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| will be talking about quark flavour physics and
mostly about heavy quarks

Just as ice cream has
both color and flavor
so do quarks.

Murray Gell-Mann




Where do we produce heavy quarks!?
CKM matrix

Neutral mesons mixing

Types of CPV

CPV in mixing

CPV in interference

CPV in decay
Rare B decays



— Is the heaviest quark that forms hadronic bound
states
— High mass: many accessible final states
— Must decay outside the 3rd family
* All decays are CKM suppressed
* B mesons have a long lifetime (~1.6ps)

— Provides the only up-type quark decay from a
bound system

— Quasi two generation system

— D mesons have a lifetime ~0.4ps

Interesting to compare the phenomena in the up-
and down- sector

mass—
charge-
spin-

name-=

Quarks

2.4 MeV 1.27 GeV 171.2 GeV
s %s %3 t
Y2 u Y2 C Y2
up charm top
4.8 MeV 104 MeV 4.2 GeV
-3 d Y5 -3 b
2 Y2 S 2
down strange bottom




VWhere do we produce
heavy quarks?



B-factories
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Babar & Belle
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Experiments at hadron
colliders
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pp have the same energy but

not a point-like objects coll
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Forward spectrometer at LHC

LHCb Detector

RICH Detectors

Vertex p/K/m
Detextor

Muon System
u/h separation
Trigger

Tracking-System

|

Calorimeter

h/el/y/ separation

Trigger
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Keys for heavy flavour physics

Vertex resolution
Particle identification
Mass resolution

Production rates
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LHCb event @ VELO detail
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Production measurements at LHCb

“Prompt charm production in pp “Measurement of J/Y production in
collisions at Vs = 7 TeV” pp collisions at Vs = 7 TeV”
Nucl. Phys. B 871 (2013) 1 Eur Phys J C71 (2011) 1645
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What does [Ldt = 1/fb mean?

Measured cross-section, in LHCb acceptance
o(pp — bbX) = (75.3 + 5.4 + 13.0) ub
PLB 694 (2010) 209
So, number of bb pairs produced in 1/fb (2011 sample)

10" x 75.3 10° ~ 10"

Compare to combined data sample of e’e™ “B
factories” BaBar and Belle of ~ 10° BB pairs

for any channel where the (trigger, reconstruction, stripping, offline)
efficiency Is not too small, LHCb has world's largest data sample

p.s.: for charm, o(pp —ccX) = (6.10 £ 0.93) mb
LHCb-CONF-2010-013



e*e” vs pp colider

¢ e —Y(4S) — BB pp — bbX pp — bbX
(Vs =2TeV) (\/s = 14TeV)

PEP-1I, KEKB Tevatron LHC

Production cross-section I nb ~ 100 ub ~ 500 ub
Typical bb rate 10 Hz ~ 100kHz ~ 500 kHz
Pile-up 0 1.7 (0.5-20
b hadron mixture B'B™ (50%),B"B’ (50%) B (40%). B" (40%), B (10%),

A,(,) (10%), others (< 1%)
b hadron boost small (fy ~ 0.5) large (By ~ 100)
Underlying event BB pair alone Many additional particles
Production vertex Not reconstructed Reconstructed from many tracks
B'-B' pair production  Coherent (from 1 (4S) decay) Incoherent
Flavour tagging power eD* ~ 30% eD’ ~ 5%

Access to B, B*,(B;) Access to

BO(S)’ B+’BC9/\b

26



® For successful flavour physics program:
® |arge cross sections

® Excellent detectors (resolution, PID)

27
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quark mixing
CKM matrix



CKM matrix - very important role in the
flavour physics

LN / NN
Vud Vus Vub d
S' — Vcd Vcs Vcb S
| vy vl
N \ \ £0N {\
weak Cabibbo Kobayashi mass
eigenstates Maskawa (CKM) matrix eigenstates

Vckm describes the rotation between weak (d’; s’, b’)
and mass eigenstates (d, s, b)

30



CKM parameterisations

Many different possible choices of 4 parameters
Standard parameterisation: 3 mixing angles and | phase

fd C12€C13 $12€13 813918 fd
8 i
—8$12€23 —C12823813€ C12C23 —$128238(3€ $23C13 || 8

S

( id 1
b/ | s12823 —Cp2C23813¢ T —Cip823—Spp€23813¢ - C€23C13 |\by

CPV in the imaginary
part of the elements

Wolfenstein parameterisation

\

] -— A AX(p-in)

small

Apparent hierarchy: A = cos Oc = 0.22 (Cabibbo angle)
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Situation for leptons(neutriffos) is completely different

t

— Dominant decay process:“tree” b—c
transition

—Very suppressed “tree” b—u transition

— FCNC “penguin” b— s and b—d
transitions

— Flavour oscillations (b—t “box” diagrams)
— CP violation — expect large CP
asymmetries in some B decays

— Dominant decay process:“tree” c—s
transition

— Flavour oscillations (c—d,s,b suppressed
“box” diagrams)

— FCNC “penguin” c— u transitions

— CP violation is suppressed



The magnitude of the elements

PDG 2014

semileptonic / leptonic kaon decays
hadronic tau decays

superallowed 0" -~ 0" 3 decays

.

O 225+0.008

-3
84+06 x 10 (40.0+2.7 x10
semlleptonlc charm decays
charm production in neutrino beams

!

0.97425+ 0.00022  0.2253 +0.0008

0.986+0.016

semileptonic / leptonic B decays

e

(4.13+0.49) 10‘3\
(41.1+1.3)x10°
1021i0.032 |

semlleptonlc B decays

semileptonic / leptonic charm decays

B oscillations

Bs oscillations

33

single top production




Unitary matrix -highly predictive

Vokm

| Vud Vus vub |

Vcd V Vcb
Vg Vis Vi |

Vekm =

rVud Vus V‘ |
V V Vcb

thd Vis Vi |

Verm Verm = Verm YVerm = 1

Provides numerous tests of constraints
between independent observables, such as

\%

Vud vub T Vcd Vcb

+|v,

ud

2
+|V
Ll thvtb

34
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The unitarity triangle

ViVirtVeaaVotVuVe="0

ima?naqn Vig Vi, ViV Vg Vo |
a=ag|-L 2| p=ag|- 0 D | y=gpy |-

Yud Yub Vid Vin Ve Veb

i IVudVJb _ [Vaa Vi

" VeVl T IVeaVeh

Axes

» real
(00) (10) P

. VuaViip
P+ = ———,
g VeaViy

. V1— A2XN(p +i7)
ptin = ——"—"" "
V1—A2[1 — A2\(p + i7)]
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Many triangles

szl; +V. Vo, ViV, =0 (h /V" ud ViV - V(@
V.V + V.V + Vs =0(sb) |90 £ v,
Vot VVi Vv =0@s) || gy (et
Vv e vy, ~,
ViV + ViV +ViuV, =0 (Ut) V.V, VoV
ViV +V Vo VYo =0 ) || oy vy, (uc)
QVM +V, Vs +VVe, =0 (Uy K_V"]v_ﬁ V.V, Vﬁ/

All 6 triangles have the same area: J,/2
Jop is called Jarlskog invariant, it is a measure of CPV in Standard Model.
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Constraints for the UT triangle

Simplified picture

EPJC 41 (2005) 1

2 == IM
sin‘y sinp siny
In the SM, the CKM is the only . ‘ o
source of CPV | ‘ :
s
' 0
Hence, all measurements should 05 | el Kiom )_:-&
agree on the position of the apex of = o o 5;917.'%”. .
the UT | KPonvy " Re
05 | VoV / ‘
-1 sin 2.
K'—=n'vv
1.5
€k

area of UT given by the Jarlskog invariant



CKM is very predictive
4 parameters
Describes phenomena over a huge range

CPV in one imaginary phase

38



symmetry



What is CP violation

EXperiments show|

CP-symmetry (e | e
CP-symmetry, often called just CP, is the product of two symmetries: C for charge conjugation, which | |
transforms a particle into its antiparticle, and P for parity, which creates the mirror image of a physical system. The strong interaction and
electromagnetic interaction seem to be invariant under the combined CP transformation operation, but this symmetry is slightly violated during
certain types of weak decay. Historically, CP-symmetry was proposed to restore order after the discovery of parity violation in the 1950s.

w \ W+
b = ’/ CP b - /
AN AN

‘ ’ub
u \ u

The symmetry under CP transformation, i.e. the exchange of particles and anti-particles can
be violated in different ways.

40



CPV in mixing (involves neutral mesons)

The transition probability of mesons to anti- mesons compared to the reverse
process. This type of CP violation is independent of the decay mode.

P(M°(t)— M") # P(M°(t) — M") q/p| # 1
CPV in decay
The decay rate of a meson to a final state f, A f, is different than the rate of the anti-meson decay to

the CP conjugate final state f_,A_f_. This type of CPV depends on decay mode.  _
A7/Af| # 1

CPV in interference (mixing and decay amplitudes can interfere)
a.k.a. indirect CPV

4A q
if Ar=—-=— -
CPVif Ar A, Ncp »

e + | (has a non-0 imaginary part)

:l>| |
~ [~

4]



Neutral mesons mixing




Neutral mesons

Slavour eigenstates  M°can be K° (sd), D° (cu), B.° (bd) or B ° (bs)

The neutral mesons can mix into each other via:

t _ _
B ...................... s S . d
T
Bg w w E : K 0 .:::...-- a--...::: Ro
T
§ — d S
: b

Short distance process Long distance process

For neutral mesons, the mass eigenstates, i.e. the physical particles, do not a
priori coincide with the flavour eigenstates

43



Neutral meson mixing formalism
In general the physical state can be presented as:

y) = a(t)|M°) +b(t)|M°)
the mixing can be represented in by the time dependent Schrodinger equation

My — i1 M — L
lhiw:%w %:M_LF: I % 11 12 % 12
ot : My — 5121 My — 519

M, [ - hermitian matrices

CPT theorem: M| 1=M2 : particles
have equal masses and lifetimes

The time evolution of the physical |M1 2 (1)) = et o Tl 2t/2|M1 »(0))
states is therefore given as

Assuming CPT symmetry, the physical
eigenstates can be expressed as

M) = p|M") £ q|M")

with complex coefficients p,q satisfying p|2 + |c]|2 =1



Mixing parameters

very slow mixing

M ,2) = p|MO) £4¢/31°)

Mass eigenstates Flavour eigenstates

-0.02 -9f015 -0.01-0.005 0 0.005 0.0140.015 002 -10 -8 -6 -4 -2 0 2 4 6 8 10
ps ps

very fast mixing

Width difference

— Lifetime difference L J
Al =Ty —Ih) | y=AL/COR =" o= N X L

Mass difference
— Oscillation

2
e M (cosh(yI't) — cos(zI't))

P(M° — M°t) = 5

llq
p




Magnitude of the mixing parameters

Am AT lq/p
(x=Am/I') (yv=AI/(2I'))) (ag ~ 1— |q/p|2)

K" large ~ maximal small

~ 500 ~ 1 3.32+0.06) x 10"
D" small small small
(0.634£0.19)%  (0.75+0.12)% 0.52103)

B’ medium small small
0.770 4 0.008 0.008 +0.009 ~0.0003 4+ 0.0021

B? large small

26.49+0.29

well-measured only
recently

—0.0109 £ 0.0040

More precise
measurements needed
(SM prediction well known)

46



Neutral B mixing

dominated by top quark contributions

b --\-N-_---> » d
_ u,c,t W [u,c,t -

— d < - okl - - - b 0
B’ B
b ~ T ucet T d
-— w : N At |W -—

d < Y. u,c,t Ve b

similar for Bs
.- —Sensitivity to a CKM
VoV, triangle side and

angle

9 _
p
‘ For BO \ 1 V‘b 5 —p Sensitivity to side
p V,V. and equivale
angle f3,

The most important differenge of Bq and Bs is the Vid/Ves



th V:I;
V.V

cd

Asymmetry

imaginary
A

Rt from B%-B® mixing

Vig Vi
Vud Yub

A
o p2 2
& Amd _ mpd .de Bg', V,d
Am m. 2N ’
S Bj.j B, B B, Vw -
T Belle
B 1 |
2 4
Q ;
2f i T I S
*’-45 T
R I 6 8 10 12 14
IAt(ps)

Amg = [0.511 £ 0.005(stat) 4 0.006(syst)] ps".

BO— D*I*V, J/¥K*O(K*TT"), D*Tr*,D"T1",D*p*



Important to reconstruct the
positions of the decays vertices
very accurately : VELO

A0 T B -
/_,..4-"’" S D .
L S K+ Signal B
\ -
><z > ™
| ‘
’ b~e - Ye KA
—h vr_
- Tagging B

-

g
tagging: leptons or kaons at the OS

Need to determine:
— Flavour at production <> tagging
— Flavour at decay, from final state
- B decay length

Measure as a function of the decay time

N unmixed (t) — N, mixed (t)

arXiv:1212.4397

N unmixed (t) + N, mixed (t)

Most precise measurement of

|th / Vts
49

Oscillations

8_ » Tagged mixed
g I e Tagged unmixed
5 3001 Fit mixed
& | = Fit unmixed
©
o !
©
c 200
@
o -
* b-
c M M L
0 1 2 3 4

decay time [ps]

Ams = (17.768 + 0.023 + 0.006) ps™

NJP 15 (2013) 053021

= cos (Am,t)

= 0.216£0.001=0.011



D" —D"—D"— D’

|A~'{1,2> — ])|A[O> - Q|1v0>

Mass eigenstates Flavour eigenstates

Yy = AF/(ZF)' r= Am/F'



® Mixing box contains down-type

o quarks

® No dominance of top mass as in B
sector

® CKM-suppression balances GIM
cancellation

® Huge cancellations

= |[ong-distance effects become important
® Over 1000 lifetimes for | full oscillation
® Difficult to measure

= CP violation even more tricky to discover

51



® Semileptonic decay is flavour tagging

® Charge-conjugate final state only accessible
through mixing

y
® Measure time-integrated rate
w* v
= Proportional to
mixing probability P s

DO

u

K=

Finding it

52




mixing in charm

® Measure the ratio of WS to RS 0 mix m

events
R = Y0

>
wn

interference Mmix DCS
t $/2 _I_ 12 t
~ Rg+ v RDCU/;‘I' 1 / (;)2

nNo
D() mix
Mixing parameters Qi

z’ cosd sind T A(D® — K+ (D0 s Ko+
— S : — KT — KT
Yy’ —sind cosd Yy ( )/ Al )
%10~ = [ T T T = T T T g
e B R s f S :
E * Data 5 - LHCb — 2F r
6.5F — Mixing fit E -~ = |
6— - No-mixing fit / _ 15:— : 1.5f :
S5 1 IF : 13 :
' ‘ : : | — IGLHCb - j
0.5F S0 8 0.5} "Rar i
[ 30 : : lc BaBai 0, :
oF —lo N ; of lo Belle BN R ]
- + No-mixing | - lo CDF ") ;

0.5 + No-mixing o




CPV and mixing in charm

® Measure the ratio of WS to RS events

PRL 111 (2013) 251801

_ Nws(t) ot TPyt
R(t) — NRs(t) ~ Rd R pr ; -+ A (;) | 10
8
® Measurements use prompt DO KTT 3
decays (3 fb'!): split by flavour to search o °
for CPV:q/p #1 or y
¢ = arg [qA(D® — K*77)/pA(D® — K*7~)| =6 #0 .

* X'x=|q/p|xl (X’ cos®P t ¥ sind)

* yx=|q/p|El(y’ cos® F X sin®P)

R}, [107%]  3.545+0.082 4 0.048
y*t (1073 51+ 1.2 £0.7
2%t [107°] 4.9+ 6.0 £3.6
Ry [1073] 3.591£0.081 40.048
vy~ [107%] 45+ 1.2 £0.7
| 6.0+ 58 £3.6

Most stringent

constraint on the
magnitude of q/p

54

|

LHCb (a) CPVallowed

-=D"68.3% CL

| —D"68 3% CL

.
LIAPAAIAAAAIA‘ALIA

0.1 0 0.1

No direct or
indirect CPV




® Neutral mesons are different but they all mix

® Some parameters are not well measured

55



CPV in mixing
a/pl # 1)

2 3
I ifetimes

beauty (Bs )

(Dmmw

Lifetimes

56

— M(t)

— ™
“ A CP-violation

BO ? BO inmixing

beauty (Bs) ’.'

A f‘ .
:..—.-—.-gﬁf.\i.\*r,:_;:ﬁ—r‘ ARV mmm)ﬁO(XXxmm?

Lifetimes Lifetimes




If la/pl # 1} then ag = 0
® The CP-violating “semileptonic” asymmetry:

I'B—-B— f)—-I'(B—B—= /)
I'B— B— f)+I'(B— B — f)

Ug] —

In the Standard Model*:

as’=(-4.1+£0.6) x 10* ~ ZERO
as= (1.9 +0.3) x 10

(Experimental precision: few x 10-%)
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Method A

. 7 B ﬂ— If one of the Btn?esons
= * B " decays after mixing we
g X get leptons with the
same sign
4 D) — T
0 = = Qs]
+ )+ -
I‘(é ¢ )+ P(é ¢ ) For these

measurement, Bq and
Bs taken together:

= IF T el i = . .
XL Standard MOC‘CL\ : inclusive measurement
5 ok (TN % - of ag® and ayd

1

S ;

: . Dimuon asymmetry

-3 DO Duvy . _ .

’ BaBar 07 ; from DCis 3.60 from

_4: - Belle tr ———— 'l = .: the SM

- - - . L 1 , .
sl A)]

9,
oo
R



Method B - measure untagged asymmetry

Direct measurements: more consistent with the SM

t) i cosAMt-
1) 2 cosh 2

Look for an oscillating asymmetry as a function of decay time

at LHCb
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Detection asymmetries

4, = ) =€) 4, = ) =) |
e(f) +<(f) =(f) +(f)  Reversed magnet polarity

@ B-field
Negatively Positively

R
Positively Negatively
Muon

charged muon charged muon

Muon
chambers chambers

p Cancel left-right asymmetries
by swapping dipole field

60



Production asymmetries

Production rates of B and B are not the same

gluon fusion, quarks combine with valence quark from the beam protons,
valence quark scattering, etc.

.’ g

d — B’
o Expected to be around 1%

ap = 20 = B) —o(pp = B)
o(pp — B) + o(pp — B)

Example mechanism

= Not present at Tevatron or
«B-factories



Simpler for ag®

Decay time integrated asymmetry

N(B%) — N(B,)

a_gl a ()
NB)+NB,) 2 | 2
Effect of ap is washed out hf ; AM =17 ps"
by the fast oscillations! '{ﬁ v

e

bl m.k’x’nomJ,om ™

34

Mean lifetimes
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® The main problem is the
detection asymmetry.

® Restricting to the KK

resonance so only have a PU*TT~+
asymmetry.

“Simply” need to measure:

N(BY) - N(B,) _ a3
—5. =", 200k B;—~Di
N(B;) + N(B,) < sighal events in
" 201 |
VAT

1800 1850 1900 1950 2000
KKTT invariant mass (MeV)

63



® B4 mesons oscillate too slowly

® Fit the asymmetry as a function of decay time, to disentangle
ap and a.

N(B,t) — N(B,t) ag [ asl] cos AMt
— — a | .
N(B,t) + N(B,t) 2 "2 ] cosh AL

il

Ameas (t) 0.2 simulation
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I.Bg =D puvX

Challenges

|. The detection
asymmetry for the

UETTFKETTT final state

2. Don’t know the B
momentum

t =L

14000
12000
10000
3000 F-
6000 -
4000 -
2000f-

0". L.
3000

M
P

correction factor from
simulation

3. No mass peak.
Backgrounds!

1 |

3500 4000 4500  S000

Visible mass (MeV)
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World average post LHCDb

I'"-c-l l T T T T T K T T I
o~
| S
“"A
OF
OB =
L X -
- % p—
[ Q i
- 2 —
2F 8 -
- I = -
B~ LHCb D“uvy N
e N DO DVuvx . —
- ) BaBar p*tv -
i BaBar /4 5
i | Belle 1 . : i
-4 1 1 1 1 1 1 1 1 1 1 1 1 : | 1 |
-3 -2 -1 0 1
d o
ag [%]

® Most precise single measurement to date.
® Do not see an anomalous asymmetry.

® First LHCb measurements of CP-violation in Bs and B4 mixing.

as9= (-0.02 % 0.19stac £ 0.304yst)% pLE 728C 607-615 (2014)

asls - ('0.06 i O.SOstat i &.36syst)% LHCb-PAPER-2014-053 Update soon



® More statistics needed

® SM predicts negligible CPV in mixing for B mesons
(not the case for kaons)
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CPV in interference

3(q/p) # 0

— ¢ = arg(q/p) # O,TT



3 measurements

FPCP13

| |G6'0<10 sey NOIN PRPNXe |

4
A

L

______________________________,...._..,.u._...,.T_

—-

~
o

<
o

p
o

N
o

par
=)

1.0

0.4

69



(cP )

Nep=-1
L._V;’f_‘_i_ o Ve
—-D—Q—b—
S - Jy B = J Iy
RO V.. - B V
—t KoK, _<—<_K° - K,
Mixing Phase:




imaginary

‘ - . - )
- - Vig V, V..V V..V

Why is this 3 wmarg 100 | g Vel | | | Yoot
Vud Yub Vi Vi Vea Vep |

S Vo V| o, _ |VmVu;

U . .

Ved Veb Vea Veb

» real

(0,0) (1,0)

q AsjuKs

A
J/YKs D AJ/d)Ks

qA

P AJ/z[)KO K0—>Ks

(V. V\ ANAN V,,,v,d Vc,,vcd) (v,,,v )(m’;)
tb V.V, / cs V. th th Vcchd Vcchd Vi V;z

g J/lPKO — _e—2p
P A JIwK® qk

J/d}KO Ko—rKs

Vi Ved




The time-dependent CP asymmetry

Jp K

r(B° > JlwK_)(t) £ T'(B° - J/ly K_)(t)

requires knowledge of the flavour of the B°
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Asymmetric B-factory principle

1
t=0 t=t}ru
| |
| | /_—rR"L
electron 4 T EJr\I) . | \
8GeV Co0I1dllCe T
( ))-( T | — - > Vu: —
positron 13 S~ —= 5 DO e
= | |
(3.5GeV) RO
| -
| - K
-« u

AZ~200um
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Experimental effects

BO(At) BO(At) Ap(At)=(1-2w)-sin2B-sin Amt
3 1 g l } I 1 | T 1 i
§ g ' l sin2f
£ 0
<
o
0 U | Imperfect flavor tagging
]- I : I ! 1 i ol 1 ]
) \/\ [ (1-2w)-sin2j
’ % : : : : Finite At resolution
l B -
0 \/\
O _1 i} — L1 ]
-8 0 8 -8 0 8
At At



Raw Asymmetry Events /(0.4 ps ) Raw Asymmetry Events /(04 ps)
o o

==

Results for the golden mode

B° — J/Y KO

BABAR

400 -
200
04 ;— . c’b'y—;
02 ! —
I~ L ' + L -
0f : =
02F R W=
- e ol
LD

g &

—
LI

O R T R
1

1d)—;

3 . } l E
\tﬁ%____*,/F
= 5

-5 0

PRD 79 (2009) 07-0C:.

> At(ps)

BELLE

2 400}
2 350 ;
E 300
§ 250 :'
& 200}
150}
100}
50f

Asymmetry

Asymmetry
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At (ps)

6 420 2 4 6

e 9o
o N B

o O
T'-I

64202 4 6

At (ps)

— F2L 1068 (2012) 171802




PRELIMINARY

sin(2p) = sin(2¢,) FEXS

BaBar : : 0.69 +0.03 + 0.01
PRD 79 (2009):072009
BaBar y_. K.: . 0.69 +0.52 +0.04 +0.07
) PRD 807((‘20005)31 12001 ! —

M oSt P recijse BaBar J/y (hadronic) Ky : . 156+0.42+0.21
PRD 69 (2004):052001 : : "
Belle : : 0.67 +0.02 + 0.01
PRL 108 (2012) 171802 :
ALEPH : : 0847152+ 0.16
PLB 492, 259 (2000) ; '
OPAL : : 3.20 *700 + 0.50,
EPJ C5, 379 (1998) ;
CDF § i 0.79 044
PRD 61, 072005 (2000) :
LHCb ; ; 0.73 +0.07 + 0.04
PLB 721 (2013} 24 ;
Belle5S I : E 0.57 +0.58 + 0.06
PRL 108 (2012) 171801 ! 5
Average : : E 0.68 + 0.02
HFAG : |
-2 -1 0 1 2 3

76



General formalism of
time dependent CPV

and Ps (the other UT)

A(B2—f, :
A= Aggéjfgz g with ¢s = —arg(\)




Time dependent CPV formalism

Generic decays to CP eigenstates

1+ |Af]® _
D(B.(t) = ) = Ny A2 2 e
X [cosh A;‘t + AZ&E cos(Amt) + Aar sinh A;‘t + AL sin (Am t)]
57 r 2 1+ I’\f|2 —I't
C(B.(t) = f) = Ny A/l 5 (1+a)e
, I't .
X [cosh A;t — AXE cos(Amt) + Aar sinh A2 — AGp sin(Am t)] .
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Time dependent CPV formalism

Generic decays to CP eigenstates

N(B.() — f) = Ny AP A
[C\ AXE cos(Am t)@ + AL sin (Am t)]
(B0 = 1) = Nyl A g e

[C — AHE cos(Am t) @ AR sin(Am t)] )

By case: Al - negligible
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¢s: relative phase between interfering

A(B? — J/iphTh™) and A(B? — B? — J/¢¥hTh™)

p Precise SM prediction:
¢s = (—0.036 £ 0.002)rad

® Most attractive channel: BOS b5 is sensitive to new physics in BY mixing
¢S — (bQSM + A(bs = A¢s — arg(Ml2/MiszM

® VV final state: 3 helicity ampiituaes
® mixture of CP-even and CP-odd

® angular analysis needed to disentangle them

® many correlated variables: complicated analysis
80



B(s) — J/?,/)K_'_K_ results arXiv:1411.3104

— — CP-even -- CP-odd — S-wave - total

Parameter Value _ | -

bs [rad] —0.058 + 0.049 + 0.006 § 1:~:>\\\\ LHCb

A 0.964 + 0.019 + 0.007 g i

AT, [ps~!]  0.0805+0.0001+0.0033 | % T g

Mo [ps~!]  0.6603+0.0027 +0.0015 | ~

Amg [ps—1]  17.711 995 4+ 0.011 ) S
Decay time [ps]

— r 3500 —r—r—r—r
3 g S
e < 3000 =
& 2 2500 P
S 5’ K
?3 -g 2000 ;g
;95, o 1500 O
-
8 1000
500
obece e T T e
-1 05 0 05 1
cosB
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ps-Al s world average

0.14}

|

— 0.10r {CDF 9.6 fb™"

0.06¢

HFAG

Fall 2014

. \;'??'\T\”  68% CL contours
. (Alog £ =1.15)

ATLAS 4.9 fb~

—04 _ -02 00 02

® LHCb = B%—J/PfTT*TT + Bo%S— )/ PK*K-

AO.4.

$ < rad]



Indirect CPV in charm

CPV in mixing and/or the interference
of direct CPV and mixing;
time dependent



® Measure asymmetries of effective lifetimes P

Ar = - I_‘
of decays to CP eigenstates: I+l
o ’
AF ~ AM y COSCI) + X smcl) 'aCP A, = la/p* — Ip/ql®
(Neglecting Ay y cos ) lg/p|? + |p/ql?
0 -+ 0 -+ y
® Measurements use D 2KK and D =Tt 1Tt decays (I fb )

Ar(KK) = (-0.35+0.62+0.12)x 10>
CP asymmetries

Ar(TTTT) = (O 33£1.060. '4)" 107 PRL ||2(20|4) 041801

| e Data < L e Data
e | — Fit %’11 — Fit

| Promptsigal MM& m ﬁ}uﬁ

Prompt signal . =
PUSPV Sy BTN VY VU SR "\ Cia 1
= ¢ ¢
0.9 0.9
0.8 ' 0.8
1 2 3 t[ps] 1 2 3 t[ps]
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® One phase in CKM governing CPV
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CPV in decay

Al = Ale—‘i¢1e’i51 —_

B -

A = Ay elP1¢i01

_ id2 10 L.
Ao = Age ¢26 2 Ay = A26—2¢26252

CP

A* = A* =
A% + A3+ 2A1A2cos(Ag+ AS) A2 + AZ 4+ 241 As cos(Ag — AD)



Often realised by “tree” and

Condition for CPV in decay: “benguin” diagrams
AJA|# | =

S (a) (D)
® Need A and A to consist A T WY
of (at least) two parts =L, 50
with different weak (¢p) and L —=—__ " 0

strong (0) phases y i ’
‘eviuman tree (a) and penguin (b) di » K*#~ decav

® Divide amplitudes into leading and sub-leading parts:

A(M_’f) = C(1+ref(6+¢)) here M can be D or B meson
A(M—f) = C(2+rei®-9))

® ris the ratio of sub-leading over leading amplitude

® CP violation requires difference in strong (6) and weak

phase (}):
ace = [[(M—f)-F(M—f)] / [[(M—f)+[(M—1)]
=2 r sin(d) sin(P)

with [(M—=f) = of* F[(M(t)—f) dioc | A2



fitter

FPCP 13

L 1S6°0 <O Sey eale pepnpxe i

~ © 0 < i N ot
o o o o o o o

Q
(<]

1.0

-0.2

0.4
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a benchmark for SM

"~

U u __ 0
s ) '
L r:\..‘-_“~\ ~ - 7’ P s )
W 8™ B W-4 _~ V..V
Oy & € ud "ub
1} \ (. - - \ p—
-~  — . l_l \\‘g’ ~{ = arg B e — —

: 0 Ved Ve
B~ - D UK | Yed Ve

— Dominant, single tree diagram, no penguins
— Many different final states: different observables

All parameters can be determined from data : A(B- - D' K")
e

Y, Ob (weak and strong phase differences), A(B~ — D°K~)
v -ratio of amplitudes

i(dp—)
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s , ul
. }K J—{-’; _ }Do
u L C
C‘ < s«.
D’ B K"
u u u

- final state contains D - final state contains D-bar

2. How to get round strong phase

1. Why is this y ? -
* V V* Interference of amplitudes sensitive to e
e Vu.bVUd ¢ ch” us y+0
T=arg | — VeV weak= *
cb ” cd Vuchs ~

In both cases only complex phase is in , pd
Vu, element, so this measures y P

Interference of amplitudes sensitive to

o+y or O0-y

B~ — DK

_—

B —DK"| |B*—>DK’

Hence using all four processes can gety



vy from combination of B® - DK modes

Type of D decay | Method name D final states studied

C'P-eigenstates GLW CP-even: K"K~ n*7; CP-odd Kgn", Ko
CF and DCS ADS K=nF K=gF 7', K¥a¥gtn~

Self-conjugate GGSZ Kontn™, KeKYK—, mtan~ ="

SCS GLS KCK*n™

* All direct CP violation effects caused by y in the Standard Model
 Only those in B - DK type processes involve only tree-level diagrams

* enable determination of y with negligible theoretical uncertainty
» Several different B and D decays can be used
« Combination includes results from GLW/ADS (D - hh) & GGSZ (D - K_hh)

e Sensitivity: BaBar & Belle each ~16°; latest LHCb ~10°

- 1
d 1+ o
- — 08 -
08|
. 0.6
0.6
WA -
04 /i ‘
J i 02f
= (73.2155)° L ST ———

= 0.0970100962 \pg 0% - 50 60 70 80 90 100 110
(125.4719)° . 1 (deg) v [°]



Direct CPV in charm
decays

= No CP violation in
decay at first order B A

. —=— 2 ,
® |maginary part of Ved Yo 5y &CAZi 2> 17 AZ
AX (L= p=in) - AN -idi'n |

very small

\




Measure time-integrated CP asymmetries in D—hh’ decays

o DD =) -T(D = )
Aert) = 1 = v (0 = 1)

Decays to CP eigenstates: f = K'K™, TU'TT"

Acp is a sum of direct and indirect CP violation, leading to

AAcp =Acp(KK) - ACP(J'EJ'IJ)_
~ Aacp®r (1 + ycp(t)/t) + acp™ A(t)/t

Need to measure asymmetries and time distributions s

In the difference detection and production asymmetries
chancel to first order

Expected acp®<107 in SM and acp® <10 with NP

SMG et al., |PhysG 39 (2012) 045005
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What to expect!?

Expect indirect CP violation to cancel in difference as caused
by common mixing process (* but small contribution can be
present due to different decay time acceptance)

Direct CP violation expected to differ for different final states

Individual asymmetries are expected to have opposite sigh due
to CKM structure

ADY = 7t KTK™) = F2 (Ve — VaaVi) (T £68) — Vap Vi (P F 26P) |
e e *——‘—'——M

Expect non-zero AAcp result in presence of direct CP
violation
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® Huge amount of prompt and secondary charm decays collected and reconstructed at LHCb

® Sensitivity to measure small CP violating effects

Prompt charm:

h
D points to primary vertex
Daughters of D don’t in general
PV
h

soft pion

The flavour of the initial state (DO,BO)

is tagged by the charge of the soft B

pion or the muon
IP chi2

Secondary charm:

D doesn’t point to PV in general o6




World averages

No CPV point

Belle
} .

CDFE

LHCb Prelim. (pion tagged)
10fb

LHCb (gmon tagged)
30fb

World average
——

0 1
AAcp [%]

§0'63—(b) BaBar
046

MOA'

e 0.2F

& OF----------

< I

N '0.5' N 1
Ap(mn*) [%]

Most precise measurement of
these individual asymmetries
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Direct CPV in multi
body charm decays



On Dalitz plots

® Many ways to reach multi-body final states through intermediate resonances

® Resonances interfere and can carry different strong phases

= Superb playground for CP violation e larger than the phase space integrated ones

® Look for local asymmetries . ,
e may change sign across the Dalitz plot

= Model-dependent:
Fit all contributions to phase-space and e additional information about the dynamics

look for differences in fit parameters

= Model-independent: ©
Look for asymmetries in regions of T
phase space by “counting” 3

®

S @

-

I L L] L L] I L 1] 1] I‘_4

LHCb Simulation

= Binned, unbinned 0(770)°

= Everything on Dalitz analysis in the next

1FK(892)— —

lecture of Jonas :
0.5 : K*(892)-

0 ’_] A A " | A A A A | ' " A [_4
0 I 2 3

mz(Kg ) [GeV"’/c‘4]

Courtesy of S. Reichert




PLB 728 (2014) 585-595

Binned method

asymmetry significance ¢ i
Ni{(D*) —aN{(D") SER | e T

Sk, =
f‘” VNi(D+) + a2Ni(D-)
T + 001111015.11;111.11115111.20
o — )\ tot(D ) S (€Y /c4]
j\rtot(D—) \

removes sensitivity to
global asymmetries

p-values for no-CPV hypothesis
> 50% for different binnings No CPY

With 201 | data sensitive to |°-10° differences in phase and |-10%
in magnitude
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http://dx.doi.org/10.1016/j.physletb.2013.12.035
http://dx.doi.org/10.1016/j.physletb.2013.12.035

2 interfering amplitudes are needed to realise CPV
in decay

This type of CPV is decay dependent
Large in B, small in C: as predicted by CKM

Many ways to measure: 2 body, multi body decays;
charged and neutral mesons



are B decays

|0:



Introduction to rare decays

 Flavour changing neutral currents (FCNC) forbidden in SM at tree level.
» Suppressed at higher-order due to GIM mechanism

« FCNC decays good testing ground for SM.
« Corresponding decays are always rare (B-mesons < 10)

* New particles can appear as virtual particles in box and penguin diagrams.
» Indirect searches have a high sensitivity to effects from new particles.

» Good testing ground: b — s transitions.
» B, oscillations — box diagram
*Bi— ¢y ]
*B;s— u'u” » — Penguin diagrams
*B,— Ku'u




Recap

New particles could enter in the B, box diagram

@) Vi 7 Vi o 3

— th t

b q = bg—gpeceeeeees VN3 s
n (355)an )
Bfl' W l_}:l' g ? g
Ss bp
s S Y b
T ) LEA "

Could affect both amplitude and phase:
Am_=Am>3M + Am NP
B. :BSSM + 'zﬁSNP '

L HCb’s measurements:

Am‘ = (17.768 + 0.023 + 0.006) ps™ |
SM: Am =17.3+ 2.6 ps™’

¢s [rad] —0.058 + 0.049 + 0.006 No hints (yet) for new

physics in box diagrams,
SM: 28,= 0.036 + 0.002 but still some room left.
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Construct effective field theory for AB=AS =ltransitions

Gr.,

Ci - Wilson coefficients corresponding to local operators
Oi - with different Lorenz structure

New physics could show up as:

» Modified Wilson coefficients

— new particles in the penguin loop
* New operators

— e.g. right-handed currents

Three interesting channels:

SM operators @ LHCb
B,— ¢y Q;, y polarisation
By— Ku'uw |Qy ,Qq,Qq Angular distributions

B, — i Qs Qp BR




In SM its rate is very small

® no tree level FCNC

® suppression due to the off-diagonal elements of the CKM matrix

® helicity suppressed none of them this needs to be in extensions of SM

Huge NP enhancement possible (tan g = ratio of Higgs vevs)

BR(BS')M-+!,I_)SM = (3.3i0.3)><10_9 BR(BS->p.+.u_)MSSM oL taneﬁlMio

Clean experimental signature p - ratio of the Higgs
vacuum expectations

|07



o

—A
Q

o

Search over 30 years

—A
<

(o))

—A
Q

~

—A
Q

(o8]

—A
Q

©

N

BR UL(95% CL) or measurement
o

—i

<
—
o

=T T [ T 7T T T [ T T T T [ T T T T [ T T T T [ T T T T [ T T T T [=
: « ' ‘07 .............. Eps, . :
_ v - 2013 ] _
= =
=
E RO k-
SM: B” — u™u
—SPUI DI IS S IR AN A M
1985 1990 1995 2000 2005 2010 2015
Year

for B? the CKM elelrggents are even smaller



Large sample of B mesons

Triggers efficiencies: dimuon signature

Excellent separation of the PV and the B-vertex
Mass resolution: separate B and Bs®

Powerful separation of muons and pions

Combination of everything (without the mass) in a
multivariate classifier

rrrrrrr

——-— .

l()"g

107 O
- LHCb ——
10" m Signal

Background

10°

109 log scale

0 0.4 0.6 0.8



2014 results combined CMS + LHCDb

3.2 O for the B? peak 6.2 O for the Bs peak

CMS and LHCDb (LHC run 1)
— T

f 16 - ' I | ! ! T [ T T T I —]
% - —4— Data 7
s 4 al — Signal and background -
g 12f BE" HH —
~ [ B"™— u'u Z
g 10 o~ - - =« = Combinatorial bkg. —
s El | A\ e Semileptonic bkg. -
2 8 Frt . = == Peaking bkg. —
© :"'. —— . _
o [ ' ~ .
6 — .. .
. 3=, _ .
41— e | g [ —
- | [\ 4 ]
- | A -- -
JES AT -:._;?--“_ -r. e 1. : m
5000 5200 5400 5600 5800
m .- [MeV/c?]
0 +,,—) — +0.7 -9
B(B; — pp~) = (2855) x 1077,
0 +.,.-\ +1.6 —-10 LHCb smaller sample but optimised for
B(B — B ) —' (3‘9-1.4) x 10 ) B-physics

Very strong constraints on extensions of SM



® Similar transition to Bs— up p B
° P\. — —
but more observables in the
ﬁnal state NS
® Not so rare: no helicity d - J
. B RN K*°
suppression el QN
v, Z°
® |arger samples: we can study 0, k
angular distributions: rather
sensitive to SM extensions ; _ ;
B i e K*
L - - T -
T — E W+ W- E
8, . - . K \

- other particles in the loops in
gq°= m.u.ll the SM extensions



Angular analysis: simple or full

B? » K* (Kn) pu

1 d*(r' + ) 9 [3 - " 1 .
[ dcosfydcosfx dé 32x [Z(I_FL)Sm Ok + F cos 0K+Z(1_FL)sm Ox 008 2

— Fy, cos® B cos 20 +
S3sin? O sin? 0; cos 2¢ + Sz sin 20 sin 20 cos ¢ +

S5 sin 20k sin @y cos ¢ + SE sin® Ok cos Oy +
S7sin 20 sinfy sin ¢ +

Ss sin 20 sin 26; sin ¢ + So sin® O sin” O sin 29 |

|12



Candidaes/ ([ 90 MaVic*)

LHCO 100’
0.0 «gf <2 GoV*

0 sgna
B Comtinatonial bhy |
B Foakng bkg

500 2600 .
Megps [ MeVic”]

LHCDb invariant mass in bins of g

Cardidats/ [ 10 MaVic?)

00

LHCh 1o®'
22 243GV

-

S0
m. . [ MeVIE]
LIV

Differential branching fractions in bins of g2
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If deviations from SM are small, the angular analysis

IS mMore sensitive

LHCb JHEP 08 (2013) 131
See also CDF PRL 108 (2012) 081807, BaBar PRD 86 (2012) 032012,
Belle PRL 103 (2009) 171801, ATLAS-CONF-2013-038 & CMS PLB 727 (2013) 77

Thoory TR Binnad Thoory TR Binnad
= LHChL  -a= CDF - BoBar 8- Baly <= ATLAS CMS = LHCh  =a= CDF - BoBar 8- Balp <= ATLAS CMS
- v ' """"" l - - v v m 1 - - - v l’ """" l - - v v

v

Theory can predict very
precisely the zero
crossing point

First measurement of

l

L J e zero-crossing point of A_,
@ [GeV/ct] @ [GeV/ct|
Thoory TR Binnad 2 2 4
- e e ‘1‘”.“’.*[ q°, = (4.9£0.9) GeVilc
. ] 05 _+_ . Consistent with SM expectation
| *t:F"
1 First measurement

TR s made with LHCb
data
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——-LHCb

Theory EEEBinned

A bit cleaner
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More angular observables

LHCb PRL 111 (2013) 191801

--------------------

SM Predictions

4 oxa

T
r
ale
O
O

+
!

nnnnnnnnnnnnnnnnnnnn

Interesting ° : " " a? Gevi/ch
tensionwith T
the SM < ost  LHCb ronseien, = & 08l LHCb —

prediction

15 20 "o 5 10 15 20
q? [GeV¥/c! g® [GeVZ/c]

Update with full LHC.b is eagerly awaited



® FCNC processes provide sensitive tests of SM

® Many observables, many ways to look for new
physics
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=

Conclusions

® Things seem consistent but

® Continue to improve precision!

0-7 I 1 l L) I \ l 1 Ll L
3 % =
0.6 K \  FPCP 13 .
0.5 —]
solWeos2p<0  —
AR (excl atCL>095)  —
o. 4 I E '.“.“ ‘.“.l __:
0.3 . W=
0.2 —
0.1 - =
—— . —— B “"‘
o o L 1 L I 1 1 1 / M | 2 4 3 | 3 |

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

k=l
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BACK UP
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decays



® Direct CPV in B2 KTT

too many hadronic parameters = need theory input
NB. interesting deviation from naive expectation
Belle Nature 452 (2008) 332

- bKo‘.

A_(K'T") =-0.082 + 0.006 e
A_ (KT = +0.040 + 0.021

500

250

o

Entries per 2 MeV/c?
w
o
=}

Could be a sign of new physics ...
... but first need to rule out possibility of
larger than expected QCD corrections

200

100
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How to solve it? Measure more!

- Measure more B - K1t decays & relate by isospin

« Perform similar analysis on B - K*1t &/or B - Kp

PRL 110 (2013) 221601
~ LHCb E —
4000; ( % £ (b) p— s‘,’-:
Acp(B!—= K~ 7 ") = 0.27 £ 0.04 (stat) £ 0.01 (syst). N‘ | : = Loy
= 3 3 | B+3-body
" . . o - 2000 | g K . Comb. bkg
consistent with SM expectation 2 | : |I
2" \—-) | ] "\
' |
g a0l (© (d)
'2 -
8
ZNT

T
- j 2
e i LY k! T mem '-;‘—
0="57 52 53 54 55 56 57 51 52 53 54 55 56 57 58
K%t~ invariant mass [GeV/c?] K * invariant mass [GeV/c’]
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o BOs—]/PfrT*TT

® final state: CP eigenstate-simpler
analysis

® but fewer events, and requires
input from B%—]/® analysis
(I_S, Ars) PLB 736 (2014) 186

0 0.1 0.2 0.3
Decay time modulo 2/Am, (ps)

Asymmetry expected to be very small in the SM
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imaginary

‘ - . - )
- - Vig V, V..V V..V

Why is this 3 wmarg 100 | g Vel | | | Yoot
Vud Yub Vi Vi Vea Vep |

S Vo V| o, _ |VmVu;

U . .

Ved Veb Vea Veb

» real

(0,0) (1,0)

q AsjuKs

A
J/YKs D AJ/d)Ks

qA

P AJ/z[)KO K0—>Ks

(V. V\ ANAN V,,,v,d Vc,,vcd) (v,,,v )(m’;)
tb V.V, / cs V. th th Vcchd Vcchd Vi V;z

g J/lPKO — _e—2p
P A JIwK® qk

J/d}KO Ko—rKs

Vi Ved




s , ul
. }K J—{-’; _ }Do
u L C
C‘ < s«.
D’ B K"
u u u

- final state contains D - final state contains D-bar

2. How to get round strong phase

1. Why is this y ? -
* V V* Interference of amplitudes sensitive to e
e Vu.bVUd ¢ ch” us y+0
T=arg | — VeV weak= *
cb ” cd Vuchs ~

In both cases only complex phase is in , pd
Vu, element, so this measures y P

Interference of amplitudes sensitive to

o+y or O0-y

B~ — DK

_—

B —DK"| |B*—>DK’

Hence using all four processes can gety



Aqp (KK)

Ao (KK 4, (1)~ 4, (B)

want

Additional asymmetries arising

measure

A, (Km) -

T~

B—D'(—Kx)uvX

D" —= K na'x"
Y

Ap(77),Ap(D") -

D" = K" . Acpine (KO)

Careful treatment of kaon

Acp () = Acp (KK ) - AAgp

interactions with matter

First measurement by LHCb of the two individual CP asymmetry
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l
The eigenstates of the Hamiltonian, have eigenvalues Aj2 =mj2— irl’z

The time evolution of the physical ot Ty 1/2
states is therefore given as My o(1)) = e "™ e " 127 |M; 5(0))

My 2) = p|M") + g|M")

with complex coefficients p,q satisfying |p|2 + |6]|2 =1

the phase can be chosen such that in the limit of the no
CPVie. M is , and

CP|M°) = —|M")
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The mixing parameters

 Am: value depends on rate of mixing diagram

— together with various other constants ...
G;lr 2 i) 2 4 2 2
Anm,= T"’w'hﬁ (x;)mp [ B |Vl |Vl

' . . ) LA .
- that can be made to cancel in ratios A, my fo B, |V,

td

. 2 A 2
Ant m, | -‘.-,Br V

i

« Al value depends on widths of decays into common final

states (CP-eigenstates) N e d
- large for K°, small for D° & B ° K K
d s
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Time dependent probabilities

The time dependence can be expressed as
— M

MO(1)) = fi(1)|MO) + %f— (1) |M°)

MO(1)) = £, (t)|M°) + gf_ (t)|MO).
with

f:i:(t) _ 1e—mr|e—rlt/2 (1 :te—:AtnteAFt/2)
2

Probabilities
PMY(1) = M") = P(M°(1) —» M") =
P(M°(t) = M") =
P(M°(t) = M") =

129

1
2
2

3

I & ............. L _‘\}\l"”!c’
| M© -1\ strange (K°) T e— 1
beauty (Bs)

¢ 1 (cosh(yI't) + cos(xI'r)).

(e

1 o

q
p
q

2
e " (cosh(yI't) — cos(xI't)).
2

e T (cosh(yI't) — cos(xTt))



 For a B meson known to be 1) B® or 2) B”at time t=0,
then at later time t:

I (B onys — [ep(t)) € 11— (Ssin(Amt)—Ccos(Amt))
F(E?)hys_’fcp( )) o e—rt 1+(Ssin(Amt)—Ccos(Amt))

B () — here assume Al negligible — will see full expressions later
AN N 2 _
| A ) ] C = -], . 3
p L+ NG ! ’
- = fCP
A | | -
I;’O o J/LlJ KS’ G = S|n(2B)’ 3

NPB 193 (1981) 85
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Time dependent CPV formalism

Generic decays to CP eigenstates

1+ I’\f|2 eIt
2
Al
2

I'(Ba(t) = f) = Ny |As|°

+ A‘é’l'; cos(Amt)+ Aar sinh i

X [c.osh + AL sin (Am t)]

— + | A
AI t ‘:os(Am t) +’51nh Al't ‘sln(Am t)]

CPV asymmetries CP conserving asymmetries

cosh

. 1—|A . 23
Ag’; = Ccp = I CP|2 A AT = 20 (}\CPz) Ag;: = Scp = (}‘CPz)
1+|}\CP|2 1+|?\Cp‘ 1+|?\C”|

131 (Agp) +(Ayp) +(AG) =1




Time dependent CPV formalism

Generic decays to CP eigenstates

D(B.(t) — f) = Ny AP 2L o
. [COSh - + Aar sinh 25
2 * 2
N(B.(t) — f) = Ny |Af]? - +|2’\f|2 (1 + a) T
x [cosh all '+ Aar sinh

Untagged analyses have sensitivity to some interesting
physics
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Time dependent CPV formalism

Generic decays to CP eigenstates

1+ |Af]® _
I(Bu(t) — f) = Ny |Ag|? > e 't

e [cosh A;‘t C-l— Aar sinh A;‘t + AZE sin (Am t)]

— A 2
LB — £) = Ny g A (40

I't 't :
X [cosh A2 CI— Aar sinh A2 — AGp sin(Am t)] :

In some channels we expect no direct CPV

and/ or no CPV in mixing
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Time dependent CPV formalism

Generic decays to CP eigenstates

. 1+ [As|?
D(B.(t) = f) = Ny AP 220 e

2
D(B.(1) = £) = Ny 1A, 20 (1 g g e

X[G\ —A%‘;G\ ,+AM@ —Ag‘é‘@ |-

DO case: both x and y are small

| 34
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High energy:
can be produced and
discovered via their decays

High precision:
can be discovered in
loop processes

Direct and indirect searches are both needed,
both equally important,
and complementary to each other
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Compilation of results

PRELIMINARY

sin(2[3) = sin(

2¢,) FEXS

Average " 0.679 £ 0.020
HFAG , 3

T BaBar U T 0.657 £ 0.036 £ 0.012"

PRD 79 (2009) 072009 :
Belle 0.670 £ 0.029 + 0.013
PRL 108 (2012) 171802 e 5
Average 0.665 + 0.024
HFAG ; ;

[ BaBar T o I 0.694 + 0.061 £0.031
PRD 79 (2009) 072009 5
Belle 0.642 + 0.047 £ 0.021
PRL 108 (2012) 171802 *T* i
Average 0.663 £ 0.041
HFAG =] ;

"BaBar T T T S ~0.89 '7'#'0’. 100+ 0.036
PRD 79 (2009) 072009 g
Belle 4 : 0.73B + 0.079 £ 0.036
PRL 108 (2012) 171802 ;
Average 0.807 £ 0.067
HEAG © ol :

[ BaBar ] o 1 0.614 £ 0.160 £ 0.040
PRD 79 (2009) 72008 * ;

Belle * 0.640 +0.117 £ 0.040
PRL 108 (2012) 171802 :
Average 0.632 £ 0.099
HFAG © * ;

""" BaBar """'"0'.9'2"5’E'grﬁi'Sb'i:'O'.d's'?_'_'
PRD 79 (2009) 072009 : H
BaBar 0.601 + 0.239 + 0.087
PRD 7912009y 072009 ¥ o :

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1
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Ru side from semileptonic decays

. Parton level ' 2
R Vuqub W~ V * 3 VS
u * b - B
Vcdvcb V

Veb

ub?

u,c

® Exclusive measurements e.g. B®—e*T1TV

® need to know form factors, can be calculated in lattice

QCD

® |nclusive measurements e.g. B'—e" X,V
® clean theory based on Operator Product Expansion

® experimentally challenging: need to reject b ¢ background;
cuts reintroduce theoretical uncertainties
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IVub|

BaBar experiment
PRD 83 (2011) 052011

PRD 83 (2011) 032007

o~ x10°
2 16} o
¢ | >
N 14 o
X : ‘:
NU' 12 :G'
<] -
& 10 a
-2
@ 8- LCSR 1.

S FNAL/MILC

°F — — HPQCD \&

al- —— BGL fitto data \\

) BK fit to data \ .

ob it o _ 1N lattice QCD %

0 S 10 15 20 25

Unfolded ¢? (GeV?)
' —
V.| = (3.09+0.08+ 0.12 107 |V,

Belle experiment

PRD 83 (2011) 071101(R)

-

5 10 15 20 25
Unfolded q° (GeV?/c?)

= (3.43+0.33)x10°°

Current best measurements come from exclusive

Visible tension

measurements

Exclusive

Inclusjve

V
V

ub

ub

=(3.28 £0.29) x 10°°
=(4.41+£0.22) x10°°



Partial summary

‘A my/ A msl ‘Vub/Vd,|
':1 "'_1 i
"
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Observed CPV effects

Kaon sector

- lel = (2.228 + 0.011) x 1073

- Re(g'/e) = (1.65+0.26) x 107°
B sector

= Su;Ko =+0.679 £ 0.020

— — +0.11 — +0.10
- S, =*059£007,8  =+074"" S =+069°° S . .
- S, =-065+007,C___=-0.36+0.06, A =0.26 +0.04
T+ T+ Bs-KFmz
- S,,="093+015,S  =-098+017,S,,  =-077%0.10

- A= 70.082+0.006

=+0.19 + 0.03

D(CP+)K+

- Phase-space distrilzutiGis inB e | KKk

(; KT, KTk, TiriT decays
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— +0.09
= +0.68"%
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X measurements
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Veto

NAG62 Photons a{\_d Muons
////— \ o T—
~ ‘\ T —
Hadron Beam - \ denthcation

750 MHz - ' ‘
/ CHANTI - | |
f \

i N

v -_‘-‘""f .
IE=ETT
I A == (| [l
Kaon identificaton %}' - | Il ) ﬂ ’
CEDAR GTK |

i RICH + LKR MUV
. v 7 STRAW '
Fiducial Region 65m  Tracker .

Total Length 270m

8HPV
—— %

NA62/KOTO: forward spectrometers for rare kaon decays



CP violation in decay

® CP violation in decays requires interference
of several amplitudes

® Example:

= singly Cabibbo-suppressed (SCS) decays
c—2ddu (D°-ntnt’) or c—=ssu (D°2KK') —

® Only SCS decays have gluonic penguin contributions
(need qq)

® Penguins can carry strong and weak phase w.r.t. trees

YA
) i
S 1

h /
ON C =
°d 1

g o}% q w5 y

q q
147
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Direct CPV searches in
multibody decays

Sensitive to local asymmetries
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Search for CPV in D?—= 11T 11° decays

Decay proceeds via a
SCS transition

Decay dominated by
P(770) resonances:
P10, p* 1T, p-TT*

Using 2012 data, prompt
charm

Model independent

Previous measurement :
Belle (PRD 78 (2008)

051102)

Resolved T1°: Merged T1°:
both y were detected both y form
separately | cluster
E) 8([)00- ﬂ LHCb prelummn'_. E 30000- LHCb pwlmunar_\";
o~ L o ! i
S 60000(- < 20000} L
g, | g | 3
- ; 5 10000} -
S 20000 S I \\“—.
Qo T 150 1ss T VY T
Am [MeV/c’] Am [MeV/c’]
~413 x 103 events ~247 x 103 events

Energy test: unbinned sample
comparison used to assign p-value
for hypothesis of identical
distributions (= no CPV)
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Analysis method: Energy test

Distance metric for the discrete distributions:

test statistic 1 & (n —1) Z Y (AZy;) + ( Z Y (AZy;) — i ZT/J (AZ;5) .
4]

’J>z z,J>1-
average \) average ) average )
0 Mo D
of D" events w.r.t. of D° events W.r.t. of D° to DO events

each other each other

Method sensitive to local CP asymmetries but not to global asymmetries

(M b Mbc7 M2 ) ¢(Af) = e_A52/202.

a

Point in phase space, all 3 invariant masses used Gaussian metric function

® no CP violation
O -tunable parameter:

= all average distances equal = T=0 effectively, radius in the
phase space in which a

. |
CP asymmetry local asymmetry is

0 _ 0
= average distance btw.D and D events larger measured

0 _0
= average P btw.D and D events smaller

=T>0 I5



® Calculate p-value for Compare nominal T-value

no CPV hypothesis to T-values for no CPV

® (Can obtain p-value Distribution obtained by
from counting randomly assigning flavour
permutation T values tags to events thus creating
( ) no CPV permutations

® Or for small p-values
from fitting distribution
and calculating
fractional integral (

)

LHCDb simulation

Entries

O = N W PR, NI 0o O
A IRETI IRTRIRRAT1 ARERIARETA ARATI ARRTARAATI AT

=

W
o
w
5

1 :X10_6

T value
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x107°

oSp/—m—/rm——————— 7T i
® The selection efficiency LHCb simulation :
. . 0.4 ® Combined Sample |
obtained using full LHCDb v — _t_E

M C . Resolved Sample | f

0.2
® The sensitivity studies

use toy MC: Laura++ to
model signal decays °

0.1

.I.IIIlIIIIlIIIIlIIIIlIIII

h

] ] ] ] ] | ] ] ] ] ]
500 1000 1500
m(wr) [MeV/c?]

® Background events

modelled accor’ding to Resonance (A, ¢) | p-value (fit) upper limit

0 920 o +2.4 —2 , —2

- SR PO (+3%, +0°) | 1172551072 [ 4.0 x 10
sideband distributions po 0% +3°) | 157 X 1073 | 3.8 x 10-3
. L + (+2%, +0°) ro+8§ x 1076 | 1.8 x 107
Similar sensitivity to BABAR 0%, +1°) | 63733 x 104 | 14 x 1073

T (
for p® amplitude CPV, E +2%, +0°) | 2.0555 x 1072 | 3.9 x 1073

, +0%, +1.5°) 80igf~’7 x 1077 | 4.2 x 1076
otherwise better

LHCb-PAPER-2014-054
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Cross checks

Two major sources of asymmetries that may bias the result:

® Asymmetries from background events
® Apply energy test to the upper sideband of Am
® Generating toys for D and D° sidebands

® Detection asymmetries

LHCb-PAPER-2014-054

® Use the Cabibbo-favoured D= K-1t*11° mode

vy - — T T T T T T T T T T T -
o 2E 3

: = 13k LHCb prelimin: E
(conservative test because of the larger S pIEfiILY 4
kaon detection asymmetry) 5 'l- E

® Split the sample in 8 subsamples 3 E
04F r

02F 3

e Split the sample by polarity R T T
p-value

No indication of background or detector related asymmetries

Crosscheck with a binned method yields consistent results
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Results

LHCb-PAPER-2014-054

® Withl000 permutations

50 E— LHCb preliminary _f

® For no-CPV hypothesis: of
e p-value = (2.610.5)% ‘?

Entries

20 -

10 =

® Other metric parameters

ok — Jui0
0
e 0=02p=(4.610.6)% T value
(] O = 04 P = (|7iO4)% % 32— """" LHCI:b 'Drélil;]i;‘la;'y 3%
> 2SE 2 2
v <9 S
® 0=05:p=(21£0.5)% = of &
® F 0D
'\5 l.S:— wn
Method allows visualisation of E b !
. . : -2
local asymmetry significances . . .
0 1 2 a

m2(re 1) [(GeV/c)]

World’s best sensitivity . |
for CPV in D= 11T 110 Result consistent with

no CP violation
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P-values

® C(Calculate p-value for no CPV hypothesis

® For small p-values from fitting distribution and calculating
fractional integral (used for sensitivity studies)

® Fit using generalised extreme value function

fasmo =N [Lre ()] e {— 1+¢ (mg“)]_m},
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Split T value in 2 parts
I' = Zz 1; + Zz Tz

Obtain “contribution” of each event

1 n r . 1 n | . - n '. B n | .
I; = on (n— 1) §W(Al‘zj) - %;W(Al‘ij)- I; = 2n (7 — 1) ZU(AIU) - %;@(AIU)-

Calculate permutation T; values
Take smallest and largest T; of each permutation

= Calculate T; significance for being larger than
T, or smaller than T{"™ distribution

= Can plot significance of positive or negative
asymmetry for each event
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Metric parameter O

LHCb-PAPER-2014-054
&\: 3 3 LLHCb simulation
2 2.5F
© ¢
= 2
j’e n
5 1.5 E"
T |
0.5F
of
0
m(*n°) [(GeV/c2)’]
c’v\: 3 " [LHCb simulation
> 25F
©  F
= 2
l?e e
T :
u %3
0.5F &
0 P~ '
0 1

mA(mn®) [(GeV/c2)’]
p* amplitude CPV

8
<
i &

w
T.

m2(x ) [(GeV/c2)?]

m(r 7°) [(GeV/c?)?]

¢(Af) _ 6—A:i"2/202.

- _ LLHCDb simulation
2.5F
2
1.5F
]
0 m N » o ‘. 4 1 M N N M 1
0 2 3
mX( 1) [(GeV/c2)’]
3F T
: LHCDb simulation ]
258 E
2f 98 3
1.5 =
:3591‘?‘ .
1F -
0.5} W
0: A 1 A ; A A 1 :
0 2 3
m¥(r*1°) [(GeV/c?)’]
phase CPV

GeV?/c?



