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LHC Run I: two flagships

a 4-decade search effort... ended 3 summers ago:

Higgs by ATLAS & CMS a 3-decade search effort... ended this summer:

Bs— UM by CMS & LHCb
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LHC Run I: anything unexpected?

* SM makes precise predictions
* any deviation from SM observed in LHC so far -- in flavor sector?
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= 3.70 deviation

~ 2.30 deviation

plus a few other hints...

- more data needed!
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LHC Run II: just starting!

* first record-breaking energy collisions at |3 TeV occurred 10 days ago
* physics run about to start: stable beams aimed within 3 days
* run |l of the LHC is starting
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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 Run |

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

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

in 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)



probing beyond (the SM)

* central goal of LHC physics program:

» discover new physics (NP) aka BSM

* complementary approaches NATURE 'S APTIONS
> searches for new heavy particles c
produced (on-shell) in LHC collisions i q\ L
. . R & my best
» indirect searches via virtual NP Mot guess

contributions via high-
measurements of SM processes

e i3
AN 1 107TeV

» search for ,h|gh|y Hawor| ei’,fr‘m HMeso - Tuned - erﬁd’ly

. . reach ol — New Ph/ﬂ(‘g Solves
suppressed (or forbidden) in SM s M s o V. i hierasc
and sensitive to NP : Sl problem

[Flaver cxpfgu M gt be
* virtual contributions provide gnly aome n° Jown
sensitivity to higher mass scales, R. Sundrum-CKM 2012

well beyond the TeV scale

N. Leonawdo flavor physicsy & rave decays 7
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indirect discovery via precision

* new physics can show up at precision frontier before energy frontier

4

4

14

kaon (1947), A° (1950) led to discovery of strangeness
GIM mechanism (1970) before discovery of charm (1974)
CP violation (1964) before discovery of bottom (1977) & top (1995) directly confirmed experimentally 1965 [DIS]

neutral current (1973) before discovery of Z (1983)

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

Invatiant mass of 1'1” ~pairs

bottom line: historically, precision measurements at lower energies predlcted the existence of

new, heavier states
N. Leonawdo flavor physics & rawe decays 8




a path to new physics

e the effects of NP can be searched for and

revealed indirectly through the virtual
exchange of NP particles

» general quantum effects in flavor loops

» eg: SUSY particles can contribute in addition
to SM; Z’ could affect effective couplings

* if NP hides behind SM interactions
» either NP mass scale is very LARGE

» or NP couplings mimic Yukawa couplings
(minimal flavor violation scenario, MFV)

* in all cases study of flavor observables
expected to enlighten or constrain
theory

note: flavor-sector constraints at the
LHC comparable (or stronger) than
direct search limits, e.g. for large
regions of the parameter space of
minimal supersymmetry models

9



«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='¥% ]

Three generations of quarks and leptons

= ; Ve Vi Vr u c | t)
Left-handed doublets: (e)L, <”)L, (T)L’ (d>L’ <s>L’ (b .

Right-handed singlets: er, IR TRy  UR,dR, CR,Sm; lr,bg

T=0

or phenomenology ... 3

The parameters of the SM

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

p) 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
VoL dor ﬂﬂ/\/OVPMM& V'O(/V'Q/d/%ayé/ 10

v

v
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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%), [Vub| ~ O(10-3) - |V
» 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

11



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 ssymmetry crested
|. baryon number violation ~
2. C & CP violation
3. thermal inequilibrium
* no significant amounts of antimatter observed
» ANg/Ny = [N(baryon)-N(antibaryon)] / Ny ~ 10-1°
* amount of CP violation in SM not sufficient to explaln BAU
» CPV in quark sector (CKM) would yield an asymmetry of O(10-'7) «10-'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

12



«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

i, ™= 1300 MeV light charged leptons
| : e.g. electric and
top (not that heavy) m,; ~ 4200 Me¥ magnetic dipole

the top quark has its own
phenomenology (since it
does not hadronize)

moments test SM

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

Study Beauty and Charm quarks

- hidden flavor aka quarkonia: Y (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, =p, Q, ...)

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
13



quark masses [higgs] |

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

— Yo ~Y4y (v + ¢')

spontaneous

symmetry breaking

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

Ly = —t% m,u —dy mgd} + hec.

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

L,m,R! =, s :
; i mu(d) = dlag (mu(d), mc(s), mt(b))

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

Loz = %ﬁg’%ﬂdg W + he = 2\/_u Tyl — 9 VA W + h'c'cKM
the unitary quark-mixing matrixV is the Cabibbo-Kobayashi-Maskawa matrix
V = LULL
describing quark-flavor mixing d’ Vii Voo Vi d gsE
Faid o |27 =1l \5/
v Via Vis Vi b oW

N. Leonawrdo- flowor physics & rowe decays 14



quark mixing [CKM]

= Ved Vcs |Z ~ —A § )‘2/ 2 A)‘z
CKM
\ Ve Vi V) \ AB(1-p{in) -AX L ) +on

* 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

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

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

Exerclse:

* show that in case of N generations, uwi’cari’cg implies (N-1)2 tndependent

]iammeters, 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. Leonawrdo- flowor physics & rowe decays 15



unitarity of the CKM matrix

* — - — .. *
E:Vij IR | E :VﬁVki
i i

e.g. multiplying It & 3 columns

VidVap + VeaVp + VigVip = 0

unitarity

S

triangle in the (p,n) plane

Sa— , e e
T I~
may be represented as a L/ \

CPV is proportional to = | . ye .

triangles’ area

Exercise: show that CKM
untta n’c? Y Lelds six triangles
t

(note:

to the

the b&trtangle is much squeezed wrt
bd one, with small area; a Large B s

angle would tndicate BSM contribictions)

N. Leonwowrdo-

p— Vv ;fjvr_“
AR A\Ved s v *\ . —

flovor physics & rave decoyy 16



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=
P

CPV in
neutral kaons!
K- 1Tt

r-

CPV in B—»D'K,Dr,Krt

angle: gamma ol
(the least well known) —mee

Bds mixing ¢
Bs— Dsti(mm1), DsIX

Amg,/Amg

CPV in B—mm, p1mt
angle: alpha

e sl

CPVinBg

Be— WK, D'D"!

——

1 angll:_: sin(2[3)
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example: B meson mixing

B+ BO .=

: z> Q “
0 G O &

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

Maltter
@

Anti-Matter

N. Leonawdo flowor physics & rowe decays 18



example: B meson mixing

; * the mixing process (and oscillation
BOH 0,1 wet ||B” frequency, Amg) is proportional to
. the involved CKM matrix elements

e - V — . 2 P .
|1b “!?" ts H"‘ Amq = C’q |‘/t;;‘/tq| A (q = d, S)
0| 0
u,c.t uct
BSll I "BS
! weeeas . 6ps’ 13ps’ 175ps’
s V. W b 08 , : :
I= B 25 ps
35ps’

06

Amg _ Cy |Vial” _ Mpo §_2|th|2
Am, Cs |Vt3|2 ma, = |Vt8|2 0.4
Am, _ , Mg, (1_%)‘2 E 1 : a
Amg Smpo A (1-p)2+ 7 oa
\2 | =2 __ 0 g : AL
(1—p) +i =¢ o3 0 &
* i.e, the ratio of B4 and Bs oscillation frequencies = a measured \1/alue of Am, away
yields a centered at the point (p=1, n=0) from ~17.5ps~* would have been

incompatible with the SM
N. Leonawrdo- flowor physics & rowe decays 19



UT fit
Amg ., M, (1—,1-,,\2)‘

2 | , I 2
(l_p) +n ;  >C_Ams AmBO %

 ifc would be exactly known the
constraint would indeed be a circle
f(ﬁ 77|C) 5((1 i ) T] 3 C) E—1 210 "'gggg from lattice QCD

(hepNat-0510113)

7=0.224+0.012

e but...there are uncertainties,

. . Am, =(51.0 £0.4) 10" A s~! ,
both theoretical and experimental ‘ (PDG'14)

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

Exercilse: which factor Limits the CKM-constraining
e thus c is described b)’ a Probabi“ty power of B mixing; may it be constraned expertmentally

density function (PDF): f(c)
* upon employing Bayes’ theorem

6 smy,  Amgiamg

‘C(ﬁa ﬁs C,Xlé) X f(élps ﬁ,C,X) 2 f(ca X, ﬁa ﬁ)
* we obtain the PDF for p,n as
Lp,m,x) o« || f&leimx) x [ filz:)

j=1,M i=1,N_—

“prior POF ol

posterior POF constraints—

* integration requires use of numerical and
statistical sampling techniques, 05

e.g. Monte Carlo
N. Leonoawdo flowor physics & rowe decays 20




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

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

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

1.5['111l|1"|:7:'7,I||—1—1—~[—-r::'-"r
- . 085 ! %‘ IC - p— — \/
’: - UTyi¢| A
|- v Amyg
~._ summer13 \ Am,
__SMfit —
1 0.5
: -
3 0
/ I
L | -0.5
1.0 - f gy | [
1.0 I - 1 K ]
r sol. w i ] 1 B
- FPCP 13 y (el .:‘:L >095) -1
1.5 l—_;fplfoflflf- i EFETETET S STRNETETE B o lj : |
-1.0 -0.5 0.0 0.5 1.0 1.5 2.( -1

N. Leonawdo flavor physics & rawe decays



UT fit evolution over 20 years

l5r v”"'TTT{YV

SO e L0

0 15 20 - T TR T T T 10 T T

2009 2013
flavor physics & rawe decovyy 22




* allowing for New Physics contributions, via generic parameterizations
* e.g. NP contribution to off-diagonal B mass mixing matrix M

v v v

v

ImA,

constraining NP

MiMa= Mp3Ma  Ag, with Aq= |Aql.exp(iP29) and q=s,d
SM point corresponds to: As=1=Aq4

section

[see mixipg

NP phases, ®2, shift CP phases from mixing-induced CP asymmetries
2Bs—2Bs-P2s (Bs—)/Pp)  and

LIT’<I[TTTY
__oxoudoda'uhasCL»O.So

{TT!T

[T I
2 -

AT, &5

SM point

New Physics in B_ - B, mixing

/07

Im Ag

2B4—2Ba+®%¢ (Ba—J/PK)

Llf7'[llII' llll

" exciuded area has CL » 0.68

.'1‘!]"1’\’11"_4
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detection



a distinctive experimental signature

N 'l p
* bottom and charm hadrons live longer than ~ ~ | / f
. \ ' /
the other unstable particles %1 &
» T(D) ~ 0.5-1ps, T(B) ~ 1.5 ps
.. \/ /
» they travel macroscopic (i.e. measurable) | £ o
distances in the detector before decaying, \ / /" __ B decay point
producing a displaced vertex topology £ l, =
','/;;"
* extensively explored AN
. /. B production point
»in heavy-flavor analyses themselves /
> : discriminate b-jets from the lighter W s 9
. t VvV, g
quark jets top decays 100%
b
»in SM measurements and BSM searches: to detect e
signal HF components (e.g. t=#Wb, H—bb,...) or hlogs decays BRI st 5779
control HF backgrounds (e.g. bb dijets,...) LN
susy decays | v
Exercise: determine how far a B meson with typical momentum =t Gt .
Peo=100G¢V s expected to fly at the center of @ LHC detector il b o T W

N. Leonawdo flovor physics & rawe decays £ la |



heavy flavor “factories”

PEP Il AT SLALC (US) KEKB AT KEK (JAPAN)

9 GEV E" ON 3.1 GeV E' . . 8 GEV E" ON 3.5 GEV E¥
Asymmetric e"e" colliders B i

at Y(45) resonance (10.58GeV) &
aka “B factories” J}‘/ wercton Regie \Y

PEP-1I
Rings ™

_ ,
Low Energy Ring

BABAR Detector \

Positrons

o~

NIKKO Area
w

3 s )&
W
: :

’/"
Electrons

(TRBTAN Accomsintinn Ring )

High Energy Ring

RP Ui Ares
TEVATRON AT FNAL (US)
PR AT 2 TEV General purpose LHC AT CERN
hd lld PP AT 14 TEV
MAIN INJECTOR adron couders CMS
— ‘\\ Uy P—
(RECYCLER ™
TEVATRON : K e .

— - : \\" \
/ ) =/ ALICE
, DZERO \ X /’ TARGET HALL

| RN T ANTIPROTON ek
o\ ARS=< SOURCE
. WS
N /NLSY) - BOOSTER
l_’;—"\_‘l .7 ~ a2 LINAC
' COCKCROFT-WALTON )
- note: currently only
PROTON . .
% LHC is operational
NEUTRINO - " MESON i

flovor physics & rave decoyy 26



colliders (comparison)

e'e” —Y(4s)—> BB |pp—>bbX (Vs=2TeV)| pp—bbX |(.l«/E =14 TeV)
PEPA4I, KEK-B TeVa LHC
prod 1nb ~100 ub ~500 ub
typ. bb rate 10 Hz ~100 kHz ~500 kHz
purity ~1/4 0, /0, =02% 0,:/0,.,=06%
pile-up 0 : b7 ¢
Bcontent  |B'B(50%).B°B (50%) B'(40%).B°(40%1 B (IO%).B (< |%) b= baryons(lO% )
B boost small, By~0.56 large, decay v aref »llaced
event structure BB pair alone many particles non-associated to bb
prod. vertex Not reconstructed reconstructed with many tracks
B"B’ mixing coherent incoherent— flavour tagging dilution

* lepton collider (at Y resonance)
» pros: clean events, high purity

» cons: produces only By, and B4 mesons

* hadron collider
» pros: high cross sections (O(103) larger), all b-hadron species produced
» contra: trigger, bandwidth, dilution, pileup, ...

N. Leonardo- flavor physics & rave decays



Specialized

detectors

i wi'vo LHCh (LHC)

RCALECAL  purn2

“ul 11210

General purpose

. CHS(LHC)

I — 3z

L
---------

\\
—
= —

DO Detector

flavor physics & rave decays 28



Acceptances @ LHC

detector capability . ¢
S oo ATLASICMS @ .
o I I e o BN
main requirements £ E
£
ope ¥y 10
» ability to detect secondary, =
displaced decay vertices &
. of o 1
m# precise silicon tracker o 6
e
» ability to select displaced I
; '
topologies online, in real time ;
m flexible trigger system i - 006, SO
g :‘M”M*WAWWM é’- O'OSL — resohstion fitted on dats 3
» robust and precise event and e sk TH
particle reconstruction o) - mehton it
. 250 e n=1.03 A
m momentum resolution || ———— Dy
200 | . K
» particle identification: leptons ’ RICHELHCh
. . . g 150
(distinguish muons from g
kaons, with low fake rates), ok
hadrons (separate protons o n=100t4 0
) n=1.0005 _
from kaons from pions) : x / (x CRags

Momentum (GeV/c)

N. Leonawrdo- flowor physics & rowe decays 29



the ideal heavy flavor detector?

Disclaimer: this (combined detector layout) doesnt actually exist

N. Leonowdo flovor physics & rawe decays
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¢ (proton - proton)

1Tub

1nb

HF production

Fermilab SSC
CERN LHC

Yy v v

Gm‘_Muﬁ * high HF production rates at the LHC

UA4/5 :

» very large production cross section (o)

410’

a large accumulated luminosity (L)

* LHC: HF *factory’ (N-=L.0)

» 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

flovor physics & rowe decays 32



hadron production

e different mechanlsms contrlbute to HF productlon

bb producuon ? ,
at hadron - '
colliders ' o & . 55

Flavour creation Flavour creation  Flavour ~ ¢ quop
(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...)

R

¢ § Q
. Q . ~Q ' A~ Q | -
Q 0
.p /\l
& LN
998 T

need to carry out detailed of HF production,

including , etc
flowor physics & rowe decays 33




the ‘rediscovery’ of the SM plot

JAp

Events / GeV

lll | 1 lllllll

1 10 10°

Dimuon mass (GeV/c?)
N. Leonawdo- flawvor physics & rowe decavys 34
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s—wave quarkonia
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Cross section

“N=L. g » ]
d20(QQ) . [ m 4+ _\ Ni(QQ) !
dprdy B(QQ_)ILM )_E'A-G-ApT-Ay

N: fitted signal yield
A: detector acceptance from simulation

» dependent on unknown production
polarization

€. track, muon reconstruction and trigger
efficiencies, from data-driven (T&P) methods

L: integrated sample luminosity

» Acceptance and efficiency corrections applied
event-per-event or as bin averages |/< A, ¢>

N. Leonawrdo-
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Cross section

“N=L.o”

CMS, /s=7TeV, L=3pb™?, |y| <2

Efficiency
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quarkonla productlon [in pp]

CMS \s=7TeV,L=36 plo1

—+— CMS data
I NLO NRQCD
NLO CSM
=/ NNLO* CSM
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CEM
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+ CDF PRL 108, 151802 (2012), tot. un ., 68.3% CL . . . .
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L P P e A KR S R i lecture: ‘polarization in LHC physics’)
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Events / (0,015 GeV)

b-hadron production
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* 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
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Bc

* meson with different heavy flavors -- unique in SM

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

» formed of b+c quarks: the heaviest quark flavors expected
to form mesons

» b and ¢ may both decay weakly
m» much shorter lifetime than other B mesons

* state by now observed in several modes

» no excited states observed yet (many expected)

b— &

[ ) b

\

C transition

B — J/p ety
Bl = J/¢Y=nT

¢ — 8 transition

Bf — BOxt
Bf — Bty

cb — W transition

Bf - K*°K+
Bf - ¢KT
Bl - 1Tv,

}tﬂrq II “5 10

ol——

6.00. ‘ ‘8.10 6.20 6.30 6.40 L ‘6.50 - - L - L - 1 L
Mass(Jhym) GeV/c? 5800 6000 6200 6400 6600 6800

N | -+ Comb. bkg.
1 *F + 4---8:—»%* 7

{ J .

RSt A ¢ il A

!

LHCb
e Data
B = BY(— Vi)'

B'- B*n*

—

| L
[ 4 .
*; [ /5 A ‘J' BT Theed

M(J/pr*[xx*]) [MeV] 6000
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beauty spectroscopy

mesons baryons
Mass (MeV/c?) Y(5S) oL L™ Thrse Sottom Querks
10800 B —"nm:shhold b+{u,d,S}
J=3/2
10600 Before 2006, only one b Two Bottom Quarks

0Ot yet dhscovered

baryon had been seen: A\,
10400

hy2P)
10200 142P) Y(1D)

CDF and DO contributed
several such discoveries:

: b One Bottom Quark
Dis llUlFl‘ not a¥ diucovered

10000l b2 Y& » 25 (2006) A*
h(1P) _
" —_— = 4 —b- (2007) :o‘ummm
9800 [ #41P) » Qp (2008)
96001~ bb LHC:
[ i) » Xb(3P) (ATLAS’ 201 1) e etom s
MO S » =0 (CMS2012
lso SSI Ip| 3p, ‘D ) —b ( )
/\> B.(2S) (ATLAS2014)
From Godfrey, PRD 70, 054017 —_ % = ,
7600 L2572 7588 7% 7571 73568] » =p " =b~ (LHCb 20'4)
i 7455 7563 ]
| 727 ﬂ%& 7269 7276 ml: One Bottom Quark
; 7200 % 7122 7150 7164 7266 one oo mubuing
’ 7143 7028 7041 7045 1 .
é’, ss 0887 - ; Several other composite
Jos 7 J . cus
2 ] ron S bc particles awaiting to be
: ' |
- - s gt B. Mass Spectrum discovered!... R
R o dacovered prevously
:

lSO 3SI 31,0 Pl 3P2 3l)l D2 3D3 3I:2 F3 3F4

-
&
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the first new particles found at the LHC

; 220 ~ L LA B S S B B A S B S SN BN A S B = 16 cms
§ 200 E_ ATLAS e Data:Y(1S)y — FittoY(1S)y % 14 - pp, \5 =7 TeV ¢ Opposite-sign data
g 180 :_J.L dt=4.4 fb'i a Data:Y(2S)y —— Fitto T(2S)y <2 i L=513fb" ——— Signal+background fit
= 160 S | T Background to Y (1S)y 212 S — Background
o g e Background 1o T(2S)y 2 |
© 140 e _‘g 10~ (b)
% 120F Converted Photons -,2 . i
8 100F- S -
- = !
S 80F w6
2 60F Y\ . I
40F 4 - \. . .
20F- = 2+ I +-
0 - PR T PR TR T R T W "R T PR T T I . ke At i B | A = 2 "'T'l 1 .
9.6 9.8 10.0 10.2 10.4 10.6 10.8 . l | 1 1

% * 10 20 30 40 50

Mpy) - m'w) +m o [GeV] MIWE ) - M/ WE) - M(x) [MeV] p
* 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 o
X6—=> 1V » 6 final state tracks =
L—) ete-
TNy eV

note: these (orthogonal capabilities) further illustrate the G
ability of general purpose detectors to make flavor discoveries =b T py H
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and couple more recent discoveries

Events / 20 MeV

[ATLAS’2014] [LHCb’2014]
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SFmET e s ] | 4() ety
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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;

L, W Pheos hyted

C& @ tetra-quarks states;
c‘*.L e @ meson-molecules;
_f_._ e @ hybrid mesons;
Q

threshold effects:

properties do not well fit the quarkonia picture

N. Leonawrdo-

State

X (3872)

X(3915)
X (3940)

G (3900)
Y (4008)
2. 44050)"
Y (4140)
X (1160)
Z2(4250)°

Y (4260)

Y (4274)
X (4350)
Y (4360)
Z(4430)°
X (1630)
Y (4660)

YL (10888)

m (MeV) I' (MeV) b Lg
- S -
re

3871.5240.20 13406 17
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39156 £ 3.1 28410 0/2'"
39423 7 it
3943 + 21 H2411 |
1008* '3, 226497 I
1051° 33
114344+ 3.0 157
156" 350 190%2:"
1248150 1T72%
1263 £ 5 108414 |
1274.4153 - gk
1350.673F 13370 O
1353 £ 11 9642 1
443755 107
1634 92733 |
1664412 lu\fl-.i |

10888.4+3.0 30.7'33 1

B
B
B
B

B

B
B

B

B -

B

rocess (mode)

» Kin"n J/©)
» (n " w” J/Y) 4
» K(wJd/v)
» K(D™ DY)
"\!'.’ v’
» K(50(25))
y K(wJ/v)
» e (wJ/Y)
y J/e(DD")
» J/O | )
» (DD
» i® " I L)
.I\«‘.’t'\ (1))

y» KlaJ/yv)

sy J/olDbD:

» K(n" xya(1P))

» K(m"¢(25))

[Eur.Phys.J.C71:1534,2011]
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XY/Z states

Y(4140) in By—=X[J/wd]K decays

X(3872) —J/Wrm
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heawvy flovor (suppression)

heowvy Lo collistons



= 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*

N : 1 ' ' : .
ote: topic pr.esented .1n dedicated lecture Oliaikiona Vgt o.¢. B mesons
‘matter at high density and temperature’ (Prompt) Non-Prompt J/y
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quarkonium suppression  [Pb-Pb]

Illlll~llllllllllllllllll“lllll~

¢ data CMS PbPb s, =2.76 TeV

— PbPbfit || Cent 0-100%, |y| < 2.4
------ pp shape || L, =150ub™

- p' >4 GeVic -
T proton-proton -

* first (quantitative) measurements of
the Y(nS) states in HI collisions

—
=
-
-
-
-
-
-

I
lllllllllllT

* unprecedented resolutions, allowing to
separate the three states

» experimentally and theoretically robust

_heavy-ions

* excited states observed (>50) to be

Illlllllllllllll]l]

.
»
"‘

~ Cery
» et i ar i,
' h.l-““‘\“..“.

~
“reteang.,
cesar

e L R

.

300
200 more suppressed than ground state
* spectacular indication of formation of

llll[ ﬁlllllllllllllllll

Quark Gluon Plasma in heavy ion coll.

lllllllll'lfllllllllllll‘lllll
07 8 9 10 11 12 13

14
_— 2
Mass(u'w) [GeV/C ] Matsuil->atz: screening the potential
: l
“the LHC heavy-ion
, i — S e
reSUIt nedium: m < rQg |
effective l

Exerclse: the excited states betng suppressed, what ;::rg of Q

may be expected also of the observed ground state  reduced » & “ ..
b

(hint: ns—1s feed-down)

*d
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quarkonium sequential suppression

T/T,

1/{(r) [fm]

Y(1S)

J/yp
Y(2S)

Y'(35)
v'(25)

é 1_4— | | I I | | | I I I | | I I | | I I | I I |
o - CMS Preliminary 0-100%
127 PbPb\(s\, = 2.76 TeV ~

h i

»_ Inclusive y(2S) (6.5 < P, < 30 GeVle, ly| < 1.6) A

08l Y(3S) {{yl<.2.4), 95% upper limit -
F 4 Y(2S)(ly| <2.4) s

" m prompt Jy (6.5 < p_ <30 GeVie, ly| < 2.4) i
86 % y(19) Iy < 2.4) + B

i v(1S) -

0.4= (15)

- . ‘J/W _

0.2/~ y(2S) Y(28) .
[é Y(3S) 2 i
0'..1;..11..|11.|H.|.H‘
0 0.2 0.4 0.6 0.8 1 1.

Binding energy [GeV]

quarkonia suppression pattern experimentally established:

N. Leonawrdo-
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in medium hadron suppression
PLB 710 (2012) 256 =PJC 72 (2012) 18

2_IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIlTIIIIIIIIIIT-I_] I ! I | l ' I Ll
- —=— Z (0- 100%)p >20GeVic |yl<2 - B -
1.8 5 7., uncertainty S W (0-100%) p_ >25GeVic In'|<2.1 N _
1.6F- S SO N - CMS-HIN-12-003 -
14} ! - = 2
B N L —@— *g/g-jet (0-5%) i<
1.2 ' - I “E— *bqjet (0-100%) Ij<2
2 1- ------ + ----------  RELEELES o-* — [ oo -eeessmecsTLcstetseseTecceRsstassass .
0.8F * = _| Jets (R = 0.3) are suppressed -
0.6F- - + %
- - R . it
o«:&M §§ R '}_: -‘:]"°°' Y :
: # LSS Charged particles (0-5%) [nl<1  ~ € A
0.2 _—%00 BES b-quarks (0-100%) lyl<2.4 —: = =
. (via secondary J/y) > -| ! | i | . | 1 ]

Ollllllllllllllllllllllllllllll'lllllll Llllllll'l-i
10 20 30 40 50 60 70 80 90 1( 100 150 200 250 300
p, [GeV/c] 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 ~ |)

=»study flavor dependence of energy loss
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b-hadron detection

 prior to LHC, b-hadron detection was pursued
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

5 r‘r‘rv] YYYYYYY I'YVY | AL A
4

o 14 CMS Prellmlniry Vitev: 0-10%, y~0 =
pbpb\r‘T“ =2.76 TeV ) Rad E lonom. .

1.2

He,Fries,Rapp: 0-100%,y~0

0.8 B HF transport
0.6
0.4
0.2 :
b-quarks: 0-100% hji<2.4
(via secondary (')

Aafadad l lllllll l - J A V- A l - - - ]
| YT R T VR T N
P, (GeVic)
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Events / (0.035 mm)

Events / ( 0.02 GeV/c?)

8
8

i N,,: 8525 + 177
25001-PbPb \ 5, =2.76 TeV _ a5+ 1 mevict ]
'|“=150ub' e data
A %% 0l it
2000}yl < 2.4 ) o prompt
 65<p, <30 GeVic neiins ey
Cem o R .- batJ-grouﬂd
1500

86

LAE BB

LN AAN RAREE RE

CMS Preliminary

27 28 29 3 31 32 33 34 35

m,, (GeV/c?)

Y
b
-

10*

10°F

e
CMS Preliminary

£ PbPb \/sy,
[ L= 150 pb” 4

=2.76 TeV

lyl < 2.4

6.5 <p, <30GeVic
Cent. 0-100% E
® cdama
444 1otal 1n
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Bu, Bd, Bs

[inv p-PU]

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

: 120F
207" CMS Preliminary  pPb VSpn=5.02 TeV CMS Preliminary  pPb |/s,,,= 5.02 TeV 70~ CMS Preliminary  pPb |s,,=5.02 TeV
180f 10<p$<15 GeV/c L=34.8nb’ 100l 10<p$<1 5 GeV/c L=34.8nb" - - 10<p$<60 GeV/c L=34.8nb’
160 chu' <1.93 i IyCMI <1.93 lyCMI <1.93
g - Data B" | & o Data B B cnf _ » Data B,
Lraof — Fit § 80 — Fit - 1 — Fit
© | .'Ij,.Signal {1 :Signal /‘\ oG
;120 -~ Combinatorial o -~ Combinatorial § 40 | .Slgnal.
<400} CIB—=Jip X g&) LIB—=Jyp X E, 'l ‘| Combinatorial
% H B
2 80 § § o | /i \
S € 401 = | |5
W soj; i \\ o 20\)
:‘ y e ¢ . A 20 R st ;:r-qj_}_w’ 10 o [T M\ ‘\:‘.
ol -x NN | oL T oy A | e o’_ s 3 ; | P ST
5 51 52 53 54 55 se 57 53 59 5 54 55 56 $7 68 859 5.1 52 58 54 55 56 57 58 59
M, (GeV/c?) M, (GeV/c?) M, (GeV/c?)

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

N. Leonwowrdo-
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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
\/ SNN - 196 TeV m 7 TeV w314 TeV 02TeV m 276TeV m» 55TeV
Tevatron (Run Il) LHC Run | LHC Run II 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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quantum mechanics (i)

* an unstable particle may be described H=m-—1
by an effective hamiltonian
ié%¢’==7{¢>
* through the non-relativistic | R
. ) w)t — e~ Ml o—3 tl,lr/)())
Schrodinger equation
(Bolyp)e|* = e,

* the solution reproduces the law of
radioactive decay

=1/

1 —t /T
P(t) ~ = 7 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:lly— 4'//:5
By p Pr LY
L+ Lorentz boost factor A e production point
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lifetime modeling

— L(t|oy, 1) = j-—l\-f - %e_$9(t) R G(t;0y) | - E(2)

PDF T T T T

theory t-resolution t-acceptance

° t_resolutlon normalization model function function
» use per-event uncertainties Gt N\
(more precisely reco’d B’s get larger weight) N
» calibrate using data (high stat. modes) — =
o = S0 example § lifetime fit
* trigger/selection bias - Dot
. Signal
» vertex detachment requirements 107 - Bkg
used in selection bias t-distribution, | — Signal+Bkg

v, Ct=4776+242um

requires acceptance correction, &(t)
* backgrounds

104

» prompt, O(t) (— resolution) J A

» long-lived (from decay products of -

2000 -1000 O 1000 2000 3000 4000
other b-hadrons) Proper Decay Length (um)
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[t—resolution, oyl

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

* should be calibrated, using data
* 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..0); 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,n,z,X?)

COF Run Il Preliminary L =355 pb’” I I——
o CDF 1 LHCDb
10° | — fit LHCb
3 2 ignal:
© ft signals: Do
g 10’ pomet | B—=DTT,DIX iadl
@ , ’ displaced
g triggered by SVT P
L
210 N
5 Lo calibration sample:
O calibration sample: & prompt Jip + '
ol SVT-displaced D + (4 PromPEFE T
| prompt pion pair

02 prompt tracks

proper time [cm] (PLB 713 (2012) 378)
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[t-acceptance, &(t)]

* if dataset is not biased, g(t)=|

* if bias corresponds to a threshold (global or per-event) on Ly, 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- ! «
™ 5 | 7
| 7 % CDF Som- - :
154 ¢ % g P+ 4 gty ]
: * .-_ e _-‘
= |/ 4 “F :
Wil g H‘, 094 :
] | 4 i LHCh :
] | - :
05 ! o r arXiv:1402.2554, JHEP ]
[ 4 Vorio st | .
14 W&&{# 1 10
o MRR A SO i i J— 1 L [PS]
. . s Propor deoay longthic] 15 (a) LHCb Simulation + !
MC driven: ‘ et ﬂ*WW,MM# ﬁ
C e L . e .r‘m 1
£(t) t—distribution after selection v |
B = B° > J wz?*o
Z{a } %6 T @ G(t; Ut) 05  arXiv:1402.6242 - / - -
. K Ag — JYwpK~
Data driven: pro 83 (2011) 032008 s 4 2 ! s g opo=
N. Leonardo nO 2 * 6 S50
. Leonawr flowor ph t [ps]


http://arxiv.org/abs/1402.2554
http://arxiv.org/abs/1402.2554
http://arxiv.org/abs/1402.6242
http://arxiv.org/abs/1402.6242

b-hadron lifetimes

(a) DO, 104" —~

g | 2
g [ ; - Data =
3 "OF [ # Signal =
2 : —— Background >
g I I CDF - Signal+Background ;g
g 10°f 107 =
o - - 'g
! e &)

10} 10

Pull

| | e Mo Ny .l
d35 01 008 000501 015 02 025 03 H
'

» (Mg A" [em) e
-0.15-0.1-005 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
ct (JAy A) [cm]

‘ - T 10
PRD 85 (2012) 112003 PRL 106 (2011) 121804 arXiv:1402.2554 t [ps]

T(B0) = 1.508 + 0.025 + 0.043 ps T(B*)=1.639 * 0.009 * 0.009 ps 1.637 £ 0.004 + 0.003 ps

1.524 £+ 0.006 £+ 0.004 ps

TB+>Jfp K+
T(Ab) = 1.303 + 0.075 + 0.035 ps T(B%=1.507 + 0.010 + 0.008 ps TBO_; Jjip K*0

T(A)=1.537 £0.045 £0.014ps  Tpo, ke = 1.499 £ 0.013 £ 0.005 ps
b
T(B*)/T(B%)=1.088 £ 0.009 +0.004  Ty0., 4 = 1415 + 0.027 £ 0.006 ps
T(As)/T(BY=1.020 £ 0.030 +0.008 7o,y = 1.480 £ 0.011 + 0.005 ps
10k f b f':iM=s7ToVL=51b" P e e o e
— Fituneron JHEP 07 (2013) 163 ATLAS  x, =1449200%ps ]
S Ay ?-Z;’g‘ S, =105+002
T(/\b) = =49f 0. =0.117+0.003 ps 3
: : PDG 2013
1.503 £ 0.052 + 0.031 ps XN = 1.09 : B0 1,519 % 0.007 ps
e % B+ 1.641 +0.008 ps |
. B,1.516+0.011 ps |
PRD 87 (2013) 032002 B.0.452+0.033 ps |
() = J Av 1429 £0.024 ps |

|.449 + 0.036 £ 0.017 ps
60

T (ps)
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gquantum

mechanics (ii)

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

H=Ho+ Har
YY) = a|P°) +b|P°)

d

i =Hy

dt

e
m—=AL
- ! -
My, — 5T,

M2 — ;T2

i
m2F

()= )

3
2

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

» non-diagonal elements in H = f
) =9

flavor eigenstates [Pu) = p

avor eigenstates differ from mass eigenstates
P%) 4 |P°)
)~ q||f)

with |p|* +|g]* =1

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

—iAL g —im — il
IPLJI)t - ’\L.I!tIPLJI> — e Lut 21L'}{t|PL,U)
probability for particle-antiparticle transition
4 2

" 3 | LR AT

|(POI'H|PO)|2 — g |(PO|’H|PO)|2 = '2 ﬁe‘“ [cosh (Tt) - cos (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:

PBS—)BS (t) = PBS—)BS (t)

N. Leonawrdo-

ge“rt [1 — cos (Amt)]
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flavor oscillations

—t/T
e
p(B — B) = (1 + cos Amt oscillation frequency given by
27 _——7 mass difference between
C’_f/'r T heavy and ligh i
- . y and light H eigenstates
p(B — B) = (1 — cos Aml)
T:
> 08 / 5 08
g 07 / 5 07 ; |
2z N (ideal scenario) > (realistic scenario) 'l |
2 0.6 s : 0.6 i | '.
g osk ~ 0 e mixed g osk/ \N 0000 - mixed ‘| ‘
unmixe unmix '
0.4 g 0.4 = 051 " |
|
0.3 0.3} l" 'u
0.2 j: '. 02} / \
: o —_—— ‘JI i e
0.1 :f , 0.1 __,/( \___-
O B S < IR T S T T T — 10 12 14 '
proper decay time, t [ps) //\ proper decay time, t [ps] /\
\\E/ \\&5/ EX&VOLS&Z 51’10 that a Propér
‘ . o as . time cut t>t, tnpluces
t-resolution, t-bias, dilution Fourier transform wundershootings besides the

eak twn 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. Leonoawdo flowor physics & rowe decays 63



particle or antiparticle
m S e

* (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 117 vs Bs = D" 1T

* flavor at production time: ...

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

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

t—=Whb
I", g
b gl T
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* —’J/ PK* (flavor given by the kaon charge)

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

Final State Reconstruction

opposite |~ b-flavor at decay

side lepton ot/ I*
5 fragmentatlon
o s.te kaon
I%Po kaon
D meson

B jet B hadron i
A w o
Collision Point " L. typically 1 cm| ﬁ -
- py A o D,
Creation of bb 5 ‘
: t=L Me

| z Y pr
b-Flavor Tagging § Proper Decay Time

b-flavor at production
In B rest frame

opposite-side tagging same-side tagging
’ b b g
» lepton (e,u) ExercLse: = }B':
: 1.explain how B flavor oscillations

» jet-charge cauze an Lwtnws{l}c dilution of the C s .— 0e E)(CVGLSG explain wh

» kaon OST methods performance G tlfle e ormavwe of SsS
2. show how the Lepton tag ( OsT) should (not)
based on seMLLep’comc B eca S olepewol ow the species of
(B—l) Ls atfected b sequew’cbaL B meson belng tagged
decays such as B—=>D—>l
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dilution factors

* various effects decrease the amplitude of an oscillation signal

2
i 6D2 S S —0 22
mixing ~J = @ - e t o
Signiﬁcance T 2 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 \ eD2| CDF DO ATLAS CMS LHCb
for decay I.BEPOig_.IE)]S% ‘[}(ZZT ”55554T/] | 4[503.25/ [OST] 2.43i|?(.§)§_|w__“]0.26%
+ °O . i . °O
B;— /Yo 3.511:‘7;£SST] ' ~;.7'% i 1% 0.8913;)63‘{’0/[SST]
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miXing model

= Lma,ss . Lt . Ea, . ,CD [for each sample component & event]
e - ,...\‘
-vc-_R — —~ og- u' e 10
el PI) of ugg g Yac rape dr fam| sy
1 e; A 1A SpD cos(Ams & t) , :
Li= =k RR(t —t';8,,0¢)-E(1) ®F (k)
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
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asymmetry

etry

Raw asymm

0.3
0.2

0.1 1

-0.1

0.2 ]

-0.3

0

0.2

0.4

* +B'SD

— combined

CDF Run Il Preliminary L =355 pb'1
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]
e . m
LHCb 3

A " A " L A A " A 1 A A A A

5 10

15

B" decay time 1 [ps)

Amg = 0.5156 4 0.0051 (stat.) & 0.0033 (syst.) ps ™~

N. Leonwowrdo-

Bd mixing

CDF Run Il Preliminary

1

L ~ 355 pb’

0.3 Soft Muon Tagger
LT~y
0.2 N )
T
E‘ 0-1 ] \_’
2
£ 0
@
& -0.11 e (data
021 — fit projection
B° contribution
-0.3 1 B* contribution B—e/uDX
0.05 0.1 0.15 0.2
pseudo proper decay-length [cm]
o — —_— . v
£ | LHCb . ]
g 04 +B" >Ny K =
= - — combined 1
Z‘ 0.2~ =)
T S M :
2 0 ' :
02F WT n
0.4 -
[ g e AR S ) W L S T
5 10 15

B’ decay time ¢ [ps)

Events/ (0.4 ps)

Raw Asymmetry
o o o o
& N O N

‘§‘

COF Run I Preliminary

L~355pD "

=~ datas 1o
1645 a sensithty

data » 1,645 o {stat, only)
Amge to

A 95%CLIME 03ps”
>20ps’

(most precise measurement)
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Amplitude

Bs mixing

Sensitivity
o _CDF Run Il 31.3 ps”'
1.5‘ 3 » Tagged mixed
4 N 8 i
1: g sl S o Tagged unmixed
- 5 - 4001 —— Fit mixed
! o + > e || i % — Fit unmixed
: ‘ AL 'mh m llll I" Ii L ' T
0.5 | T ool
| X g 200
i3 §
1.5 ®
o] ABM,=17.75)=1.212 0.20 |
0 - 10 15 | 20 25 30 35 00 1 ER 3 4
A/TA=6.05 Am, [ps’] decay time [ps!

frequency space &  time space

observation by CDF (2006)

p-value = 8x10™8 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
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quantum 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 (%,t) » O' (-Z,1)
* the effective Lagrangian (L=L) has the structure L=a0+a0! Ba0l +a0=L

» CP violation thus requires a“+a , i.e.a complex phase . ,
Exercise: me that cp

Lnvaritance applied to Yukawa
e Yuakawa term ~Lyukawa = Yi¥r: ¢ Yr; + Y;¥r; ¢' Y1 aYV"i ;Vf;‘v‘:’g"\\;tszv‘\//o"i,’ Ltmply
4, 1§ Vg,
* Charged current term £y = LapviyWdy + LdgVoy Wy, UsSlng CP transformations
V2 V2 recalled n tables below

Field ¥ C Bilinear | P C i b CP CPT
Scalar field &(z,t)  oO(—z,t) o' (Z, ) scalar Ut VU Yot V¥ Yot Vot
. . N e W e seudo scalar ¥, v;v -, Y 0, Ysl -, Vet U, Y5 VY5t
Dirac spinor V() YU(-Et) 4% (Z.1) it ol 1 ol Lo S okt B o Lt
‘ 1 R Tl A WL o axial vector ¥, %2 | Uy uts Um0 mste | Ut st Uyt
A.XIa.l vector ﬁeld Au (1;, t) _A (—IL‘, t) A“(I, t) tensor wlo}‘uwg ?',';laﬂ"w,z 'w20}w¢l -t')]orﬂ"w,z .v'zowwl wgapuwl
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A 4

v

v

v

quantum mechanics (iv)

e consider neutral meson P? decays to a final state f ﬁg;z Eﬁ'ﬁ'ﬁ%
* the time dependent decay rates may be expressed as

-I't

|Af|? (1+ |/\f|2)eT (cosh %AI‘t + Dy sinh %AFt + C cos Amt — S¢sin Amt)

Tpo_f(t)

2 e
eFt

Tpos(t) = |Ag|? (1+ |/\f|2)7 (cosh %AI‘t + Dy sinh %AI‘t — Cfcos Amt + Sy sin Amt)

2
. qu N 2§R/\f B 1 — |/\f| B 28‘/\,'
o A = — — D —_ C —_— S —

with A= 07 ITIEIME YTIRNE T T TP
sin and sinh terms adreassociated to interference of decays with and without oscillation

 CP violation classification
CPV in decay T(P° = f)#£T(P° = f) ] 41

CPVin mixing Prob(P° — P°) # Prob(P? — PY) ‘g

CPV in interference between

L(PYp®) — f)(£) # D(Ppoy — f)(¢) |8 (22L) #0
decay with and without mixing & eF B B B0 ( )

Aopli= Lpoty—s — Ipogy—y  2Cfcos Amt — 25 sin Amt
i Ipoy—s +posy—s  2cosh ATt + 2Dy sinh ATt
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CPV in interference w/or w/o mixing

A,
* defined by Im As0 B, T - g e |
* available to modes in which both B g‘\#ﬂ a
and B decay to a same final state f P NN '
-

* example: Bs— J/WKK, J/PTTTT

* * 2 ¢S — o, SM + ¢s NP
Bs = arg(—Vis Vs /Ves Vi) = O(0?)

dsm ~ -0.04
20, ~ —¢ NP can add large phases
b S b c
- -+ -+ -* . -+ @ -+
> U,E,t " gtc? = < g }H'Tt'orK'K-
S b c S 8

N. Leonawdo flavor physics & rawe decays
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CDF Run Il Prellmlnary L=96 fb

'O_q l TIir'» l TriTrr " TIirrr l’ TI1Ir7r ' Tir1r. 1 I T 1171 I
I I IR I LA DL I ‘D 0.14| 8, constraned 10295+ 039 rad — 68% C.L. -
o6 . - B —}J / Ll)q) 87" 4L, constrained 10> 0 -~ 90%C.L. 1
- 95% CL J S L o - 95%C.L. "
E+ SMexpectation’ ] = 0.121- arLas - Standard Model
04 . Symmetry line 7] fs=7Tev_ s AT, = 21T, JCOS(6 _)
- mmmmm Mixing Induced CP Violation® 8 Y ¥ - .
" 04*06 Run Il, 8 fb' AM, « 17.77 = 0.12 ps ' 01?.["‘” =49" o N u
03p SM pvalue = 29.8% - Vg I e . ,
0.2} 0.08}- s ' r
01} ; P
oF- 0.06- o -
570
B - —68% CL : :" ,“
L 0.1 ? —90% CL 004_- “, .
‘0'4> ) '0.2 - —95% CL : % °::
T A Lz and U Niwste, a0 1102 4274¢1 (2011) ] 0.3 3 0'02.._ -
0.6 ‘ar = wwosrz0021ps’ - 0.4 - \ \ | | y RIRAC .  CTEE R R o S A
TNEEEY NI PP ST P e -3 -2 -1 0 1 2 3 0 A PR Ry TR SR TR
B A /¥ (rad) ‘15 -1 -05 0 05 1 15
: ¢, ** [rad]
PRL 109 (2012) 171802, CDF full Run Ii PRD 85 (2012) 032006, DO 8/fb JHEP 1212 (2012) 072
(see also ATLAS-CONF-2013-039)
i _ B3 J/¢¢ - +0.38
Bs € [-m/2, ~1.51]U[-0.06,0.30]U[1.26,7/2] = —0.55% 36 és = 0.22 + 0.41 (stat.)=+ 0.10 (syst.)rad
-1
Ale=0005=0.00 ek 50000yl P8 = AT m LTG5S 05 pr AT, = 0.053 + 0.021 (stat.) = 0.010 (syst.) ps~"
: ¥ s 1 - ¢ b I b .b 0.2 3 b N s ] ' N o ' L v, N I oy . N | :
a 02 _LHCb . % best fit a s: 0.18 F LHCb —%:gt _‘;
s ! /e — 68% CL ! g —— 0.16 95% CL. =
p | \: — - 90% CL _E - . 3 ¢ Standard Model -
- : 0.14 F =
< 0.1 '...\ }':: ______ 95%CL ~ e 32‘ >_{___'—.—'._._‘ -'._‘ 0.12 :E_ PPTTEEE j
i Rt ® StandardModel| | B 2 sl & ok E
U = o 1? ._{_, ~=— solution i (_. 0.08 E_ ._5.
R & (O v = 4 0L s o :
G~ : 0.06 |- E
0.1f (@) . E : 0.04 E
b\ .: .z;._ A E 5
i .'R /.'. 1l 4" ! 1 1 Laa 1 M | 1 0‘02 :- -:
02 : _ L - 990 1000 1010 1020 1030 1040 1050 ob—ur o ...,
| i TR M (MeV) 04 02 0 02 04
0 2 4 ¢, [rad]
PRL 108 (2012) 101803 ¢, [rad] PRL 108 (2012) 241801 PRD 87 (2013) 112010
¢s =015 £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 Al>0 AT, = 0.100 + 0.016(stat) = 0.003(syst) ps-!
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b, & AT [world summary]
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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

v

v

v

»

experimental probes with precise theory prediction

rare NP probes

lepton flavor violation (LFV)

CKM suppressed
helicity suppressed

dominance of short distance effects, SM uncertainties under control

» uncertainty typically dominated by QCD; e.g. prefer leptonic to hadronic

processes that may be modified (enhanced or suppressed) by

final states

orders of magnitude by NP
» SUSY, 2HDM, LHT, Z7, RS models ....

A(b — d)l OCNC ~ 0
S

2 -
< ¥i Vig Vi

- 167r2Mf.,

+C

034

oh g 167!'2/\,\,{»52

/8



gquantum mechanics (v)

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

AM —- F) =

Ferwi constant CKM wmatrix element

(F|Heps|M) = ZVCKMC( )(F|Qi(p)| M)

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

operator Q; B—Kupy  B—pp f ¥
O7 ~ mp(5.0,bR) Fru v . o :
Og ~ (3b)v—-a(£€)v v [
O10 ~ (3b)v—a(Z) A 4 v/
Os.p ~ (3b)s+p(E)s.p v
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BO—}KI\ IJIJ

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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. LHCb : | I N Sieiars
0.5k preliminary - 0.6 = 12503 D58suTaT: sty
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- f T . % R TS T
- j + ) ¢ [GeV/e')
'05— i _+— —_— (’:'7 T T Y P—p—y——
! ” [ ‘FL— =T LHCb 1
- N I ] preliminary
N v N R B | M,
0 5 10 15 oF
2 [GeVY ot Z I
. 4 [GeVc] o . L. s
new set of variables proposed " less sensitive to " ]
hadronic form factors R
’ . . 2 2/ 4
Ps: LHCb measures 4 new observables in 6 bins of g% B e S
one of the 24 measurements wl LHCb i
E preliminary !
possible interpretation as a NP contribution to Wilson T i s from ABSZ
coefficient Co . '
interesting (correlated?) tensions with SM prediction - :
g (correlatect) tensions with 51 p e =
m to be explored with priority with more data and o i
additional decays 0 s o T s
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motivation

* in the Standard Model Bq4;s— UM decays
are highly suppressed b\ 0 ]
N t \\\\\\.L

» helicity suppressed, by factor of (my/mg)? +

i
+ —
%BS_QL’
(extended scalar sector, eg SUSY)

» in the limit of massless muons, the process s it
would be forbidden by spin conservation 3

LA e WY
: . S W o
» FCNC, forbidden at tree level, in SM, can —= —
only proceed through higher-order loop < -— >
diagrams - '{-_A‘;”<_
S . V-
» Cabibbo suppressed |Vis(d)|? )
; N
* Possible new particles in the loops! 7
2 < / S A" b e \
» may enhance or suppress the decay rates N
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collect the data

» dedicated algorithm deployed online
for selection in real time

optimize selection criteria

» while keeping signal-region data blind

analysis steps

.
=
- >

Events per 10 MeV
3 3

—
=
“

10° 9 CMS \s=7Tev
103
1w

104

» use multivariate discriminators to

reject backgrounds from signals

likelihood fit to the dimuon mass

» fit simultaneously

and

evaluate statistical significance

» if excess is observed:is it a fluctuation?

» if no excess: place exclusion limit &

measure branching fraction

nuno@cern.civ

rowe decays @ Uhnc

2 20m Run,L=11M"

1
10

mJy
£ ]

trigger paths

B low p_ double muon
high P, double muon

z

10’
dimuon mass [GeV]
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B4 and Bs signals

combinatorial background

rare semileptonic background (b—quV)

rare peaking background

Candidates/0.025 GeV

» Crystal Ball, fixed shape

CMS L=20fb"(1s=8TeV)

physics backgrounds

» normalization floating

» first-degree polynomial

» constrained to expectation

220

20,

:

16

14

12
;
10
3

8
E

6

Barrel CMS simulation

B” — Kuty
W’ - pwy
8% — 2%ty
8% = au'y
el - Kuv
BB - wyy
.B - K* u u

5 52 54 56 58

» fixed shape, constrained normalization

CMS
0.3+

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

~4— data
- full PDF
Bg—m'u'
Bl
------ combinatorial bkg
----- semileptonic bkg
=== peaking bkg

_ on v (Ve o .
L=20fb"(1s=8TeV) 5.1 52’\53 54 55 56 57 58 5.9

0.15-

Candidates/0.025 GeV
o
N
1

0.1

0.05-

Barrel CMS simulation

m,, (GeV)

» rare physics backgrounds
normalized to B* yields in data,
for each analysis channel
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opening the

CMS-L«5f "Ys«7TeV,L=20fb ' Ys=«8TeV

-t
=N
U |

—4— data
= full PDF
AN B, TR

B -utu
----- combinatorial bkg
----- semileptonic bkg
=== peaking bkg

X
|
S A—

.
o
o7 L

o)
T rrrr1
.

S/(S+B) Weighted Events / ( 0.04 GeV)

0 - RN
49 5 51 52 53 54 55 56 57 58 59
m,, (GeV)

e CMS observes an excess!

* but is it statistical significant?

» Bs— U: 4.30 [yes...]

» Bg— Hu: 2.00 [no...]

box
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opening the box

CMS-L«5f "Ys«7TeV,L=20fb ' Ys=«8TeV

—~ 14}~

L —4— data o~
s [ — tull PDF Q, 16 '
3 12f 5 By > 14

[ ' B'-u'n i
g C e e combinatorial bkg § LHCb
i = 'y i LT semileptonic bkg
» 10— === peaking bkg 3 12 BDT>0.7
s S 10f 3 b
w 8- 1
8 | -
£ o =
g9 g
= <
a { ’.¢< U
+
(‘2’ _L 2 ¢ 4
@ 1 ’T ‘\

o b T e
o _ SRR
49 5 51 52 53 54 55 56 57 58 59 2 5500
M (GEV) m,.. [MeV/c?]

CMS observes an excess!
e LHCb observes an excess,

but is it statistical significant? too!

» Bs—uu: 4.30 [yes...] » Bsm p: 4.00

» Bg— Hu: 2.00 [no...] » Bg— UU: 2.00
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CMS + LHCDb

CMS and LHCb (LHC run 1)

I ) 1 ) l ] 1 L l

60 —4— Data
- Signal and background
50 [ Bl= w'w
B u'y

- « = Combinatorial bkg.
..... Semileptonic bkg.
- — Peaking bkg.

E
o

w
o

n
o

S/(S+B) weighted cand. / (40 MeV/c?)

-A
o

L L L B -4 sy -

L1 Ul llllIllllllllllllllllllllll

1 1 g Bk > L 1 1 1 |
5000 5200 5400 5600 5800
m,..- [MeV/c?]

o

* CMS and LHCDb have performed a combined analysis of their full
Run | datasets, and delivered a definitive observation of B;—pp

BB s putp) = (287 x107°?. (6-20)

to appear in Nature, arXiv:1411.4413
89
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comparison to SM expectation

CM HC run |)
é’_‘ 0.9 _l | 18 §F. B I L | 55 B | wr ‘ L B A L I -0 -0 %0 I T 3 ‘_ 340 1 d hd 1 L]
=} - \ 4 35 SM
S DRE \ 3 30
L - =
3 0.7 \ : — 20}
e - \%, 1 10 .
m = A | \ > = e PR AP PSP SR
05E] g . A% Ae = © 2 4 & 8
- o (23 - B(B2 - u' p) [1077)
04— .t ° -
z > q 10 ——
= s =
0.3 3 g 8t
= / 2 :
0.2 = ¢ 6
: o / ] 4
0.1 / oo
: a i 2
or-Llllll\lll s a1l a4 Jlllll,/llllllllllllJLl-' 0 L R
0 3 4 5 6 7 8 9 0 0.2 0.4 0.6 0.8
BB - u' ) [10 7 B(B® - u* ) [10°%
CMS and LHCb (LHC run )
- Y R B T T
g 10
|

SM compatibility: 8
Bs: .20 s
Bda: 2.20

Bs/B4:2.30 :

H
llllllillll]lll

0.1 0.2 0.3 04

o

BV SLorrligaalsaal i

90



10° x BR(By = p*p™)

new-physics constraints

i Measurement results in strong constraints to the parameter space of
certain classes of NP models; some specific examples:

2.0 [

15 | MSSM-LL

0 RSc 10 20 30 40
10° x BR(B, = u*p™)

D. Straub et al, arXiv:1012.3893

Constraints on MSSM (incl. models with
abelian/non-abelian flavor symmetries),
4t seneration, RS, and MFV models

JHEP 0903 (2009) 108, JHEP 1009 (2010) 106

JHEP 06 (2008) 068 ,Nucl.Phys.B831 (2010) 26 o1


http://arxiv.org/abs/1012.3893
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10° x BR(By - p*p™)

new-physics constraints

i Measurement results in strong constraints to the parameter space of

certain classes of NP models; some specific examples:

20 rr—r—r

10 |

(=]
o

00 L=

0 RSe 10 20 30 40 50
10° x BR(B, — p*u~)

D. Straub et al, arXiv:1012.3893

Constraints on MSSM (incl. models with
abelian/non-abelian flavor symmetries),
4t seneration, RS, and MFV models

JHEP 0903 (2009) 108, JHEP 1009 (2010) 106
JHEP 06 (2008) 068 , Nucl.Phys.B831 (2010) 26
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10° x BR(By - p*p™)

new-physics constraints

i Measurement results in strong constraints to the parameter space of
certain classes of NP models; some specific examples:

20 re CMSSM - u>0
| 60
1.5
| |
10 | -
| S
0.5
oo B I —— — | Sako
0 RSe 10 20 80 40 50 500 1000 1500 2000
10° x BR(B, - pu*u"~) m. [GeV]
1
D. Straub et al, arXiv:1012.3893 A. Akeroyd et al, JHEP 1112 (2011) 088
Constraints on MSSM (incl. models with Constraints on CMSSM, in the case
abelian/non-abelian flavor symmetries), ofa SM-like Bs—

4t seneration, RS, and MFV models

JHEP 0903 (2009) 108, JHEP 1009 (2010) 106
JHEP 06 (2008) 068 , Nucl.Phys.B831 (2010) 26 o
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a long journey ends, and new one starfs

Limit (90% CL) or BF measurement
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* following observation of
Bs— UM in Run, will focus on:

* By— UM: optimize search for
Bd, for which the Bs will now
be a background!

* explore observables with
additional sensitivity to New
Physics, e.g. effective lifetimes
and CP asymmetries

¢+ CMS
¥ LHCb
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summary

broad and successful flavor physics programme at the LHC

advancements and breakthroughs in the different areas during Run |
» rare decays, CP violation, production, spectroscopy, QGP hard probes
no large discrepancies wrt the Standard Model found, yet

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

exploring highly sensitive phenomena, including
» fast: Bs oscillations occur at 3 trillion times a second
» rare: Bs decays to muon pairs 3 times in a billion

» hot: created medium in ion collisions 5 trillion °C

continuing flavor physics program complementary to high-pt searches
into the high luminosity LHC runs

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

» to differentiate amongst NP models and characterize their flavor structure
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CPV in decay: B—KTr

CDF Run Il Preliminary f L dt=9.30 fb”

40P PR = 1) = [ {B~ s J)

:

T E (B Py T (B )

L] ] L 1] L]

* B factories: BABAR, BELLE (2004)

» Babar Collaboration Phys. Rev. Lett. 97, 171805 (2006)

d
T T

d
T T

Belle Collaboration Phys. Rev. D87.031103 (2013)

Candidates per 10 MeV/c?

* Tevatron: CDF (2012)

Acp(BY - K*x )= —0.083 £+ 0.013 + 0.003

Acp(BY - K—n%)= 4+0.22 £+ 0.07 £ 0.02

« LHC: LHCb (2013)

Acp(B° = K1) = —0.080 + 0.007 (stat) & 0.003 (syst)

Acp(B?— K~nt) = 0.27 4 0.04 (stat) & 0.01 (syst) "*°F

13 L] L L] 1]

* data
total
- B K'x
Bl s <K

300

200

IR —
- o o - -

-~ .

» first observation (>50) of CPV in B 0551 52 53
K™t invariant mass [GeV/c?]

N. Leonwowrdo-

flovor physics & rowe decays

= N ol | A
54 55 56 5.7

98

PRL 108 (2012) 211803

PRL 110 (2013) 221601
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Bs— KK

* time-dependent asymmetry divect CPV CPV in decay-mixing

/ / interference
L= L=

B(,)—)f(t) FB" —>f(t) =0y cos(Amgs)t) + Sy sin(Amg(st)

Alt) =
B( )—)f(t) 1+ FB?S)—)f(t) cosh (%ﬁlt) M A?l—‘ Sinh (AI‘;M t)

Ckrx = 0.14 £0.11 (stat) £ 0.03 (syst)
Skrx = 0.30 £ 0.12 (stat) £ 0.04 (syst)

» first time-dependent CPV measurement in Bs— KK decays JHEP 10 (2013) 183
Z 03F I
g o.:sE LHCb 22500:_ LHCDb
E 0.2 5 f (a)
8 | <2000
0.1} <UL
| g &
: 8 [ Bs—KK
010 G 1000 By—Ktr
- - 3body com.
03- | | e Ve .
ooy p-adl.avain yilis. gigan ). dueue fiain siedl) yiaiss . aifceiaG 2] o'.'"'f?"* O e R W APEII b B P o ST
0 005 04 015 02 025 03 035 5B B85 84 S3E8 67 ks
(t-t,) modulo (2n/Am ) [ps] Invariant K*K- mass [GeV/c?]
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Candidates / ( 10 MeV/c?)

Acp
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* extensi t of t e K
extensive set or measurements -
. =t KK K* Belle
of CPV in charmless B decays —agf K+ —— BABAR
K*s o
LHCb
. example B—'hhh(h) from LHCb t JK+ —— New Ava.
/)7 [— L ——— it 0
@ P | | | I _rlno‘kl | } . -* K*n
> 400 Rl (b) LHCb t Bokkr]Q b _amikd
SHE: ] combinatorial { _ K3(1430)'=x*
S | -‘ T ZAB° - 4-body | © —— .
5: 300:” “‘l N EB—)&bOdy : ? o S S atal
S | B> KKK]| = —— K0
~ : : B: K= : o —.T.— "
8 200_- : X Bu— $KKTT _ aiidaate . S —— e oA
:s. : ‘ : - - — ppKT
9 ey * | .
g 100 + n':' = [o(980) K+
0;,,,;:&& . N O TR o = nk*
5132 53 54 55 51 52 53 54 5.5 — K*rt7
x K [GcVIc‘2] my. ... [GeV/c?] e . et
10'F— — N
* TR = model §
‘ arXiv:1403.2888 ) B SKKK { o
1 h combinatorial i
5 Bg— OK* gy § N 44
[ , o
I ’ . .-. N
P ok Bu—mKKK 1 =&
SIE - 0
¢ - Aw
- +
1E ‘ o
,52(1) ‘ 5300 : 5400 5500 52600sl 5.2 53 54 55 T T T ' T T T
Mygxs [MeV/c?] My - [GeV/c?] 0.4 0 0.4
CP Asymmetry
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N(JAp h*)/12 MeV/c?

B,—Wwh, Dh

 direct CPV is only type possible for charged B

hidden charm

» no direct CPV expected for the Cabbibo-favored decay B— )/ (WK
» Cabbibo-suppressed decays B —]/\(p11*, Y’'117, Y’K*, with P — U l:
» tree and penguin contribute different phases = possible CPV

* open charm

10

10° b

» B—DK with D—=KK,1TTT, TIK, W/ first observation of B*—=[11*K]pK* AI/K

» interference through D final state accessible to both D? and D°

* DO

104 fb"

— B* = Jp K*
BB - Jyx

gl |i 1

253 B, — Jhp h°X
|/l Combinatorial

N. Leonwowrdo-

M(JAph

") [GeV/c?)

time-integrated asymmetry:

B(B~ = ¢Yn~) — B(B*T = ¢Ynt)

AV =
B(B~ — ym~) + B(B* — ym+)
AYS™ = 0.005+ 0.027 £ 0.011
ARSI — 0,048 £ 0.090 £ 0.011
AYESIE = 0.024 4 0.014 £ 0.008

=[0.59 £ 0.36 (stat) = 0.07 (syst)] %,
A/YT =[-4.2 + 4.4 (stat) £ 0.9 (syst)] %.

150

B—=y(2S)x

100

50

No evidence
of direct CPV in B*—=h

DO
PRL 110 (2012) 241801

LHCDb:
PRD 85 (2012) 091105

B—DTr

Measurement (5.80)

B—DK LHCb _- of direct CPV in B*=DK
i PLB 712 (2012)
e T - also study decay

B*—[KsKTT]o h
arXiv:1402.2982
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CPV in mixing

* defined by condition |q/p|#|

DO, PRD 82, 032001 (2010)

* induces charge asymmetry in % D@, 6.1 fb!
semileptonic B decays 001f A
g eg, Bs —> H+D5VX 0
e dilepton asymmetr 0.01 "
P y y -Dﬂ Ab LR %
002; . Standard Model N |
70 vl _ 0 = e B Factory W.A. .1
Asy () = [[B°(t) — ¢+ X] - T[B°(t) — £~ X] EDOBD p X
['[BO(t) — ¢+ X ]|+ I'[BO(t) — £~ X]| -0.03~ « Preliminary
| 4 - Combination
_d=—|ginl® ., :
= 7 ~2(1-|q/pl), TS P T PR L S
1+ |q/p| -0.04-0.03-0.02-0.01 0 001 )
asl
» As is, actually, time-independent DO reported 3.90 discrepancy with SM

both Bs and Bd contribute to the asymmetry
» sensitive to deviations of |g/p| from | © evidence for anomalous CPV in the mixing
of B mesons
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ds| asymmetry

DO, 104" e B o0

- J 0.02

0021 Standard Model | -0.02 : . 0.02 o
| DG B —u'D""X ¥ 2 : © LHCb S

J 4 | - . ot O . =~ -4

o “‘ ) - Dpo& # DO :::::::::f:: ]

DO Bow'DX B 7. o =5 W
-0.04 ~ Central value 004/ 1P, s - Y(4S) HFA —

| I Combination Bl -0041=  SAERITRORS B ]

| *  Standard Model — e - DO R -

'0004 °0002 0 0002 -0.04 -0,02 " A | A A i | i i e i 1
al) al -0.04 0.02 0 0.02
a3
inclusive measurements: semileptonic decays: semileptonic decays: o

single and like-sign dimuon

. *)
charge asymmetries PRD 86 (2012) 072009: asi_d from Bg—puDs"X

PLB 728 (2014) 607

PRD 89 (2014) 012002 a = (0.51%0.86)% (uD channel),
ad = (1.25+0.87)% (uD* channel)

asl_s from Bs—pDsX

ad = (—0.62+0.43) x 1072

most precise measurement

af, = (—0.82+0.99) x 102 PRL 110 (2013) 011801: as_s from Bs—pDsX
assuming ATa/Ts SM value: ag = [-1.12£0.74 (stat) £ 0.17 (syst)] % @y = (—0.06 £0.50 + 0.36)%
af = (—0.62+0.42) x 1072, a%(comb.) = (0.07 +0.27)%,
5 = (—0.86+£0.74) x 1072, s = (-
= s ag(comb.) = (-1.67+0.54)% LHCb +Y(4S) results appear

DO final Run Il results yield 30 discrepancy with SM consistent with SM expectation
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Events / 28 MeV

B00F | LHCb
700 .
600 MBS_’J/‘I»’fO
500 4| —Ba—J/pmm
400 E 1t — Ba—J/WK*
300 80} |
200 60} \
100 40}
T PR 1A T IS IR Pl B e | 20:_
132 53 54 35 36 5'(7&‘%‘8 83525354 55 5e 5400 550
“«Wx M(JAp = ) [GeV/c?) m(Jyx) (MeV)
PRD 85 (2012) 011103 PRD 84 (2011) 052012 PLB 698 (2011) 11, first observation
m» CP-odd final state: no need for angular analysis! PLB 713 (2012) 378, @ measurement.
e ] +0.173+0.004
untagged: ¢s = —0.01975172 0003
0 RO
r(B?—f.)4+r@ - f-)
= Ne‘a‘{eA’}‘/z(1 + cos ¢s) + e 21582 (1 — cos s)} % lifetime-like measurement!
tagged:
Ch
r(Bs— f-) ) mixing-like measurement!
ATt/2 e—Alst/2 , :
= Ne‘rS‘[ 5 (1+cosg¢s) + 5 (1 — cos ) = sin ¢ sm(Amst)]
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* FCNC search in

» complement B and K searches

* decay DO— pu*p- highly suppressed in SM
(~10-'3), but enhanced by NP scenarios

* use normalization channel; e.g. at CMS

D*—=DOY(K-p*v)Tr? 45
CMS preliminary
| n
» no excess observed, place upper limit @90% c) a o
exclusion limits 3 0T J
2.5 |
» CDF <2.1x 107 PRD 82 (2010) 091 195 b o a0
» BABAR:[0.6,8.11 x 107 PRD 86 (2012)032001 ‘51 H | H
» BELLE < 1.4x 107  PRD8I (2010) 091102 o (1 } H
» LHCb < 1.3 x 108 LHCb-CONF-2012-005 LT I AL )

97 175 18 185 19 195 2 205 2.1
Dimuon invariant mass (GeV/c?)

CMS <54x 107 CMS-PAS-BPH-11-017
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