty power of B mixing; may it be constrained experimentally

density function (PDF): f(c
y function (PDF): f(c) .
* upon employing Bayes’ theorem 0.6 4’“‘“" o S,
L(p,7,c,x[¢) o< f(&[p,7,¢,%) - f(c,x,p,7) oy
* we obtain the PDF for p,n as i - w1
‘C(ﬁaﬁ)x) X H f(éjlcj(ﬁaﬁax)) X H f‘t(xl) -
j=1,M i=1,N B
posterior PDF constraints prior POF =l &
* integration requires use of numerical and ) | A e
statistical sampling techniques, %05 0 s 5 9
e.g. Monte Carlo L, L Sevilla, https://arxiv.org/abs/hep-ph/0603115
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UT fit

* as seen, experimental and theoretical inputs with corresponding
uncertainties are combined in global inference frameworks

» imposing SM relations -- or testing alternative BSM flavor scenarios

» usingfrequentist or @ayesian statistical fit approaches, e.g.:

1.5 L L I T 171 1 L L la I LI 11
ex area > 0. ‘ Z I: B
| cluded has CL> 095 ' % : i UTfit ,Y
sofl ; T % - 1= summeris
L ; % Amy & Amg S 7
: | B A Am,
- sin2f ; - ) L
i : ] 0.5 7
05 -y AM — . L/
L - : w7, b d - = J
e 4B ' : ’
Rt 4 : 1 - £ Vuo /
IS 0.0 oo R - ok Veo /
o : i _ // |
05 ; N i /|
' ~0.51 o
1.0 - Y € _ i
, sol. Weos2p<0 B
Summer 18 ! {excl. at CL> 0.95) | -1
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UT fit evolution over 20 years
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CKM fit
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constraining NP

* allowing for New Physics contributions, via generic parameterizations

* e.g. NP contribution to off-diagonal B mass mixing matrix Mi2 [see mixing section]
M>Ma=M»Ma. Ag, with Aq= [Ag|.exp(iP29) and g=s,d

SM point corresponds to: As=1=Aq4

NP phases, @4, shift CP phases from mixing-induced CP asymmetries
2Bs—2Ps-DAs (Bs—>J/L|)(p) and  2Pq—2B4+PA (Bd—>J/L|)K)
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