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LHC goal: find NW PySiCS beyond the SM

PATH A

|+

BSM particles directly produced in collision

(provided NP scale ~ few TeV)

the direct way

2\

b search for

SUSY, extra dimensions,
Z’, other “exotic” objects

N. Leonardo

measure H,W,Z, top,
b hadron properties, \
search for rare decays ﬂa\IOV-

flavor physics & rare decays 3

PATH B

|+

BSM particles modify SM processes
via Quantum mechanical effects

&y

the indirect way .




STANDARD MODEL & BEYOND
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strong sector electroweak sector new sector
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LHC discovery flagships

a 4-decade search effort... ended in 201 2;
Higgs by ATLAS & CMS

Volume7 16, Issue 1,17 Seprember 2012

a 3-decade search effort... ended in 2015:
Bs— UM by CMS & LHCb
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LHC: measurem
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CMS Exotica Physics Group Summary — Moriond, 2016
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flavor anomalies

This is how theory - data
agreement (aka no-anomaly)
looks like:
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Are these

Test lepton flavour universality

the first indications of Physics

Beyond the Standard Model?
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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)
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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

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)

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

February 2012

dN/dm (events /  GeV/c?)

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

N. Leonardo

new, heavier states
flavor physics & rare decays

directly confirmed experimentally 1968 [DIS])

neutral currents observed

UA1 + UAZ
Dm (e'e”)
G
discovery
(UA1+UA2) il

-

1o s
20 40 60 80 100

.lnvai:anf mass of |"1

afce of™
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«flavor» physics?

* 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-) ,<VT) | (U> (C) (t)
€/, K, T ) d . \S/, b [

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

el SN =

= -~

“Rich flavor phenomenology ... 3 o

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
N. Leonardo flavor physics & rare decays 11
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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

12



another, related «puzzle»: BAU

(baryon asymmetry in the universe) </

Sakharov conditions (1967), necessary for dynamical evolution of

matter dominated universe from symmetric initial state gf&:;%g%%f{d T
|. baryon number violation J g
2. C & CP violation

3. thermal inequilibrium

no significant amounts of antimatter observed
» ANg/Ny = [N(baryon)-N(antibaryon)] / Ny ~ 10-!° L
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

13



«heavy» flavor?

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 my 4200 MeY dipole moments test SM

phenomenology (since it
does not hadronize)

tau
e.g. searches for lepton
flavor violation, T UM

Study Beauty and Charm quarks

- hidden flavor aka quarkonia: P (cc), Y(bb), Xc; plus exotic X,Y,Z states
- open charm: D mesons

- open beauty, B mesons (B, Bq, Bs, B.) and b-baryons (A, Zp, (b, ...)

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

- some extra focus placed today on Y and B — particularly interesting at LHC

14



guark masses [higgs] |

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

N. Leonardo flavor physics & rare decays 15



quark mixing [CKM]

((Vaua Vs Vo \ [ 1-X%/2 A AN (p < in) )
= | Vo Ves Va | ~ -\ 1—X2/2 AN
CKM
\ Via Vis 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

N. Leonardo flavor physics & rare decays 16



unitarity

* unitarity of the CKM matrix
D ViVi = G = Y Vi

* e.g. multiplying It & 37 columns

VdVub + VedVer + ViaVip =0 e BN
> P Re

° may be represented as a L/ A\

triangle in the (p,n) plane

* CPV is proportional to <= : ue :
, x-,‘—v-cdvcs “\V v * ViaVed
° ca' s *
triangles’ area Vo VoV S\
us®" cs
Exercise: show that CKM
unita n’ccé %jbewls, six triangles sb ; ct g
(note: the b&ttangle is mueh squeezed wrt VesVeb — csV s
to the bd one, with small area; a Large B ) g VeaV r,*(_/ —_—
angle would tndicate BSM contributions) VoVt VasVub TR

N. Leonardo flavor physics & rare decays 17



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)

18



example: B meson mixing

O

B+ B.
b
u

= neutral B mesons undergo spontaneous flavor oscillations between particle and

Bj:

Matter

Anti-Matter

N. Leonardo flavor physics & rare decays 19



example: B meson mixing

i * the mixing process (and oscillation
TRX. u,c,t ['B" frequency, Amg) is proportional to
- . the involved CKM matrix elements

b S 74 . s17 |2 _
5w amy = C|Vav [P, (a=ds)
0 '\ 0
u, et u,c,t
BAS'| ‘.lBtg
d\ W ‘ 0.8 Spe”
- Ws W b T -
0 0 06 |- _| 350’
Amy Ca V|~ _ mpo é._QIV;tdl i
Amg— CelVul*  me, % Vil o [
Amg o m, 1— %)\2 2 1 :
Amyg mpo A (1—p)%+n? 0.2
N2 | 2 0 L. —
1=—p)+0" =c o S
* i.e., the ratio of B4 and Bs oscillation frequencies = a measured value of Am  away
. . ~ 1
yields a centered at the point (p=1, N=0) from ~17.5ps™! would have been

incompatible with the SM

N. Leonardo flavor physics & rare decays 20



-\ 2 —2 —
1-=p)"+n°=c ¢ = am 4

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

UT fit
Amg ., Mg, (1—5,\2)"

A=0.224+0.012

_ N _ =1.210 *0.947 from lattice QCD
(B, 7le) = (1 — p)* +7° — ) & =1.210 555 from lattics ACD

e but...there are uncertainties, Am, =(51.0 +0.4) 101 7 s~}

both theoretical and experimental - (PDG’14)
Am_ =(17.69 +0.08) x10'“ A s~

5)(6VGLSC which factor Limits the CKM-constraining
e thus c is described b)’ a probability power of B mixing; may it be constrained experimentally

density function (PDF): f(c)

.
e upon employing Bayes’ theorem 0.6 —‘U""“-' o S,
L(p,7,c,x[e) o f(&lp,7,¢,x) f(e,x,p,M) —
* we obtain the PDF for p,n as [
L(p,7,x) o< ] f@&le(mx)x ] fil=) :
j=1,M i=1,N B
posterior POF constraints prior POF ol ~
* integration requires use of numerical and ) | A L
statistical sampling techniques, %05 0 05 3

e.g. Monte Carlo

N. Leonardo flavor physics & rare decays 21



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 T 1T 177 I 1T 177 I T T 1 TQ I | 1 | 171 ] T T T 1
excluded area has CL > 0.95 . 7};0 I |: B UT ~ \<
. 5 i - fit A
I . ’Y = 7 1 ’ v Amy
L (s . summeri3 \ A
1.0 — o — I o -
L 5 Amy& Am, SM fit
- - -
- sin2p - n
0.5 — 0.5~
C ! B
1< 0.0 —_— —_ 0
0.5 — A i
i 1 -0.5
-1.0 N €k n L
o i l. w/ B0 r
L F,i!;,iﬂae - Y : :xd.a?::sbo.gs) s -1
_1 .5 | S I | I L1 1 1 1 L1 11 l | I I | I L 1.1 1 l 1 1 1 ] :
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 '

p
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N. Leonardo

UT fit evolution over 20 years

2006 2009 2014

flavor physics & rare decays
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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 M2  [sggmixipe
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

2By 2B-Pos (Bs—>J/L|)(p) and  2Ba—2R g+ DA (Bd—>J/q)|<)

L l 11 l L | 1T T 1 I L L l LI II L I LI I
xcluded area has CL > 0.68 ; ] | | excluded area has CL > 0.68

v

v

v

v

AT, &1f5

SM point

ImA,
ImA,

g 24



detection



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

a distinctive experimental sigyature
e

» T(D) ~ 0.5-1ps, T(B) ~ |.5 ps

» they travel macroscopic (i.e. measurable)
distances in the detector before decaying,

B decay point

producing a displaced vertex topology L/
* extensively explored /
/ 77— B production point
» in heavy-flavor analyses themselves o
» : discriminate b-jets from the lighter W £
. v,
quark jets top decays L 100%
b

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

susy decays

Exerclse: determine how far a B° meson with typieal momentum i <'= |
Peo=100G¢eV Ls expected to fly at the center of a LHC detector il v I

N. Leonardo flavor physics & rare decays (i lq | 1



Event visualisation

(periment

307  Event: 997510994
Nov 2012 Time: 07:19:44 GMT




Specialized

detectors

— LHCb (LHC)

MCAL t(.ﬁ..‘;\ [ MeLNET

11211

General purpose

.. CMS (LHC)

;:\._'.’

D R

DO (Tevatron) c CDF (Tevatron)

! b
> ..
i) Cobteireter 49 A'"‘-—'
"\
< AR
—
o=
-:éj

DO Detector
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the ideal heavy flavor detector?

Disclaimer: this (combined detector layout) doesnt actually exist

N. Leonardo flavor physics & rare decays
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production



¢ (proton - proton)

1mb-

1ub

1nb |-

1pb

HF production

Fermilab SSC
CERN LHC

, SRV 4 Yy v

* high HF production rates at the LHC

» very large production cross section (O)

4
» large accumulated luminosity (L)

* LHC: HF *factory’ (N=L.o)

» allow to perform precision measurements,
as well as to search for very rare processes

* HF production is ubiquitous

» forming backgrounds for many physics
processes explored at the LHC

» need to be thoroughly understood

| |

0.001 0.01 0.1 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
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Efficiency

0.¢

Cross section

“N=L_O”

CMS, /s=7TeV, L=3pb™?, |y| <2

70011~ T ] ]
2 A~ . A~ J 7 (0<p’1‘—”<1)GeV/cé; (1<p’1‘—”<2)GeV/cé; (2<p’-f-”<3)GeV/cé
d°o(QQ) ol +,,— Nt (QQ) v 500 : :
| B{RR—>puTp™ )= i |
dedy L -A-€- ApT <A 300"
100
0.8:' — I _ I _— I — _l 1 | 1 I I I I 1 1 I I I T I 1 I 500;
0.75) L/ T ; |
: 3 . 300}
0.7f A i M ] :
E /s =T7TeV,L=3pb b
0.65f* F — - 100"
F - B 7 — E
0.6} e - € 1 Lo
F - 3 - g
0.55F " - 3+ i + ® JWdataT&P E :
05F . el - o JwmcTaP o 2%
: -v \ . B 7 O L
0.45} T — - A Y MC truth 1 {00
N R I I"1<04" o ywmcrwn ] 5
o E - . Lﬁ220;H}MH1}1111}‘:;11}11H}HHE%HH}HH}HH}”}#}HMH}}}HE%HHMH}}HH}H}’L}H}HHMHE
0.35:_ -y 7 (9 < p¥ <10)GeV/cé: (10 < p¥! <12)GeV/cé: (12 < p <14)GeV/cé
: 160" E E E
03———— E E E E
o S5 10
120¢
s 40? ................. Epr YR E ;
62.5 0.8 3 ' ' ! i ) ' I ' ! 'J ;H\ | | | | | | | | N i AN IAIIMAORS
- c 11— * —n-—_F :‘H\ T T A ] T T :H\ T T H\HH\HH:
> a0 g i #‘ t . 100! (14 < pi* < 17) GeV/c] (17 < pi* < 20) GeV/c | (20 < pi** < 30) GeV/c
2 E : I : E 1 T ]
; 09| CMS,\'s =7 TeV n 80"
’ i det ~3.1pb" ]
B e UMV Data T&P 7 20: T
! 08 B 8 JMCT&P 1 L AR o i i v e e
i A Y MC Truth 1 13 9 11 13
05 i o ar MG Truth ] ptp~ mass (GeV/c?)
0.7 B 7]
L | L L s : | L L s : | M

0 45 0
Yp, (GeVIc?

N. Leonardo

10 15 20
Probe P; GeV/c
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quarkonia production jin ppj

10%""I""I""I""I""I""I""I""I""I""
CMS \s=7TeV,L=236pb’

inclusive J/y — p*u’, corrected for acceptance

T'IIIIIII ! T T T T T I B |

CMS Vs=7TeV L =37 pb"

I
|

—
o
w

—+— CMS data
I NLO NRQCD
NLO CSM
=] NNLO* CSM
PYTHIA (normalized)

CEM

middle 4 : central
—> 7 .
vl T Ty e
- A& ;*;;::::::u ﬂ r-._'.—:.‘
7 AR Y

—
IIIIIIII| T TTT

11 lIIlllI

—h
S

LTI

L1 lIllllI

d®o/dp_dy x B(uw) (nb/(GeV/c))
2
B x d?c"¥/dp_dy (nb/(GeV/c))

;_ CASCADE _; - *‘ .
105 forward " ‘% " E
- 1 - g ]
10°F Y . - ly| % * _
- . 15_ This;|>a|per 100 L‘ﬁ =
B A ~ e 0.0<|yl<0.9(x100 | 3
0% Y(A§) N E ST Y T s ]
o<z : 107 E L 21N ’ E
107 £ - N . — ]
EI 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 1 0'2 _— legg‘]el::}gisr:tTIyegnndOtpg I"aorﬁﬂtl o n I —
0 5 10 15 20 25 30 35 40 45 50 03 1 2 345 10 20
p; (GeV/c) p_ (GeV/c)
1.5_; CMS pp\s=7TeV L=4.9fb"’ HX frame, lyl < 0.6 . .
| cor B sarse T ¥(39) * precision measurements of

quarkonium production

* LHC allows to probe higher pt
region for the first time

“1-] _s— CMS preliminary, tot. uncert., 68.3% CL
| —+— CDF PRL 108, 151802 (2012), tot. uncert., 68.3% CL
-1.5 NLO NRQCD at \'s = 1.96 TeV, PRD83, 114021 (2011)

| - NNLO"CSMat \'s = 1.8 TeV, PRL101, 152001 (2008) =) polarization details in dedicated lecture

e
0 5 10 15 20 25 30 35 40 45 50
P, [GeV]
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Events / ( 0.015 GeV)

250

200

150

100

50

b-hadron production

Spring 2012

value = stat. = syst. = lum. error
(luminosity)

116+06+12 +20
(1900 pb™)

28.1+2.4+20 = 3.1
(6pb”)

33.3+25+31+36
(40 pb”)

6.9+04+0.7 =03
(40pb™")

l

= B(ly °|<22)A
B? Tsa!lls fit -
+ B2 (1y™ <24)~

T

T

—
QS
w
T

B°TsaII|sf|t 1
- o Ay (ly hI<20)
™ — A, Tsallis fit =2
, \_ ' ]
J B
g ]

.

P
~ 7 — —]
‘ \\\\\i
Illlllllll‘l]\ll:

do/dp_(pp— b-hadron X) (ub/GeV)

10 20

N. Leonarao

40
b- hadron P, (GeV)

e L L L L RS SN IS BN IS B ML RS S -
o CMS \s=7Tev] o 2000 CMS\s=7TeV - o |
: L= 5.8 pb" 1 06 - L =40 pb CMS Preliminary,\'s=7 TeV
;— ct>100 um —; § 1000:_
3 4 2 soof-
- 1 8 - * pp—> A, X —> Jy A X -
— 1 5 600 P;>10 GeV, lyl<2.0 (x10000)
C E 5 N =— CMS data
_i 4] % 400[— Prompt JAV :
e O L +non-peaking B -
— 3 - + peaking B +
F ] 200 +signal pp— B X ———
F 3 - (@) P>5 GeV, lyl<2.4
Gl o T A eed PR BT Lo L o MR | 1 Ml PR EPEPErET EPETETE EPPErErE SRR
5 5.1 5.2 5.3 5.4 55 99 5 51 52 53 54 55 56 5
M, [GeV] ms (GeV!
—_ ARRN LAARE RAAAS RARAN RAALE AR RSN RN pp_,Box
2 > 900F "| cMs P:>5 GeV, lyl<2.2
3 cmMs _ S coob _LH Ns=7Tev
2 \'s=7 TeV, L=40pbs’ N - y L=1.9fb"
=2 ct>0.01cm o 700F | =
= — F ‘ | pp—= B, X—=Jyp ¢ X .
2 > 600F- | l E 8<p, <50 GeV, lyl<2.4 (x1000)
= T 500f l =
= (5] o ' .
g 1 400f [ R
) -; .
: 200F = 0
-------- i, [k 3
E . s S L E
Y U NN LSt SRR TN IS S 100F N ’h**”’"‘“i" Ak
2 5.25 5 3 5.35 54 5.45 5 5 5.55 56 52.55 0 S T Y T T B P .
J/yd invariant mass (GeV/c®) 5. 3 5. 4 5. 5 5. 6 5. 7 5. 8 5. 9
m,,u. (GeV)
10 ‘\l T ] ] T T T T ] T T T +I l T T T
i?‘ CMS \s=7TeV ~ B*(ly® I<24)_
\ B* Tsallis fit _

50

* integrated cross sections and NLO

predictions in agreement

* baryon spectrum falls faster than

meson spectra

* analysis of lager datasets will much improve

precision of differential measurements

flavor physics & rare decays

B Hadron Production Cross Section [ub]

35



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

Bf —» KK+
: Bf — ¢Kt
» no excited states observed yet (many expected) BF — 1w,
60 — —
50 T sol- b LHCb
I . LHCb i e Data
CDF 1 % b ot - Bi—> B~ Iy’
25; / i 30- _- ---- Comb. bkg. ]
xNW | 20 ' g E
I il : 7 B'—s B*n* .
6.00 6.10 6.20 6.30 6.40 6.50 - - 1 - 1 - 1 - 1 - —
Mass(JAp) GeVic? 5800 6000 6200 6400 6600 6800 ‘ ,

M(J/‘Pﬂ*[ﬂ'ﬂ"]) [MeV] 60000 . >‘6200. ‘ ‘6400. | 6600
m(B’n*) [MeV/c2]
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beauty spectroscopy

mesons baryons
Mass (MeV/c2) Y(5S) oL L™
tosoor- BB Threshhold b+{u,d,s}
i Zy 7y J=3/2
10600~ Y@ 5 ~ Before 2006, only one b
I ) baryon had been seen: Ay
10400
10200—_ = o CDF and DO contributed .
i L several such discoveries:
10000f 2% X N » 3 (2006)
i L » =p- (2007)
9800 | xgHP) » Qp (2008)
9600 — bb LHC:
[ s 2 » Xb(3P) (ATLAS’ 201 1)
9400 ==

s s, B % D » 2,0 (CMS2012)

LT T BARS) (ATLAS2014)

7600 k25727588 7565 7571 7568 » Zb b~ (LHCb’ZO I 4)
: 7365 7376 7380 763 :
7250 727 7372 7269 7276 T271]
S 7200 7 7z 7150 7164 Z
0 [ 7145 708 7041 7045 : .
S o855 G887 7086 ] Several other composite
C 6768 . .
2 o500 o be particles awaiting to be
= 1 i ..
6400 [ ex38 B, Mass Spectrum : discovered
i 1
6000

lSO 3S1 3PO Pl 3PZ 3Dl DZ 3D3 3]‘:“2 F3 31:“4

3 [

N. Leonardo flavor physics & rare decays

Three Bottom Quarks
not yetdiscovered

Two Bottom Quarks
not yet discovered

One Bottom Quark
not all discovered

DA

No Bottom Quark
all discovered

Two Bottom Quarks
mot yet discovered

One Bottom Quark
one sulf messing

*  No Bottom Quark

ol descovered previously
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the first new particles

; 220:. r - 1 " "1 " " "1 "¢+ v 1 " 1 v 1T l_-'
§ 2005_ ATLAS e Data:Y(1S)y —— Fft to Y(1S)y —f
g 180 :—JLdt 44 fb_1 a Data:Y(2S)y —— Fitto Y(2S)y _:
g i A Background to Y(1S)y
o 160 ys
o) S B T Background to T(2S)y -
© 140 —
2 400E \ Converted Photons -
c - =
S 100f + =
> - -
X - + =
= 60F Vo \ et - ¢ =
Y o ; TN
= “e Ly S =
0 = ' T T T S Lapdlait "1".'A| PR N T SR T N S T T

9.6 9.8 10.0 10.2 10.4 10.6 10.8
mupy) - mup) +m, o [Gev]

* first new particle discovered by ATLAS

* reconstruct the radiative bottomonium
decay by exploring photon conversions .
in tracker material

Xo = Yy
L—-) ete
TN

note: these (orthogonal capabilities) further illustrate the

ability of general purpose detectors to make flavor discoveries

N. Leonardo

* first new particle discovered by CMS
 first new b baryon observed at LHC
complex cascade decay topology

flavor physics & rare decays

found at the LHC

-
(e]

L CMS

o pp \{g =7 TeV ¢ Opposite-sign data

—
o

—— Signal+background fit

—
N

I

-

I

o

w

—ry

o

........ Background

(b)

-
o

lIIIIIIllIIIIIIlIIllI

oo

candidates per 2 MeV

=.0
“b

(o))

BN

N

OO 10 20 30 40 50

MJ/WETY) - MU/ WE) - M() [MeV] b

|

—~
- |

» 4 displaced vertices

» 6 final state tracks

38



exotic spectroscopy

° While nOt a'II Of the PrediCted States Shats m (MeV)  I' (MeV) — J™ Process (mode)

X (3872) 3871.5240.20 1.3406 17"7/2°" B K(in"n J/)

have been observed yet... many (<22) o8 (x5 /1)
B K(D"D)

unexpected ones already have B K/

B - K(yy0(25))

e referred to as XYZ states X@OS)  BB6EIL WL 0/27 B Kwl/v)

( '.A..’l’

* all started with the discovery of the | xewo wen i co s owwny

y J/U (L)
X(3872) State by Be”e in 2003 G(3900) 3943 + 21 52411 I ete” = 4(DD)
Y (4008) 100815, 226497 I e’ » y(mtw T J /)
» quickly confirmed by Babar, CDF, DO Z4050)° 40517 828 7 B K xa(1P)
Y (4140) 114344+ 3.0 15%") B - K(¢J/v)
» other unconventional states popped up ity wsen w0 e oDy
Z3(4250)" 12481150 177 % B K(r"xa(1P))
Y (4260) 1263 £ 5 108414 1 el » (et wT J /)

Many theoretical interpretations in discussion:

e » (# " w J /)
@ conventional quarkonia; ete” = (2°7°J/v)
Cé. Q tetra-quarks states: Y (4274) 1274.4421 3% B - K(¢J/v)
oF X (4350) 1350673 1337100 02%Y ete = ete (0J/v)
Diquark - duntiquark -
v d’ @ meson-molecules; Y (4360) 1353 £ 11 96442 | ete” = y(nta"v(29))
o-.o-.-,...;...fi pe Q hybrid mesons; Z(4430)* 1443724 107+123 B - K(n"y(28))
W' gd-gluon hybrid
X (4630) 16347 92+3) 1 etem = v(ATAD)
@ threshold effects; ' :
Y (4660) 166412 48115 ] e y (T Y(25))
Y, (10888) 10888.4+3.0 30.7'37 1 ete” = (x* 7~ Y(nS))
properties do not well fit the quarkonia picture (Eur.Phys.J.C71:1534,2011]
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XY/Z states
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I (&oV) =
N. Leonardo

Z(4430)>YrK

Candidates / (0.2 GeV?)
[\
S

S

flavor physics & rare decays

LHCb

1.0 <mZ. - < 1.8 GeV?

1 1 1 1 I 1 1 1 1 l 1 1 1

22
m2,- [GeV?]

Tetra quark!

my,., [GeV]
Penta quark!
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importance of independent experimental confirmation

Events / 2 MeV/c?

Candidates / 5 MeV

X(3872) —=J/yrm
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heavy flavor (suppression)
IN

heavy ion collisions



"% at large energy densities, QCD

predicts the existence of a deconfined 5 zofg
state of quarks and gluons -- the = |5
quark gluon plasma (QGP) 5 |3
» studied in heavy ion collisions 3 ool |
» the goal is to characterize and 5 |
quantify the properties of the dense
and hot medium produced at the w ]
unprecedented LHC energies ’ " Nucte Net Baryon Density

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

medium
flavored Jets
Photons, Z9%, W+
note: topic pr'.esented .1n dedicated lecture: Quarkonia Hadrons, e.g. B mesons
‘matter at high density and temperature’ (Prompt) Non-Prompt J/y

N. Leonardo flavor physics & rare decays 43



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 N
result” 2 deconfined

nedium:

Matsui-Satz: screening the potentiai

Q and Q cannot
“see’ each other
;b < rg

effective

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

(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
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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 -
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0llllllllllllllllllllllllllllll'lll 1[1'111111]1'1-1
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* 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
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e prior to LHC, b-hadron detection was pursued

b-hadron detection

mostly through inclusive-lepton (B—1X) and

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

B LI I 1 l' 1 . I I L | I 1 I L I LI ]
mé 1.4 CMS Preliminary Vitev: g;:%taf,’ y,_,gNM _
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0.8 B [ HF transport
0.6
0.4
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o C 1 1 l | I l | l J I l § I -] I 11 ]
0 5 10 15 20 25
P, (GeV/c)
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Bu, Bd, Bs [in p-Pb]

» first B meson peaks reconstructed in collisions involving heavy ions (2014/5)

120F -
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e o o s | o = i Signal
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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
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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
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rare decays



rare NP probes

* search for virtual contributions of new heavy particles in loops

* most interesting processes are those highly suppressed in SM
» flavor-changing neutral current (FCNC), forbidden at tree level in SM
lepton flavor violation (LFV)

v

v

CKM suppressed

v

helicity suppressed
» dominance of short distance effects, SM uncertainties under control
* experimental probes with precise theory prediction

» uncertainty typically dominated by QCD; e.g. prefer leptonic to hadronic
final states
* processes that may be modified (enhanced or suppressed) by
orders of magnitude by NP

» SUSY, 2ZHDM, LHT, Z', RS models ....

_ 03g
" 16m2eA 2

5\ e
¥i Vig Vie
Ab—*d ('N (¢ Ncw‘-. C
( s)I ' '116W2Nﬁ2—+
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guantum mechanics (v)

 Effective Hamiltonian (describing weak decay of hadron M into final state F)
» expressed by means of an operator product expansion (OPE)

Ferwi constant CKM wmatrix element

AM — F) = (F|Hesf| M) = \/— ZVCKMC( NWF|Qs ()| M)

* new physics can modify C; couplings and/or add new operators Q);
* EFT for b—sl*I- FCNC transitions

b b b s
\ . w .
Ww g s w o+ Y, o+
_ * i —
; ] oberator O B—=Kpu B—upu
(a) (b)
w S St Wow O7 ~ mp(5.0 4w bR) Fpuu v
uct ’ uct w w t t _ _
N~ : S Og ~ (5b)v-a(€l)v v
T4 YL B S !
q * q q q _
Oro ~ (3b)v—a(PE) 4 v
d w "!,'q b T ./ « ’ - V Cf
ux.{ [u.«:.l l‘:'-‘_ ' OS,P ~ (gb)s+P(£€)5,P
3 T
b W d i i b 14
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BY—=K*™up

* b—sll transitions, governed by FCNCs
* experimentally clean signature " superb laboratory for NP tests
* with clean theoretical predictions (at least at low q*=m,,?)

* and not so rare "* allow measurements of many sensitive kinematic
variables and asymmetries

* measure differential decay distributions
» multivariate analysis in mass, proper time

» and angular distributions
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* new set of variables proposed " less sensitive to

hadronic form factors

e P::LHCb measures 4 new observables in 6 bins of qz;

one of the 24 measurements

* possible interpretation as a NP contribution to Wilson
coefficient Cq

* interesting (correlated?) tensions with SM prediction

« m to be explored with priority with more data and
additional decays
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* the decay Bs— M is very suppressed in SM, O (10-)
* it can be sizeably enhanced by various BSM models

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

1. ONLINE SELECTION (TRIGGER)

—_
(=]
o

Events per 10 MeV
— — — —
° 2 1 =

-
o

10"

trigger paths
mv
Jy
B,
|y
B low P, double muon
high P double muon

Y4

Il

nuno@cern.ch

I
102

dimuon mass [GeV]
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58

Dimuon Trigger
@ L1 Hardware Trigger
B pr>3 GeV (few kHz)
@ HLT Full tracking and vertexing
Q HLT Bs—pp

B |eading and sub-leading p pr>3,4
(4,4) GeV |nuyl<1.8 (1.8<|nyl<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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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

2. BLIND THE DATA (AVOID BIAS)

SIGNAL
REGION
BLINDED

=
0.3
analysis procedure and event selection

& developed without inspecting the data

0.2 in region where signal is expected

@ Toy Data (sideband)
O Toy Data (vinded) 1 “box opening” only later,
B2~ 7] .
N : at final analysis stages
. rare peakingBG |
I rare 51 BG

77z 7z T
5 52 54 56 5.8 6
m,, [GeV]

0.1
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background discriminating

signal

ng for an altha-rare decay: B

1. ONLINE SELECTION (TRIGGER) signal background
2. BLIND THE DATA (AVOID BIAS)

3. MULTIVARIATE SELECTION
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deanching for an wltra-rare decay: B\

1. ONLINE SELECTION (TRIGGER)

— 14
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deanching for an wltra-rare decay: B\

ONLINE SELECTION (TRIGGER)
. BLIND THE DATA (AVvOID BIAS)
. MULTIVARIATE SELECTION

FIT THE DATA (LIKELIHOOD)

« STATISTICAL SIGNIFICANCE

is the observed excess a genuine signal,
or just a fluctuation of the background?
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deanching for an wltra-rare decay: B\

ONLINE SELECTION (TRIGGER)
BLIND THE DATA (AVvOID BIAS)
MULTIVARIATE SELECTION

FIT THE DATA (LIKELIHOOD)
STATISTICAL SIGNIFICANCE

EXTRAGCT MEASUREMENT
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deanctiing for an wltra-rare decay: B

1. ONLINE SELECTION (TRIGGER)

CMS-L=5fb "Ys=7TeV,L=20fb ' ys=8TeV

—
H

—4— data

— full PDF

Bl
B

------ combinatorial bkg
------ semileptonic bkg
..... peaking bkg

. BLIND THE DATA (AVvOID BIAS)

—
N

- MULTIVARIATE SELECTION

—
(=]

(o2}

« STATISTICAL SIGNIFICANCGCE

I

[0 2]
IIIIIII|I|III|III|III|III|

« EXTRAGCT MEASUREMENT
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summary

broad and successful flavor physics programme at the LHC

advancements and breakthroughs in the different subject areas
» rare decays, CP violation, production, spectroscopy, QGP hard probes
no definitive individual discrepancies wrt the Standard Model found, yet

» several ~30 level tensions will be pursued and clarified in next LHC runs

Largest “coherent” set hinting (3-50) BSM effects in present data

» Provided in tests of lepton flavor universality and other flavor anomalies

flavor physics program complementary to direct searches
» into the high luminosity LHC era (HL-LHC) into next decade

» in the quest for finding evidence of New Physics and setting its scale

» to differentiate amongst NP models and characterize their flavor structure

65






[extra]

lifetime



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

— L(tIO't, T)

e t-resolution

1
PDF T
normalization

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

» calibrate using data (high stat. modes)

gy > SL'O'L.

* 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)

| %e-%e(t) ® G(t;0,) ] - E(t)

f

theory
model

i f

t-resolution t-acceptance
function function

time —»

lifetime fit

4
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b-hadron lifetimes

N. Leonardo
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flavor physics & rare decays
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— Fittuncton JHEP 07 (2013) 163 _ ATLAS 1, 14490036 ps
. ::::::nbackgrounu ( /\ ) e i {E=Z;l:t\)/_1 S. =1.05+0.02
10213 i Nonprompt background T b - 1 == =% o, =0.117%0.003 ps =
: = . S : PDG 2013
1.503 £ 0.052 £ 0.031 ps X/ Noos = 1.09 B0 1519 +0.007 ps
2L | el B+ 1.641 + 0.008 ps
10 1 S o giagc"':;'round ] B, 1.516 £0.011 ps
PRD 87 (2013) 032002 _ ic ?-1523 ¥ g-g;i ps
: ] b 1. + 0. pPS
1 T(/\b) = 10 E . g — ‘
I 1.449 £ 0.036 £ 0.017 ps =2 . - ot
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[extra]

flavor oscillations
&
flavor tagging



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
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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 Il 31.3 ps”!

2
1.5-; 8 o Tagged mixed
1 ? g - ¢ Tagged unmixed
0.5- > 400} — Fit mixed
0] o R . + ' f || Il 9 i — Fit unmixed
05; L e T ,“W ) |||| § _
-U.01 | .o f
} A c 200 |
-1 g i
1.5- #
_23 A(Ams-17 75) 1.21+0.20
0 5 10 15 |20 25 30 35 00"'1“"2""3"“4
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”

LHCb 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

N. Leonardo flavor physics & rare decays 80



[extra]

CP violation



guantum mechanics (iii)
* discrete symmetries

» Charge conjugation: particle— antiparticle

» Parity: x—-x

» Time reversal: t —-t
e C and P are maximally violated in weak interactions

» no right handed neutrinos, no left-handed antineutrinos)

* CPT is conserved in any Lorentz invariant gauge field theory; thus, CP<T

* under CP, an operator O(X,t) transforms as O(Z,t) —» O (-Z,1)
* the effective Lagrangian (L=L) has the structure L=a0+a0" FaOl+a0=L

» CP violation thus requires a"#a , i.e.a complex phase . ,
Exercise: venf that cP

LAVAYLANCE applied to Yukawa
and W currents woul meLg

—Ey]c = Y’(/)—(ﬁw '+YV-#F¢T"/) 2
urkawa 1j ¥ Li Rj ij Rj Li L, — X so=\/
Y=Yy and Vi=Vj

* Yuakawa term

e Charged current term Lw = LaViWrdiy + Sdg Vi Wiy, Uslng CP transformations
V2 V2 recalled L tables below
Field P C Bilinear | P C T CP CPT
Scalar field o(Z,t)  o(—7,¢) o' (Z, t) scalag 1 U1¥2 V1¢2 Yot ¥1¢s Yot Yot
. . = T .9 07T ‘ ‘ )15V -1 75 yY5Y -1 Y5 ~PyY5Y Dy Y5
Dimcwinor 9@ PYEY P @y Ul Sk [Sosh gk o | g
O(F. 1 T = t)"o ,.'1-(_, t)C‘l vector Y1Tu¥2 W17 W2 VY1 ViY e B! P2 Y1
. W('ﬁ’ ) w(;'z’ T Y ,rxL axial vector U2 | UV sYe UM s¥r ViVl | Y st Y5t
Axial vector field A, (Z,t) —AH*(-Z,t) Al (Z,1) tensor U10uls | 010"y youthy 10"y | a0t a0
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A 4

v

v

v

guantum mechanics (iv)

» consider neutral meson P° decays to a final state f ﬁggz gj@@%
* the time dependent decay rates may be expressed as

Tt
Tpos(t) = |Af|? (1+ |}\f|2)67 (cosh %AFt + D¢ sinh %AFt + Cf cos Amt — Sy sin Amt)

2 —I't
Tpo_s(t) = |Af|? L (1+|/\f|2)67 (cosh%AI‘t+Dfsinh%AI‘t—CfcosAmt-i—stinAmt)
q
, 1A 2R YL Y
o e =t 2L Dy = Cr = =
with A%, R A T P R T PVIE

sin and sinh terms dre“associated to interference of decays with and without oscillation

 CP violation classification

CPV in decay I(P° — f) £T(P° — §) 2|1
CPV in mixing Prob(P° — P°) # Prob(P° — P?) ‘% # 1

CPV in interference between

FPOM_O—> t FPOMO_) t S = 7&0
decay with and without mixing (Fep) = ) £ TP ert = £)(E) <PAf)

Acp(t) = Ipotys —Upoy—y  2Cf cos Amt — 2S5y sin Amit
N Tpogy—s + Tpoyyny  2cosh LATE 4 2D sinh L AT
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CPV in interference wior wio mixing

* defined by Im As+0

* available to modes in which both B
and B decay to a same final state f

* example: Bs— J/\WKK, JPTTTT

¢S = ¢, SM + ¢S NP

Bs = arg(—VisViy/Ves V) = O(X°)
dsm ~ -0.04
20, =~ —¢ NP can add large phases

S }n’n‘ or K'K
> I~ a

N. Leonardo flavor physics & rare decays 84




CDF Run Il Preliminary L = 9.6 o™’

o~ LR LR IR ILALELELE BUELELELE AL N
I L L L L » 0.14F 5 trained 102.95+ 0.39 rad —68% C.L. —
oo et T B.-—J/WOD sovummmne=me -
L eeiins 95% CL | S L2 - -+ 95% C.L. 1
o «  SM expectation’ : ] % 012_— ATLAS 4 Standard Model
0.4 I S}',n-,met,y line o E ] N Vs =7TeV we ATy = 21T, lc08(9,)
; 2:_ mmmm= Mixing Induced CP Violation _: 0.4 EDQ Run i, 8 b Jre——— 0.1 :—det —49f" :‘..-.-\. -
— L - 0'35_ SM p-value = 29.8% C \: i
3 ok 0.06[- : .
-0.2_— ’ ] E 68% CL L ' .
5 ] '°"§ —_so%cL 0.04f .
0.4 7] 0.2F ——95%CL - L
: " A. Lenz and U. Nierste, arXiv:1102.4274v1 (2011) . : 0-3 ;_ 0.02'_— :' —_'
-0.6[— *2Ir,.I= (0087 0.021) ps” | 7 0.4 B ! Ll 1 ! ! o 2 -
Povvv o b Py by P v by g g g ’ —3 —2 —1 0 1 2 3 0 L1 ;‘7-1--:..;.;.;14 ST L-l-L[‘,_L [ TP
LT ¢2/¥* (rad) 15 -1 05 0 05 1 15
: JApg
PRL 109 (2012) 171802, CDF full Run Il PRD 85 (2012) 032006, DO 8/fb JHEP 1212 (2012) 072 ¢s [rad]
(see also ATLAS-CONF-2013-039)
/2. — _ J/be _ +0.38

Bs € [-m/2,-1.51]U[~0.06,0.30]U[1.26, 7/2] s = —0.99 (36 ¢s = 0.22 £ 0.41 (stat.) £ 0.10 (syst.) rad

-1 —

Al's = 0.068 £+ 0.026(stat) = 0.009(syst) ps™ AT, = 0.16319:965 pg~! AT, = 0.053 £ 0.021 (stat.) £ 0.010 (syst.) ps "
: T " ! ] ' ! ' ! ! 6 0.2 1 L ]
& 02~LHCb“"\ """""""""""""""""" % best fit na O.I8 F L HCb _gg Zﬂ gt E
— i AN\ — 68% CL i g 016 95% CL.
Ly i \'-. — - 90% CL 4 LHCP . 014 b ¢ Standard Model ]
> 1 Y | S— "\ 5 }'- ............................... 95% CL — ~ 35_ —— | E 012 E_ _E
- R W Standard Model| | B 2F - solution! & o1k E
0 __ ................................................ ............ — ud;' 1 ;— 1 —a solution i [—T 0 08 E_ _E
- L, i oF { s < 0-06 3 E
0 1_() ............ . 1 —t o004 B 3
) P 2 poy: E
i : “\ l.'. 7] _3:..|...‘|....|‘..‘|....|....|....|.. 002:_ —:
020 SR N, el — 990 1000 1010 1020 1030 1040 1050 ) S U P —— L

T T My (MeV) -0.4 -0.2 0 0.2 0.4
0 2 4 ¢, [rad]
PRL 108 (2012) 101803 ¢, [rad] PRL 108 (2012) 241801 PRD 87 (2013) 112010
¢s =0.15 £0.18 (stat) £0.06 (syst) rad  Removal of sign ambiguity: ¢, = 0.07 = 0.09(stat) = 0.01(syst) rad,
. . S
AT, = 0.123 £ 0.029 (stat) + 0.011 (syst) ps—!  Physical solution AT>0 AT, = 0.100 =+ 0.016(stat) = 0.003(syst) ps™!
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LHCDb (3/fb) 0.0805+0.0091+0.0032 —-0.058+0.049+0.006

(world summary]

. 1 |

014l DO 8 fb HFAG B

» :

CMS |

0.12 201 68% CL contours -

| (Alog L =1.15)

! / .

0.10} |CDF 9.6 b~

| ATLAS 4.9fb™"
0.08}
0.06}

~04 ~0.2 0.0 0.2 0.4
¢ [rad,

 0.096+0.014+0.007 ~0.03+0.11+0.03

e

& B,—J/dKK, T/Ppnn, ¢
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