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Flavor Physics




What is Flavor Physics?

Fundamental matter comes in three generations carrying the same
charges under the Standard Model gauge group SU(3). x SU(2), x U(1):

L eptons Quarks
e BT uuw| cec| it
Ve Uy 1:‘7-_ ddd sss |bb

Flavor is the feature that distinguishes the generations.

Flavor physics studies the complex phenomenology:

* masses ranging over 12 orders of magnitude (sub-eV neutrino - 173 GeV top)
« flavor transitions (mixing)

« CP Violation



Flavor within the Standard Model

Yukawa interaction couples left fermions to Higgs. For the quarks:

After electroweak

,quarks Vo~ _
L.%m' = _ﬁ (dL Y dR + uLY, HR) + h.c symmetry breaking
Y4, Y, are 3x3 complex matrices in generation space;— flavor structure
L'd Tu J
|
not diagonal!

Mass eigenstates of the quarks obtained by unitary transformations:

aA =VA,qCIA for qA = U,d and A = L,R Where}\/A’gVIg =1

VA,q are determined by requiring that the matrices My , are diagonal:
V

V2

M; = diag{md} Mg, Mp) = ViaYa V;d



Quark masses

After this transformation quark masses appear as usual Dirac terms:

ﬂ%ual'lcs = —&]_Md&g — EI_M“ ur + h.c.

Up-type and down-type quarks cannot be diagonalized by the same
matrix, i.e.V, ; # V,, — neteffect on flavor structure of charged current.

Lcoc = —E (H pH W_l_vc}{udL + dL yH W"’; Vg]{“ﬁe]ﬂ)

with Vekw = V]_ " VJE[ (must be unitary)
Violates CP if V), Is complex:

L8 = — 2L (A" Wy Vil + By W, Viiydr) -

\/’j i



CP for pedestrians

The T (and CP) operations must be anti=-unitary,

which implies complex conjugation !

W-
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CP (T) violation possible if V; # V;
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CKM Matrix

v,V V)M =I\/ube‘y
VCKM - Vd Vcs Vcb ’th‘e

C

\@ :Fy.t; th ) K/t; _:]\ZE] é'?:i

Complex 3x3 matrix:
Unitarity condition and removal of 5 unobservable phases
results into 4 free parameter: 3 Euler angles and one phase 6:

s;j = sin®;; and ¢;; = cos 0;;
—id
C12C13 512C13 S13€ ¢
. 1) 1o
Vekm = | —512€23 — €12523513€ C12€23 — 512523513€ 523C13

1o [ 1)
512523 — €12C23513€ I:Eust — 512€23513€ : C23C13




Unobservable Phases

Phases of left-handed fields in J- are unobservable: possible redefinition

u »eu ¢ —-e"%, t -e"

d »e?’dd s »es b —»ePh

T

Real numbers
Under phase transformation:

(e7WW 0 \(V, V. V,Ye" o0 0 )
V| 0 e 0 ||V, V. V,| 0 €% 0
.0 0 e NV Vs Vi | O 0 " )

hys : i
Ve - explid(j)-fa)Ve | L (F,G) invariant
L(f,H) affected .... rephasing qg




Flavor sector in Standard Model

Flavor parameters:

* 6 quark masses
- 3 quark mixing angles + 1 phase: CKM matrix | 20
« 3+ 3 lepton masses

« 3 lepton mixing angles + 1phase : PMNS matrix

Mixing:

Area ~\/2

bl

CKM for quarks

dl

d S b

—

— PMNS for neutrinos

WV Vs, V3

k |

]
!
! N

||

Why these values? Are the two related? Are they related to masses?

parameters

Pontecorvo—Maki—Nakagawa—Sakata

9



Wolfenstein Parametrization for CKM

Reflects well the hierarchical structure of the CMK matrix

A, A, p, n with 1= 0.22 |Vub|><e-iv
Vud Vus Vub l_l% l Aﬁ}(p_”?)
.VCKM - Vcd Vcs Vcb — _/1 l_ﬁ% A/12 +O( 4)I
Vo Vs Vg AX (1 —p—in ) - AX 1
Viglxe P
1—/1%—/1% A A/13(,0—i77)
Now =| -2+ A2V - p—in) 1-24 -2/ (1+an’) A2 |+O(x)
AP(-p-in)  —AZ+AZ(2-p-in) 1-AA/

|Vts.|><e+iBS
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Unitarity of CKM Matrix VewVow =

er;kd V:d V‘;kd\ rVud Vus Vub\ rl 0 O\
VITS V::ks V’?s Vcd Vcs Vcb =10 120
\ 1>1kb :b fb y \th Vts th y \O 0 1 y
= ViVl ™ Vea Voo TVl Vi =
Unitarity triangle ,,db* CKM Phases b-u
}
/ 1 1 e-l’Y\
I 1 1
B
\e \ 1 1 )
VeaVer" t>d

CP Violation if Triangle has finite area !



More Triangles ...

ViaVip +VegVep +VgVyp =0 (db) /VJLVud VoV y\

V.V, +V. V. +V.V, =0 (sb) V.V

us " ub cs'ch

VuquZ +Vch£ +thVt: =0 (ds)

Vudvt: + Vusvt: + Vuth; = O (Ut) Vt;\/ tb YA
Vcdvtd T Vcsvts + Vcbvtb =0 (Ct) ( ds ) Vuz V., VuZlVCol

@/cd +Vusvcs +Vubvcb =0 (UC) WV ViV V'V
c cs id Vis us © Cs

All 6 triangles have the same area: Jp/2
Jcp Is called Jarlskog invariant, it is a measure of CPV in Standard Model.

Joo = Im (V, V, V,V, )~ 3-10°°



Weak b Hadron Decays

o

o’

b V., c

d___ d
S b
|

Tree dcays “CKM” suppressed:
— Loop corrections important.

Flavor Changing Neutral Current
(FCNC) Processes:

(@n

——
gol{ ® ¢+ w ¢ |po
é P
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Unitarity Triangle from B Decays

hBU MEO &

Sides from CP
conserving observables
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Unitarity Triangle from B Decays

Im &

Angles from CP
violating observables

CPV:B’ - DK™ DK, Kz,D'z
B, - DK, KK

CPV: B® - J/yk{]
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Status of CKM Metrology
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CKM mechanism is primary source of observed CPV in quark sector.
Physics Beyond Standard Model — corrections to Standard Model.

New physics constraints from quark flavor sector: ( Z.Ligeti )

NP < (few x SM) — NP £(0.3 x SM) — NP <(0.05 x SM)
(2003) (2013) (2023)
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Baryon Asymmetry in Universe

Slide from Z.Ligeti

Motivation for New Physics: Dark matter, hierarchy problem, BAU

® Sakharov conditions (1967):
1. baryon number violating interactions
2. C and C'P violation
3. deviation from thermal equilibrium

® SM contains 1-3, but:
I. C'P violation is too small

ii. deviation from thermal equilibrium too small at
the electroweak phase transition

New TeV-scale physics can enhance both (supersymmetry, etc.) and may have
observable CPV effects (possibly only in flavor-diagonal processes, e.g., EDM-s)

17



Searching for New Physics

 If energy is high enough we can discover NP detecting the production
of “real” new heavy particles

 If the precision of the measurements is high enough we can discover
NP due to effect of “virtual” new particles in loops also at low scales

18



Why do we think we are sensitive?

Slide from Z.Ligeti

® All flavor changing processes depend only on a few parameters in the SM
= correlations between large number of s, ¢, b, t decays

® The SM flavor structure is very special:

— Single source of C'P violation in CC interactions
— Suppressions due to hierarchy of CKM elements
— Suppression of FCNC processes (loops)

— Suppression of FCNC chirality flips by quark masses (e.g., B — K™v)

Many suppressions that NP might not respect = probe very high scales

19



New Physics in Quantum Loops

New Physics are corrections to Standard Model processes:

Standard Model New Physics
q IW | b g |Y [ b
| | + I I
I X
b tuct! gq b, ' .9
W _.[\/\/\/\/ —Y—l\/\/\/\/
// \\ + // \\
b [ uct Vs b | X Vs

ABSM%)(CS;” - ]

2
mW ANP

What is the scale of A ? Size of Cyp and alignment w/r to Cg), ?
20



The Flavor Problem

See: Isidori, Nir
& Perez arXiv:1002.0900;

excluded NP scales 105k Neubert EPS 2011 talk
for generic flavor
models C\p=1 10¢k
= :
< |
— 10k . .
i :

—

(s —d) (b — d) (b — s) (e — u)
Ampy, ek Amg, sin2F  Amg, A%y D-D

Possible scenarios:

* new particles indeed have very large masses.

* new particles have degenerated masses

* mixing angles in new flavor sector are small, similar to SM

Flavor Problem: Absence of NP effects in flavor physics implies non-natural
“fine tuning” if NP at TeV scale exists: Minimal flavor violation (MFV)

21



Naturalness and Flavor Physics

loss of
naturalness in
Higgs sector

A

v |

.

A

1 Queg bef-bike

k-1

-

C AST A WIDE NET

M. Arkani-Hamed

Intensity Frontier Workshop, 2011

T ufF kalde®
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. o
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Reduction of
flavor problem

As we push the energy scale of NP higher, the NP FLAVOUR PROBLEM is reduced,
hypothesis like MFV look less likely = chances to see NP in flavour physics have, in

fact, increased when Naturalness (in the Higgs sector) seems to be less plausible!
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LHCDb Search Strategies for NP

Slide by U.Egede

Explore FCNC transitions with large sensitivity to NP,
especially b — s transitions (poorly constrained so far)

. B, mixing phase ¢, . HH

e’
. "a
0 ‘e

» Penguin and rare decays: S &

B—>dy, B'>K pp, Bg—>pp B

» but also CP violation in D decays

| _measurements
w/ NP discovery
potential

Improve CKM elements and challenge the SM by over- constraints:

=5

* Precise determination of angle y

« Compare tree versus loop results

Precision CKM
metrology

23



LHC and the LHCb Experiment




Heavy flavor production at LHC

e b,c

B+ 40%
BO 40%
B, 10%
b-baryons 10%

Predictions at Vs = 7 TeV:

opp ~ 250 ub
200 kHz / 2 MHz (LHCb / CMS)
Every 400" collision with bb

Gee ® 20x oy

@ 8TeV - +15% bb
@ 14 TeV — + 100% Bb

L HCb Measuremens at Vs = 7 TeV:

o(pp —>bbX) =288+4 +48 ub
Eur. Phys. J. C 71 (2011) 1645.

fs/fa =0.256 £+ 0.020
JHEP. 04 (2013) 001

o(pp — ccX) = 6.10 + 0.93mb
LHCb-CONF-2010-013



Heavy flavor production at LHCb

p—p— b, c

Fraction of cross section in
LHCb acceptance (including
pt constraints): ~1/4

50 kHz of bb events at L=2x1032




Forward Geometry

Forward geometry allows complementary measurements in non-
flavor physics areas: e.g. v, Y, W*, Z production, even pA physics




Quarkonium Production

£ JALCE cms AmLas Vs =7 TeV
2 . B-:pT-:15 GeV/c
o 102 ‘eﬁ" e oo e-
° . —8
] O — o
- - - L
10 5 B h.-h‘"-—'lhr=-,_h_“ J/lp
1= 5 5 5 o = v
| d
1-| e prompt J/y A Y(15)
1 o promptvy'
1 =mY(1S)
1 o©0Y(2S) luminosity uncertainties: Y(ZS)
ALICE:+ 3.5% ATLAS:: 3.4%
10" * Y(39) CMS:: 4.0%  LHCb:x3.5%  LHCb-JAp:= 10% Y(3S)
o o5 1 15 2 25 3 35 4 45

Note: the lines do not represent any theoretical model;
they are added to help guiding the eye through the points

ALICE : 5.6 nb?
ATLAS : 2.2 pb!

CMS : 37, 36 pb?
LHCb : 5.2, 36, 25 pb!

ALICE: arXiv:1205.5880
ATLAS: NPBB50 (2011) 387
CMS: JHEPO2 (2012) 011
LHCh: EPJIC71 (2011) 1645
LHCB: arXiv:1204.1258

CMS: BPH-11-001

28
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Z production

do/dy [pb]

140

120

100

80

60

40

20

———_

=3 ] [ !

2 —

g —

z — =

— o LHCb 2010, Z— pu extrapolated

- O LHCb 2011, Z— ee extrapolated —5e

:_ m ATLAS 2010, Z— uu, Z— ee —_—

_l | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | ﬁl |

0 0.5 1 1.5 2 2.5 3 3.5 4.5
y(Z)
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B Production Asymmetries

As the LHC collides protons with protons, events are not CP-symmetric.

produced antiparticlesP  N(P) s
produced particles P N(P) p

i.e. N(B?) = N(B?), N(B*)=N(B), etc.

Production asymmetry is effect of competing processes:

== 7/d
Cluster Collapse T 0
d —\O By meson
Enhances the production of species g g b
containing beam remnants at low Wu b N
transverse momentum (pt) — ] —h ¥p  baryon




Production Asymmetries

Valence-Quark Scattering

Enhances production of high energy
species containing beam constituents

Beam Drag

Redistributes particle-antiparticle content as a function

of transverse momentum (pt) and rapidity (direction)

BO*

|

Color connections
with quark remnants
‘drag’ antiquarks
toward the beam

%EOzilﬁ

Color connections

with di-quark remnants “.‘
‘drag’ quarks *
toward the beam



Production Asymmetrie

PHYTIA Simulation

. w s
- ' HM

L g’ jrl "‘g’ | H.‘lh‘l.
NLE - S
" B+B —ooojﬁiooog T
5 .
2 _ 3
8, = ~(3.2+0.5) x10° 8, = =(1.5+0.8) x10
A-(B%) = (0.1 £1.0)% A(B*) = (-0.3 +0.9)%
Ap(Bs ) = (4 +8)%. Phys. Rev. D 85, 091105(R) (2012)

Phys. Rev. Lett. 110 (2013) 221601




A typical b event

N K-

TC+

-

b Hacir?rka — 1
- B

) AN L

7 mm \; — U’
t=//Byc

o, ~40fs K

K-

Good vertex resolution: to resolve fast B, oscillation.

Background reduction: Very good mass resolution
Good particle identification (K/x)

High statistics: Efficient trigger for hadronic and leptonic states
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LHCDb Detector

RICH Detectors

Muon System
u/h separation
Trigger

p/K/m

Vertex
Detextor

L/

o

= =
% i |
3

1

/

Calorimeter

Tracking-System h/elyl separation

Trigger

34



B-decay in LHCb

Muon-System

Tracking
System

%"

lorimeter.




MHz

Optimal luminosity

Rate of multiple interactions (MHz) e B

- + C —
25 ° [ = - Muon O
i 525 F m - m
s : - - trigger ¥ 2
20__ .°-._:E£ E 2 :_ 'y W ’f_.# LZ
i &, C Y e ;"? E
— © C 4 9,
15: T_J"i 5 F O DK #’x:..v" lf!-:l
L = = C ro
10 t & 4 = Q
. o n Calo &
s|- oo 2D.5 [ trigger —
- — C -

gt e .'-...-.---.--rl-' . .I...I..I.-I---:"I"I"I'"'T': il il O I ST T N T O T S O Y I

O™ ™2 Y s s e 7 8 9 10 1 9, 3 4
Luminosity x1032 cm2 s Luminosity (x10%)

Design: 2x1032 s7'cm2

n = 0.5 IA/crossing With current trigger, yields of

_ hadronic channels saturate at
Running: no performance loss 41032 s-1em2

seen at higher |A rates

Luminosity of 4x1032 cm~?s-' optimizes data-taking.
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Luminosity Leveling

(=]}
=
o
o

 Fill 2663
25/05/2012

5000

Instantaneous Luminosity (ub‘1.5‘1)
S
=
=]

LHCh

16 pb'

<«— 4.1x 1032

04h 06h 08h 10h 12h

LHCb: Displacement of beams
to optimize luminosity

14h

= 2x design
16h

1.81A /
Crossing
Design: 0.5
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Data Taking

2.2

. Delwered in 2012 {4 TeV): 2. 2[.'!5 ifb

. Recorded in 2012 (4 TeV): 2.079 /fb
Recorded in 2011 (3.5 TeV): 1.107 b
Recorded in 2010 {3 5 TeV): 0.038 /fb

1.8

2010-12 in LHCb

Integrated Luminosity {1/fb}

1.6

pp: 18 x 1013
cc: 59 x 10™
bb: 26 x 1010

1.4

1.2

0.8

0.6

0.4

0.2

0 A | h’u- |‘;.r'I das | [ | | g abeany | | | U | | - . -+
01/04 01/05 31/05 30/06 30/07 29/08 28/08 28/10 2711
Date

ATLAS / CMS in 2012 about 10x higher integrated luminosity.
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“High-rate” event

Tracking Calorimeter

Muon-System

/4’
£

-~
L~
A
3
f%

I ! ‘“hl‘

Number of interaction / event:

Poisson distribution with u=2:
14% of events w/ >4 |A/event
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Vertex Detector & Performance

2 retractable detector halves

& Cm
— -
. ‘ ; ]

injection

LHCb VELO Preliminary

—

Sign(Vertex x) * Vertex r (mm

20 —r——r—r—r-

mon

Single sided Silicon strip sensors:
2 x 21 (r and ¢ sensors)
300 um n*-on- n strip sensors

10

12 140 60

18
Vertex z (mm)

F -8
o

———s— Projected angle 0-4 degrees
———— Projected angle 7-11 degrees

'S
o

------------- Binary Resolution

Hit resolution

Resolution [um]
W W
o o

25

20

15

10

<€<— 4 um

| ‘ | | I I T T T T S A N T T R T R T B 1 11
.030 40 50 60 70 80 90 100
Strip Pitch [um]

|P resolution:
op =14umx20 um/py
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Momentum & Mass Resolution

Jiy (cc) - p'w
Lo o e
Emuuu_ :;H{I:_b . BYS = 2.296 + 0.011

ﬁ1ﬂﬂﬂﬂ_ FFEIITII]'IEW a
Eimm -_ T:::::“ . .I Geg = 1333 + 0,06 MeWs® _‘

I1‘||:I = A094BT + 006 MV

3 ounf- 1 or13Mev -

M(/U/U):\/(E1 +E2)2 _(51 +f32)2

l 4 s 1‘..' paoa b i1 .
00 3150 3200 3250 3300
prp Invarlant mass [He‘u‘fb’]

Caa i oy wem==f 4
qum 2850 3000 3050 I

T e mow
P S

LHCb 0.4-0.6 % 13 MeV

CMS 40 MeV
ATLAS 70 MeV

B mass resolution for B>J/yX: 7...13 MeV
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VELO exit windowf

250

200

Particle Identification with RICH

Photo Detectors

300 mrad

Spherical
Mirror

A | ~ Beam pipe

Track

Plane

Mirror
p == P Merogel [
. - - J
% y
I K
: Ir' I—|
' : CyFpgas [
[ . _._— ) e

e ok . - Pa—— ] e e - . PR

i 16 10

Momentum (Gew/ o)

Cherenkov Angle (rads)

10* 10°
Momentum (MeV/c)

2 RICH detectors with 3 different radiators
ensures goof PID over full momentum range.

Kaon PiD: 95% efficiency @ 5% mis-ID
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LHCb — Key Measurements

B / D Mixing CKM Metrology: vy Rare decays
7,
, M
Amlx = ‘Amix‘e P /, \\
- =
BO KO*

RS

CFP to get mixing phase

angular distribution

I

B,

Rates
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3. Neutral Meson Mixing

44



Mixing Phenomenology

=i}
— B
0
ii ‘Eq(t)> :(M _I_r j ‘B (t)> No mass
dt ‘qu(t)> 2 ‘Bo(t)> eigenstates
\
|
CPT M _i_r |\/|12_i_r12 M and I" hermitian:
1 =My =M oo i m,, =m;
M, — =T M-—-T "
=1y =1 R 2 r, =T,

Off — diagonal elements describe the mixing.
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Mass Eigenstates

Diagonalization: Mass eigenstates:

B, )= p‘B°>+q §> with m, T,

BH>: p‘BO>_q

§> with m,, T,

a2

2 1

complex coefficients ‘P‘—' +(9

Time evolution:
‘BH,L (t )> = ‘ BH,L(O)> ‘ e_imH’Lt ,e_z

mH L

46



Mixing Parameter

Am =M, =M, =~ 2M,,] \
— 12

AT =T, -T, ~ 2‘F12‘COS¢12 where by = arg[r
12

Dy = arg(l\/|12) = arg[gj (mixing phase, CP violating)

|
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Time evolution of B?

)

CP vioaltion in

mixing if

g

‘ 2

P

= 1

g+ (t) = Ef_i(m_i%}t + cosh A__n COS &.mt
9-(t) = e~ M=)t | _ginh &.l_'t COS ﬁjﬁ

— 7 sinh

+ 7 cosh

Al't

Al't

Amit
sin —

Amit
sin —
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BY Oscillations

5 E—Ft

For B% Al'~ 0 9+ ()" = —

Mixed/ unmixed probability:

P(B® = B%1) = |(B%|B°(1)) =

P8 — B0 = |(B18°0)| =

(1 £ cos(Amt))

Ef

E

—I't

it

—I't

2

=

(1 + cos(Amt))

q

P

2

(1 — cos(Amt))
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Mixing Asymmetry (AI'~0)

Mixing probability:

f=Xu"
/ unmixed H
\g

~f=Xu

mixed

unmixed(t) —mixed(t)

Al = unmixed(t) + mixed(t)

= cos(Amt) .

for Iy =T =T

061 \ P(B° »>B°)= %e‘“(1+cosAmt)

04 1 / o

P(B° - B?) = %e”(1 —cos Amt)

0 2 4 6 8 10

P(B° - B°)— P(B° — B?)
P(B’ - B%)+P(B’ > B’

Lifetime (proper time) Tg



Standard Model prediction

Real intermediate states: I',,

b Ve Vb d
-
7. clt
W W
q qu,c)t
—
d Vad Ve b

Main contribution from top quark:

Am ~ 2M,,| Mo,

ﬂ Ltb) ;'1»1(&;5[][1})85?f%qﬂfgq'?}g

Inami- Lim Funct. for box diagram  S,(mZ/mZ )

Bg = bag factor, f; = form factor, 75 =

GIM(Vckm unitarity):
if u,c,t same mass, everything
cancels by construction!

QCD corrections
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B meson mixing

B° meson =1 B. meson
OSN'.
B—->B 06 M
B—>B 0.4/ |
N il

0 1 2 3 4 5 6 7 8 9 10

proper time (ps) proper time (ps)




B, Mixing Measurement

—

K- Signal B
(flavor specific decay)
%‘:4000- ;::tata
~— E | M 82— D&
= B DK*
gznoo— LHCb misid. bkg
% I comb. bkg.
g J |
5400 5600 5800
(D, n*) invariant mass [MeV/c?]
Need production flavor
Opposite B

Can be used for flavor tagging
Problem w/ neutral B’s (—mixing)

PDF {e“ - (cosh(A—zrtj +(D)- cos(am - t)ﬂ @@

|

Production flavour from
tagging algorithms

resolution
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Flavor Tagging

apposite side signal side

OSp
OSe

-

Qv&:t ,"‘

Opposite taggers: use 2" B Same side taggers: exploit fragmentation
» the two B’s are not entangled: Difficulties:

neutral tagging B oscillates  high track multiplicity
« High track multiplicity « Depend strongly on signal (B / B,)

— high mistag probability: 30 — 40 % — high mistag probability: ~35 %
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Flavor Tagging

efficiency mistag tagging power

tagger ctag(%) w(%) ctagD?(%) D

OSu 5: 20z VA4 ~-38:8 -z 0.4 -~ 0 £ =004
OSe BRI S e L P i THE R
OSK dofe. O e EhiDG 5 2 3033 e (24 = 2 0.5 o UhO4

(1-2w)

Quix 18.46 +- 0.08 40.31 +0.24 0.70 &= 0.04
93], IR e R U T R e S

SSK: Compared to CDF higher track multiplicity in forward region

Eur. Phys. J. C (2012) 72:2022, LHCb CONF-2012-026, LHCb- CONF-2012-033
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Detector effects on Oscillation

L& . 1 1.5 2h . 1.5 2
rrrrr time [ps] proper time [ps] proper time [ps]
Finite time Realistic tagging

resolution: 44 fs
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LHCb’s B, Mixing Measurement

e Tagged mixed

[ o Tagged unmixed
4001 N —— Fit mixed
4 L Fit unmixed

candidates / (0.1 ps)

34k signal evts
(5 decay channel)

decay time [ps]

New J.

Am =17.77 + 0.10 +£0.07 ps™

Phys. 15 (2013) 053021

Amg = 17.768+ 0.023 + 0.006 ps Most precise measurement

® PRL 97 062003 (2006).
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B, mixing Phase ¢,

> ——¢—> o 5
S | b _
B . New B°
s — | Effects — ®
b | S
t——o————<«¢
BO q > B
S p S
Mixing phase:
b, = arg(gj = arg(M.,)

New Physics can alter the phase ¢,, from the Standard Model.

Need an interference experiment to measure phases.
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Interference between Mixing and Decay

G. Raven

t=0 t § t=0 t §
0] A poO Kf
5w BNy BN
0 po
81 a5 e B Pot) fee
kgoj’a\ &;Bojp\f
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Time-dependent CP-Asymmetry

G. Raven
t=0 t Rate
B — fep x et 11 + sin(@wear ) Sin(Amt)]
BY . fop x e 1t 1 — sin(dwear ) sin(Amt)]

(B — fep) — T(B® = fop)
I'(BY = fcp)+T(B° — fcp)
=  —S8iN Qyear Sin (Amt)

Acit)

Measurement of time dependent CP
asymmetry of a process B? — fp
measures the phase difference ¢,,c.x @

between the two path: 60



Measuring the B, mixing phase

Interference of mixing & decay:

—~ weak ¢M _ 2¢D = ¢s

Standard Model:

bV t Vel s

+ small penguin
pollution

B, W-
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Phase 3, in Standard Model

4 “sb” unitarity Triangle
£ 7105
o
- "vlr 1.»:1'*
35 — arg (_ :rtlb rib
1\" cs\"' ch
VOV Re
ug  ub t >
|VJ&|W 1
(F_JS ,-Tls) v_V ;b|

Standard Model:

¢s ~ ¢|\/I ~ _zﬂs .
(CKMFitter)

¢SSM = -0.0364 + 0.0016 rad

Possible New Physics contribution:

Qs = ‘Q—’L)EM - ‘A{'{}SJP

“db” unitarity Triangle

A

105 *
E — Vcdvcb

p=arg| ———

nr MgVl ViV
VYl /= VeaV el
VoVl |

a

Y

v

0 P Re 1

A (t,B% = JyK_) o sin(2p)
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B.— JIv (up) O(KK) 1 be submited to PR

* experimentally clean <4500 L F
P y §4ﬂm Preliminary 3
« VV final state: <3500 -

3000

]

b : c _ _
: - Jy  grc_y } 2500

LHCb
1 fb-

27600 -
signal evts -

ST % ¢ oc 51500
s J 21000
J 500
L e i B L 4404 arssorvearen:
CPJ /yg)=CPQ/y)CP(¢g)(-1) $520 5340 5360 5380 5400 5420
(L =0, 1,2 = relative orbital momentum) m(J/WyK'K) [MeV/c’]

=1

o [TRTT
=13

3 different polarization amplitudes with

different relative orbital momentum:
CP-odd (¢ =1): AL
CP-even (£ =0,2): Ao, A

angular analysis to disentangle CP even/odd state
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Angular dependent t distributions

Helicity angles

Uy
(! = (cosbk,cosb,, pp) - - it
- -__'__ ______________________ //'gjlt
B{J ﬁi+,lf_ \‘\\
A
dT(BY — J/WK+TK- - 3
B, B APRR ) o S elt) @)
- o k=1

hi(t) = Npe Tt ay, cosh (%&FSI‘) + by, sinh (%QFSI‘)
+ ¢ cos(Amgt) + dy sin(Amgt)]

a, by c, dy contain ¢; and complex polarization amplitudes.

= BD(BY = J/WKTK™) ea—  —

ETETS o< Y hi(t) fi(Q)

o

k=1
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Fittin g pro cedure LHCb-Paper-2013-002

= 107 EMOD- ———— .
& 1ot LHCb  Preliminary S1200F LHCh Preliminary =
. ~ B 7]
= A ol +. b ]
S ID"‘ él{]ocl_ -
o e} r ]
g = 800§ ]
S 100 E e T T~ -
2 g 600p /zf “‘-x\ -
= L - 2
o 10 200" s
1 200 0 Tttt -
-1 ] b D . e Sat it A S S SN T S S Sy Mk et et LI .
10 5 10 1 0.5 0 0.5 |

] .
B, decay time [ps] cos 6,

- —=- CP-even ------ CP-odd ----- S-wave

2

2 8

§

T
-~

LHCb Preliminary Preliminary

TTTTIT
—
I
@]
[=p

r~ = T % LT I T
\0 = :
S & =
- Y /5{; o™ ;
g 1000~ = S0t o . s
o - 7 R - T =+
=2 800r ] g2 800 B
= n / . = N AT 7T~ .
& 600F AN y = = 600F - R S
C N 7 ] = = ~—— -
C “ ] = C ]
400 - SeggreTres el g O A0 7
200 - 00 o S
ok : ‘ ey ing ot | ' ! :

1 -0.5 0 0.5 1 2 0 2
cos B, ¢, [rad]
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M iXi n g P hase (I)S LHCb-Paper-2013-002

— 02
£ 0.18
e 0.16
< 0.14
0.12

0.1

0.08
0.06
0.04
0.02

%

LHCb — 68 % C.L.
1f 0 90 % C.L.

e nrEEtm e, ., @ Standard Model
o “evti,
.,

(stat. error
only)

L 1 L L M 1 M L M 1 L M L 1 L
-0.2 0 0.2 0.4
¢ [rad]

:r_\\- IIIIIIIIIIIIIIIIIIIIIIIIII\IIIIIIIIIIIII

os = 0.07 4+ 0.09 (stat) £ 0.01 (syst) rad,
[ = 0.663 + 0.005 (stat) & 0.006 (syst) ps~!
AT, = 0.100 £ 0.016 (stat) & 0.003 (syst) ps~!
|A| = 0.94 + 0.03 £ 0.02 (compatible w/ no CPV in decay)

Systematics - ¢, : Angular accept. ; AI': Bckg + t accept.
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Experimental Status of AT’ and ¢,

Including ¢ = 0.01 & 0.07 = 0.01 rad
B>Jiynn = AT's =0.106 # 0.011 % 0.007 ps !
(pure CP odd)

[', =0.661 + 0.004 + 0.006 ps—1

LHCb=1.0fb~+ CDF 96~ + D@ 8fb~ +ATLAS 49~

I;—'D.Eﬁj' AL T T T i
o F DD™, HFAG |
2 020b ' B
'—m B 68% CL contours 7
. - , (Alog £ — 1.15)
<1 015 i LHCb B

010 _}‘fn“_____,.':(_Z_t:gl_nhined -
sE \ CDF ,/app " -
0-0°1 L SM L AT -
D _I Il I Il Ll | -| ;_-_-_l-l | 1 Ll Il | Il Il 1 Il |_
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
5% [rad]

CDF and DO have pioneered the measurement of ¢
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B mixing and t-dependent CPV

LHCb-PAPER-2012-032 LHCb-PAPER-2012-035
o 0Sp 7 1800 T T T T T
Z E LHCDb -1 E = = - 3
E 04f B 11b E }lﬁﬂ{):— 11b B — JpK?
E 03F fit projection E E]_iﬂ{):— 3
A g:; ﬁ/ \— +1200F ~8000 =
z 'ﬂ - 210008 events E
= E = B00F =
= 'ﬂ-l_— = = = 3
= 02F = ,ﬁ. El::I{:I:_ =
= Tk = = - =
- 03 = S E; S

04F + E 200 =
0'“} OST SSR taggmg E OB ORY TG TOL TN ITINETONE
05" 5 To 15 5240 5260 5280 5300 5320

B’ decay time 1 [ps] My, ge [MeV/eT]

Combination of B -»Dr & B> J/hyK* g 04
my = 0.516 + 0.005 + 0.003 ps™’ g 03
E 02
Single best measurement by BELLE £ 01
Amg = 0.511 +0.005 £ 0.006 ps—* g o
=1 C
2 01fF E
L HCb-PAPER-2012-035 ‘;3 3 OST tac E
Sywke = 0.73 £ 0.07 (stat) 4 0.04 (syst), _'0'45 o 399',”9, L
' 5 10

Cwre = 0.030 £ jgg; (stat) +0.012 (syst). N HFAG: £0.02

-
fr—

i

[
[

)
oo



CP Violation in B mixing

P(B;. — ) + P(B - B, )
t=0 t R t=0 { R
0 P 0
WB _WB
—g(t) B P
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Semi-leptonic CP asymmetry

t=0 t § t=0 t §
0 poO
—ew Y w0
RO ] pt X B ; u‘;((
29 (t) - X ~g_(t) W
~—r R0 S~ [go/

B0 —s BO B0 —s BO

ut X
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Time Integrated asymmetry

B0 —s BO B0O—s RO
ulX op M*lX

_T(B) » u'X)-T(BS - u X)

al = —— , =d,s
(B » u'X)+I(B) > u X) X
1-la/p" ar
- 7~ A tan¢12
1+ |/p) m

ISM (g 5408).10 @i = (21140.36) 107

(f.fg —

A.Lenz and U.Nierste

The DO experiment have used like sign muon pairs to measure ag,

and observed significant deviations from zero.
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LHCb measurement of ag

« Tagging of the initial state reduces the statistical power drastically

« Auntagged analysis is possible, reduction of stat. power only by factor 2.
However this requires an excellent knowledge of the production asym.

P(B) — P(B°)

Ap = _
P(B%) + P(BY)

=(f) — ()

L

« Moreover one needs to know the detection asymmetry for the final state

Ap = =
Y +=(D)

« Kowing the detection asymmetry, the production and semi-leptonic
asymmetries can be determined in a time dependent analysis:
d d
~ Ap + % + (Ap — %) cos(Amyt)

"

~
e
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Semi-leptonic asymmetry for B

Reconstructing of the D / D* meson for

B — D pv, X
B'— Dy, X

—semi-leptonic events from B? decays.

K detection asymmetry:

Analysis is on-going

—

/(1.55 MeV/c?)

Ewvents

_—
o4
=
d

v/

]

/(1.55M

Events

K¥r* from BY— D*p+y, X

E<l[:i|-’ T T T T | T T T T | T T T T4
25F LHCb 2012 - Data .
20k Magnet down —Total 3

E Vo= 344k - Signal ]
15:— B Comb. bkg. E
10F -

st =
5 ]
0
i S L 1 B Ml R
1800 1830 1900
MK 1t) [MeV/e2]

K FrEr= from B — D ptv, X

F "'i' T T T T T T T T T T T T T i
60F T Heb 2012 «Data E
140 3

- Magnet down —Total .
1200 . ° .. 3
100E hsigml_ 1830k --- S1gnal 3
B'DE— .Cnmb. bkg. _;
6oF 3
40F 3
20F E

Lh S Ln

1 I 1
1900

M(KFrtnt) [MeV/e?]

1800 1850



Semi-leptonic asymmetry for B,

m;OOZ T | T T T T T =

* Due to the fast oscillation, the production
asymmetry for B, mesons is washed out
and no time dependent measurement is
necessary.

« Use B,—»D,uv decays:

D T i g—ii—
004+ Y (4S) HFAG e W
- DO =
P N — ot N+ — .. —— I
a5 L NDep™) = N(Dsp7) 004 -0.02 0 0.02
2 N(Dsut)+N(DFpu~) ad
S
Asymmetry of p detection from ag = (—0.06 = 0.50 £ 0.36)"%.

tag-and-probe J/y—pup: arXiv:1308.1048

A = (+0.04 £ 0.25)%
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New Physics in Bg Mixing

A. Lenz , U. Nierste & CKM Fitter

Status FPCP 2010

|||11||||1|||
xcluded area has CL > 0.68 |

/

/ \

New Physics in B_- B, mixing

SM hypothesis A, =1, Ay4=1
disfavored by 3.6c
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New Physics in Bg Mixing

— B
q i W 1 b
I I
I u,ct I
b, L,

T mMiT T

‘:jm
A, — ASM | NP _ ASM %I E

N P

ih = A“ ‘,r”?":.-'_':'s

A. Lenz , U. Nierste & CKM Fitter

Status FPCP 2013

T T T T | T T T T , T T T T | T T T T I T T T ]
| axcuded ares has CL> 068 ' |
2 - —
I AT &8 &1 (K'K) & Ts(ququ) i
1 i —
- : SM point -
: Am & Am ' ]

n I
-1 L"\\ ; /:"f —
| A, and ag_{Bd} & 5 E_I_(Els] i
P New Physics in B_- B mixing
L FPCP 13 -
1 | | | | 1 1 1 1 E 1 1 | | | 1 1 1 1 | | 1 | [
-2 -1 0 1 2 3

Re A,

Agreement with Standard Model, but
still room for New Physics (10-20%)
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New Physics in B Mixing

) S M NP SM -
Amzm Amzm Amzm Amzm X ‘g

/

Ag=|Aglei®a”

A. Lenz , U. Nierste & CKM Fitter

Status FPCP 2013

I
excluded area has CL > 'DGB

Some tension with Standard Model
at 10-20% level.
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Charm mixing and CP Violation

T — IoLHCb )\ ]
- lo BaBar N E
E - 16 Belle R
- — 1o CDF h ]
—  + No-mixing -
AT S T S S AN SN N S MO AN RO N MO N N T
-0.1 -0.05 0 0.05

X [%]
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Charm Mixing

DO-D% mixing is expected to be small
D% meson
@ Quark loops are second order and

GIM suppressed. — unmixed

0.4 :
il - I - l - I i —_— mlxed
I a5 b I
I I 0.2
I |
il = | i - —l
D W | l“ [
L Ll 1 |\| Ll 1
: : % 12 3 4 s 6 7 8 9 10
I d,os. b proper time (ps)
- 1 - 1 -

e Long distance effects are tricky to
calculate. arxiv:0311371

..........
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— . LHCb-Paper-2012-038
DO —_ DO MIXI“g ar;R/e:;211.1230

x10°
I L L B L I
DO 1.?.:— 11 - 1 fb- —
D > DO Smix . CEN 1 ;
‘\—> Ii)[j ﬂK+.|-[- 08:_ ~8RgM *I -Backgrouud —:
— WS 06 lf _
- |
04F 1 =
RS :
02F I JE. .
DCS CF AR
ADY - K*77)JA(D® = K*n~) = —\/Rpe™™ g * Data
_ 7 — Fit
6 -Backgmund
N s(t) b ey? (1| s
t) = = ~ Rp+\VRp iy —+ —
R( ) A’Hb'(f) D Dy . 1 (T) .
| (no CPV) 3
X'=XC0SOo+YySsind y'=-xsind+ycoss 1
x=2M and y=2L 02003 201 2015 2.02
I 2I M (D) [GeV/c2]

o]V)



R

— . LHCb-Paper-2012-038
DO —_ DO MIXI"g ar;R/e:;211.1230

: No mixing excluded w/ 9.1c
x 10~

? : T T T '| T T T T T T I T T T ? : T | T T T T | T T T T | T T T T | T :
65p "D : = o E
- — Mixing fit ] ~ F :
t'; —No-mixing fit - E 15F ]
5.5F e : :
. L?“ 1 1~ NN .
SE _, E F —IoLHCb >\ ]
4.5t %{»’Fé}/— e 0.5 e lo BaBar E
A E o - loBelle POk
- - -— 10 CDF “ ]
£ LHCb 3 - §
3'5H ] -05r + No-mixing .
3(; : : ! __L : : : ‘i ! : : I : : .-rlll "rlll * I";U : 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 :

. 6 - _ 01 005 0 0.05
v ~ X" [%]

t .}_12 1 q 2 t 2
— .
Rp+Lpy — + I (;) Fit type Parameter Fit result
| (103

Mixing Rp 3.52 £ 0.15

Interpretation requires the knowledge U:E 12124
of strong phase 6. _ r —D.DE_J +0.13
LHCb started to look at DO—>K . Nomixing  Hp +25=0.04
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y' [107]

-2

Analysis of 3 fb-

LHCB-PAPER-2013-053

II""I"''I""I"__"'|""|""|""|II T
LHCb (a) CPV allowed (b) No direct CPV (¢) No CPV
_ f‘*,‘
i No sign i
for CPV -
\ T +99.7% CL NS
[ --D’ 683% . 1 --7°683% [ --055%CL RO
— D 68.3% CL I =DY683% CL —68.3% CL
RTINS R N (ST S T NS ST S NS I B T T T B TN TN SR B TN B SR A BT I T RN RN S R R I
0.1 0 0.1 02 0.1 0 0.1 0.2 0.1 0 0.1 0.2
21107
Test for CP violation: RE—Rp

* R*y # R (direct CP violation) —— Ap = W

« CPV in mixing (|q/p|=1) or

interference mixing & decay

Standard Model: no significant CPV.

q
p

— (—

< 1.24 at 68.3%

1.3+1.9)%

82



CP Violation in Charm

« CP Violation in charm difficult to predict, but small
(reason Cabibbo part of CKM matrix is essentially real)

V|

u

(Vud Vus
VCKM — Vcd Vcs
Vi WVis)

Voo

C

th )

—0
D" —=f)-T(D =) CP eigenstate f :

ACP ( f )

Theoretical expectation:

T = )+ T(D =P ot , KK

Acp is very small, <1073,
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Aymmetries of

Avaw(f) = Aer(H)]+ [Ap(H)]+ [Ab (o) + [Ap(D* )]

 Physical CP asymmetry, expected of up to O(10-3)

« Detection asymmetry, cancels for D°%— nrt, KK decays

« Detection asymmetry for slow n*

Can be large O(1%
* Production asymmetry l ge O(1%)

AAcp = A (KK") = A (") = Agp(KK™) — Acp(mn™)

raw(

LHCb 2011 (0.6 fb') PRL 108 (2012) 111602,

AAcp=[-0.82+0.21,,+0.11,,]1%
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Direct CP Violation in Charm?

o Prompt D (preliminary: LHCb-Conf-2012-003 ) R rl | Elyaéar' o
N
| — 0
N AAcp = [ - 0.34 £ 0154, + 0.104,, ] % Cog
Belle
I Semileptonic B decays LHCD preliminary (prompy)
Lok
(LHCDb-Paper-2013-003, arXiv:1303.2614) LHCb (semiteptonic)
1.0 !
AAcp = [ +0.49 £ 0.30,, + 0.14, ] % Naige average
R R [ TR SN NN TN AN SN TR S SR RN TR
-1 0 1
o/
ﬂ simple average Alcp (%)

AAcp =[-0.15 1+ 0.16] % (12=4.85 < P=3%)

New results do not cannot confirm evidence for CPV in charm decays.
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Mixing of Neutral Mesons

Kaon system

Physics Letters B444 (1008) 38-42

CPLEAR

Bg system

LHCb

4C +B'S>D

= combined

LI

~ | Phys. Lett. B 719 (2013) 318-325 .

5

" | ¥ i M L |
10 15
B” decav time ¢ [ps]

candidates / (0.1 ps)

x10)

Slide S.Bachmann

— Mixing fit

Data D system :

- No-mixing fit

Phys. Rev. Lett.110 (2013) 101802
L 1 i i i 1 i i i 1 i i |‘Ir' ,|f“ i i

=

2 4 6
Ht

!;_j

BY system

o Tagged mixed

o Tagged unmixed
i — Fit mixed
; o Fitunmixed

New J. Phys.15 (2013) 053021

I 2 3 4
decay time [ps] gg



Direct CP Violation & CKM angle y

5 : sol. w/ cos 2p< 0
{excl:\at CL > 0.95)

= IIII|IIII|IIIIIIIIIlIIIIlIIII

=l
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Direct CP Violation & CKM angle y

« CP Violation in mixing |
| Indirect CPV
« CP Violation through interference
between decay and mixing
« CP violation in decay
- direct CPV

ST
—&<7| 7 |—8<T

PB »>f)#P(B—f) :

(time integrated)
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Direct CP Violation

Bof ! B >f
A | _ A _
B @ | : B @ |
A, e'%rel | a-itkp g0
v\ cp .
Weak and strong CP
invariant phase difference
AP =lA, A Al <A+ A
= A2 + A> + 2A A cos( ¢, + J) = A’ + A +2AAco8( ¢, — )

WZ —|A* = 4A Asin( ¢, )sin(5)



Direct CP Violation in B—oKn

Tree

Penguin

CP Asymmetrie

A - A = 4 Asing

A, oiftp oid

Strong phase difference

sino

difficult to predict

/
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Direct CP asymmetries for B) .— Kn

e §

=

Candidates / { 10 MeV/c?)
Ld
=]

200

100E

PRL 110, 221601 (2013)

(a)

: “.I..I.I.:.:. i‘_}j{ﬂ"

(b) \{
i v

I Bl KK

= LHCb — B —» K* n- E B K n* B K

E-:.;.:.—r....l';:_. ~podRr IR L e v .1:.| L : e
5 51 52 53 54 55 56 5.7 51 52 53 54 55 56 57 5.8
K7~ invariant mass [GeV/¢?] K m+invariant mass [GeV/c?]
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C P Obse rvables PRL 110, 221601 (2013)

Correction for
-T(B—>1f) detection / production
+T'(B —>f) | asymmetry

ACP(B_)f)Zgg '

9
— f

o| OO

Aep(B°— K+71~) = —0.080 + 0.007 (stat) £ 0.003 (syst)  [10.50]

Acp(BY =K~ 7") = 0.27 £ 0.04 (stat) £ 0.01 (syst). [6.50]

Standard Model relation: [J.Lipkin Phys. Lett. B621 (2005) 126.] *)

_ Aep(B"—=Ktnm) B(B!—=K 1) 714

= — =0,
A= ApBSK %)  BBSK T
- Direct CPV in B—>Kn
A =-0.02x£0.05£0.04 fully consistent with SM.

) But in the standard model a miracle occurs ...
92



CKM Angle vy

1.5 T T T 1 | 1 I T 1 I&al T T T T T T 1T T T T 1 I_
| excluded area has CL = 0.95 ' % |
i T )
1.0 — ]
¥ )
r 7 *
0.5 m — ar _V’U»d ub
; : TS VeV
00 |- b cb
- U
1.0 - & - : : :
- Eem wlwicosB<o Exploits direct CPV in
- Summer 12 E (excl. at CL = 0.95) |
_1 5 I | | L1 1 1 ] I [ [ | | L1 1 1 | L 1.1 1 I | | I_ B%DK decays
--1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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Sensitivity of B—>DK decays to y

ol -

Faveured

y < K-
b che & :
B- 2.4
u u
Suppressad

9
A

All unknowns from data
— No hadronic uncertainties

Gronau, London, Wyler (GLW)
fy = KK, nt (CP state)

Atwood, Dunietz, Soni (ADS)

(

(
LHCb 1 g+, p(kK) =t
1 | g D

fo = Kr and nK
[ Bt— D(*K") Kt
B*— D(K*r) K*
LH(‘?’P 1 Bf—> D(n*K) =t
11b B+ — D(K*n") n*

Giri, Grossman,
Soffer, Zupan

(GGS2Z)
Self conjugated
Dalitz modes

LHCb
-1 -1
1fb7+2fb o4



GLW / ADS Observables

GLW / ADS observables are ratios of branching ratios:
— many systematic uncertainties cancel in the ratios

ADS/GLW CP asymmetries, f, = KK, tn ,K®t, KTTR
¢ LB > fh)-T(B > foh")
" T(B > f,h)+[(B" > f,h)

ADS/GLW K/7 ratios, f, = KK, it Km, Knnn
I'(B~—> f,K)+I(B™ — f,K7)
[(B” — for )+I(B™ = for')

Rikix

Ratio of ADS suppressed and favoured
final states, f, = Kn, Knnn

ort - D(fph™)™
L T(fph )™
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Suppressed ADS Mode B- —»[n-K*] K"

“suppressed

ROK _ [([K'7 ;K )+ T([K 7" [,K")
5 (K2 LK)+ T([K 7~ | K*)

DK _ F([K+7T_]DK_)—F([K_ﬂ+]DK+) _ : : DK
s = Tk LK )Tk 7 LK) 2r rosiny sin(S, + 8,) / Raps

2 2
=rg +15 + 2rgr,cosy cos(d, + J5,)




Suppressed ADS Mode B- —»[n-K*] K"

Events /( 5 MeV/c2)

[PLB 712(2012),213]

First observation of rare ADS

B*— D(mK)K* [100]

15 LHCb  _

10 | e s g e ]

1 B=irE TR B —[n L]ﬂj‘&

Sir 1- H .
e DAY LR ) UL
B AR 0 AL L

10 LHCb LHCb |
30 H =

1 | 4

£ - — I + R =
E= Bk - B =K n —
1052 = .
|- = i Y
5200 3400 2600 5200 5400 Sa00

Large asymmetry in B—>DK @A,
Hint of asymmetry in B—>Dn: A,

m{Dir™) (MeV/cl)

(-52 + 15 + 2)% [4c]
(14.3+6.2 + 1.1)% [2.45]

~ox _T(K'x LK )+ (K 7 [,K')

S T ([K 7 K )+ T([K 7 [,K*)
o« DKz [ [K™)-T([K 7" [,K*)

S T I([K'r LK)+ D([K 7" [,K*)

2 2
=rg +15 + 2rgr,cosy cos(d, + J5,)

= 2r,r siny sin(8, + 8, ) / Raps
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GGSZ Method with B*—[K_h*h],K*

Idea: Exploit interference between D°— K° h*h- and D°— K° h-h*

across the Dalitz plane \ K —
S

1N T
T\

.

DOK*

5F |
B [Kshh]p K* ) |7 (
15

DOK* . po

¥
f B ul...,.4.....|....L...,|..,.4.,..|.

1
1 it
05 t
o L L L L L
06 1 16 2 25 3
T e T

Different interference structure for B* and B~— vy

Powerful method — dominates the precision of y at B factories.
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Daltiz Plots for B*—[K_h*h"],K*

+
m, = m(Ksh ) |
- +
B
-\,P_. T | T T T T
9 3 o .
at LHCD preliminary |
<= 1% [Ldr=201" -
o |2 ]
lg G>.) C\é 2 |
]
» S .
2|
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CD L
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1 2 3
‘T L T T La—— ]
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L1z . [Ldr=201"]
512, |
'x > (“||]--67 t —
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+ e |-
xw S| L4r .
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) g 121 o ) -
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~ NI .R_.__' A
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1
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—

]
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— o = =

m
o w
\ ]

[a—
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|
3
>

m

fu—
E=N
T

[—
T
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[Ldr=20f"

e s

I1.6I I].SI |
m? [GeV?/ ¢4

One can see by eye CPV differences between B*

¢ >85% purity

Extraction of y requires information

on the D—>K:hh decay amplitude

variation over Dalitz plot:

both amplitude and phase o,

1. model of decay amplitude or

2. external measurements
(model independent approach)
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Model independent approach

Divide Dalitz plane in bins: CLEO binning

L L T = N )

5 2, 4 1 1.2 14 1.6 1.8
m? (GeV/c”) m2 (GeV/c?)

Number of B* events in bin i:

N(BY).; = K + (¢ + YK, + 2 KK {x.¢, T y,5,}
X, =lzcos(dy +7) ¢, =(cos(5,))
y. =Tgsin(g+y) s, =(sin(s,))

K.= ff-/AD(m+ 2m?)[?dm dm? from B*—Dn*

! } from CLEO
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Gamma from GGSZ Method

X, =I5 c08(0g £ 7)

Y. =g sin(og +7)

0.3‘_""|IIII|I|||

- LHCD Preliminary |

2011+2012
data (3 fb")

y =(57 £16)°
r. = 0.09+0.02
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The LHCb y combination Slide by S. Ricciardi

Input Observables (A;)

Charm hadronic parameters are
B* —»D(hh)h* A RES e AT RTT determined from data but constrained by

CLEO, HFAG and D-mixing studies at LHCh
Kn RKT]: RKm
A h? K/’ h

B* »>D(Knnm)ht A Rlsx | RHGE Decay Parameters (o)
B* -Dh* Y

B* »D(K;hh)K* Xy Vs
B* -DK* FEC

Charm constraints
B* —»Dn* T T

B* »DK* /B* —>Dn* R,

Frequentist approach

- A obs A -1 { A obs A D—K E,SWFD K
L(@)=[1; exp(—3(A;°>° — Ai(a@;))TVi* (A;°% — Ai(@;)) =1 (e Oe, L (D—>KT)

DoKnanr Fkan » Okan, Kian,

T(D—>K37)
D—>KK A% cp(KK)
Donn A% ()
- DO-DPbar mixing Xp., Yo

0<rx<l1 Coherence factor for D decays
— — =1 =1 for D—>2-body decays

Stefania Ricciardi 13
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Gamma Combination

LHCb-Conf-2013-006

Data: ADS/GLW: 1fb' (2011) GGSZ: 1+ 2 fb-! (2011+2012)

quantity DKT combination
y 67.2°

68% CL [55.1,79.1]°
95% CL 43.9,89.5]°

t‘ig 114.3°

68% CL 1101.3,126.3]°
95% CL | 88.7,136.3]°
ri 0.0923

68% CL 0.0843,0.1001]
95% CL 0.0762, 0.1075]

[-CL

0.8

0.6

0.4

l_l LI II |||||||||||||_
- LHCD 1
- Preliminary _|
g v =(67+12)0 | 1
C 68.3% | B
- 955060 ] ¢) 3
||||||||||i||||i| L1 1 | 1 L1 I 1 1 1 | 11 1 | L1 1
0 20 40 60 80 100 120 140 160 180

v [°]

For comparision:

BaBar : <y>=69 17 | (°

)
)
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ADS/GLW versus GGSZ

LHCb-Conf-2013-006

Mm{]_l(}’ _I T T T 1T T T 1771 T 1T T LI LI LI I LI I T T I_ J ] _l T T T I UL I T T |_
B 0.14 :_ LHCD _: \","l B LLH ]
141 Preliminay {  — gl Preliminary _|
0.12 7 3f%'BDKGGSZ :
0.1F / a) - 06 T .
0.08 [ f : i 1" B+DK GLW/ADS
N 2/ ] 0.4 — ]
0.06 o / - i ]
0.04 - _//L::} 3 BoDK GGSZ 0.2 —_
Ok ) [ ] 1" BsDK GLW/ADS ] - c) ]
D Clz Lo Lo L b b b Lo v L w Lo D B (A AT T T T e e S | T 1_0__

70 20 40 60 80 100 120 140 160 180 0 20 40 60 80 100 120 140 160 180
v [°] v [°]
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Rare B Decays

FCNC decays:
7,
J\NV\A #H

. R
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Effective Theory & OPE

Electroweak / NP scale Scale of B meson

/. ——

il SUVi I oamly X tlélgﬁ(ﬁlg)u.g Effective
) (local)

£

> >— S > Ay operators O,
‘\‘T;/ % z SL?,-:FF gg

(absorb long

—p — U > — 1 — range effects)
el - N (@b),, (7).,

G

Operator Product Expansion H.g = —4—1be Z“

Wilson coefficients describe short range physics: SM + NP
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FCNC decay B? - K* up

Standard Model:

07 ~ mb(gLJp.ubR)F;u/
Og ~ (§b)v_A(E€)V
O10 ~ (3b)v—a(tl)a

New Physics can lead to new operators with new Lorentz structure or
can modify the Wilson coefficients — modifies the angular distribution

4(;F

A% E(CSM CNP)O
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Forward-Backward Aysmmetry

Simplest angular analysis:

N. — N,

AFB(QZ)ZW

0158
0.10}
0.05
0.00

i
<

~0.05f e,
~0.10f FBMSSIT e
~0.15F e
2 3 4
m?,, [GeV?] o2 (GeV?)

FBMSSM
GMSSM:
UED:

Flavor Blind MSSM

MFV MSSM
One universal extra
dimension 108



B? > K* 4 S arXiv:1304.6325

Theory BEEBinned -#LHCb data poinls

L S L L L L D

ﬂ_5;— e ‘

AFB

Lo ool s g

&£ i S
ui.: }
T Zero-crossing point 5
05 in the data —
' LHCb
-10”.IIIII1IDI”'1I5HII2E:
“IHHI-I-I-I- Lviey L ) T qz, [GEV?IC"I]
BABAR+BELLE+CDF: ~600 Zero crossing:

2= 4.9 £0.9 GeV2

M. Neubert (EPS 2011): Textbook confirmation of Standard Model
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Full angular analysis

B —» K* (Kr) pup

1 d3(I' +T) 9 {3 , ‘ { .
r = ~(1 — Fyr,)sin® O + Fr, cos? O + ~ (1 — Fy,) sin® O cos 20
['dcos@ydcosfr de 32w 4( r,)sin” O + F, cos K+4( 7,) sin” O cos 20,
— Fy, cos? By cos 28 +

S5 sin? O sin? 6; cos 2¢) + 5S4 8in 20 g sin 26p cos ¢ +

S5 sin 20 sin 8p cos ¢ + 5§ sin? O cos @, + gs 3 A
6 B
S781n 20k sin @¢ sin @ + 4

Sz sin 20k sin 26, sin ¢ + So sin® Ok sin? O sin 2¢ |

Observables F| and S; are functions of Wilson Coefficients.
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New Parametrisation

Different set of observables with reduced dependence on form-
factor uncertainty have been proposed by several authors:

25, ; Sy P = S
AQ - 298 P, = 6
: (1- Fr) ' VA -F)R VA-F)F,
ARe — %6 ;o S5 P = S
T (1— Fy) ’ VA - F)Fy V(1 - F)Fy
Kruger-Matias (2005), Matias et al. (2012), Egede-
Matias-Hurth-Ramon-Reece (2008), Bobeth-Hiller-van
Dyk (2010-11), Beciveric-Schneider (2012)
"v 1 oo L L L 1
& Ez B SM Predictions L H Cb 7]
] 0.4 —+—Datﬂ —
In general data well described 0.2} -
by SM prediction °+ Sanianbian e —]
> -0.2- -
0.4 —
arXiv:1308:1707 o6l ‘ + * I i
0.8 —
I

qz [GeV2!c4] 111



Deviation for observable P,

5 10 15 20

» P shows deviation of 3.7c from
SM (4.3 < g? < 8.68 GeV?/c?)

« 2.5¢ for 1< g2 < 6 GeV?/c?
(theoretically favored region)

g2 [GeV?/cY]

- —

But: only 1/ 24 bins (0.5% probability)

-0.15 -0.10 -005 000 005 010 0.5

NP
ETI‘

Possible interpretation:
deviation in di-lepton vector
operator Cq

Descote-Genon et al.
[arXiv:1307.5683]]
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Very rare FCNC decay B 4 — p*p

Standardmodell
b W+ |,|,+
t A _ y L
s R F [T
_I_
b . m
-« W Z
t ~ o
S > n
> W

Helicity suppressed

BR(B, —p*p’)= (3.25 £ 0.17)x10

BR(B, —u*u)= (1.07 £ 0.10)x10-10
Buras et al, arXiv: 1303.3820

NP contributions: SUSY Higgs sector

b 18

~ tan®p i

"]

Sensitive to additional scalar and
pseudo-scalar contributions

—» Correction due to finite Al

BR(B, —H*W)= (3.56 + 0.18)x10?
De Bruyn et al. PRD 86, 014027 (2012)
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Experimental challenge

=

Combinatorial
background
E
5 =
m -
B 1 if
107
10° &
10




Measure B—up w/r reference

Reference channel:

B — K7~ and BT — Ji/K™

Candidates / (2 MeV/c*)

2

80—

5350
My [MeViel]

/

rec _sec trig AT
- €cal Ccal cal fﬂﬂf *NS?EF
Bsz g — B cal X g | X r
erecesel | “| tria| “| 7| N
from MC hadronization
from data : :
checked on data fraction ratio

ft_; fn’.u — NBE/NBDH}
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Observation of B.—»>upu

Candidates / (44 MeV/c?)

PRL 111 (2013) 101805 arXiv:1307.5025
16 — T — . CME - L= St fae 7TaV. L= 2016" 5= B TaWr
B ] = 14 —+— data e
14f LHCb : L CMS i
: BpT>07 4 MO 2T et
;.-. 3 fb'l _f ,;_; === pEking bkg
; 4 06 _f CMS 25fb ' E 4 36
d | - g —
o * qd  omssHey E
E : l l l l E preliminary =
S 02 SidhdbdihdE ( N L
I 3500 I I I ) ) h"'lm EGEEF] [ 1079]
My [MeV/c?]
B(Bs = pTp~) = (2977 5(stat) T (syst)) x 1077
B(By— ptu™) = (3.7551(stat) TG (syst)) x 10 19 <7.4x101° @ 95 CL
B(BY - pu p™) = (29+0.7) x 1077  significance > 5.0
BBy —p p™) = (3.6117) x10 -1 CMS + LHCb
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Implications for New Physics

B(B® — p ™) [1077]

2.0 T T T T T T T T T T T T T T T

1.5 F

MSSM-LL

Modified from [Straub, 2012] -
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Search for Lepton-Flavor Violation in B decays

» Lepton Flavor Violation forbidden in SM

* Possible LFV extensions of SM:
» SUSY [Diaz et al., 2005]

» Heavy singlet Dirac neutrino [llakovac, 2000]
« Pati-Salam lepto-quarks [Pati & Salam, 1974]

LHCb search for By ;—ep follows the

By s—>uu search

B(B? — e* 1)
B(B®— etpu™)

.;;::
.qf:

LHCb
14 % 1079
3.7 x 10~°

@ 95% CL

-

B, —>eu

LQ Spln—1




Limits on leptoquarks

Convert upper limit on BR into bound on leptoquarks:

T T T e T L B A
I LHCb 1 Tw'e LHCD E
B BB’ — e 1) < 1.1 (1.4)x 10°90(95)% CL. | o - BB’ — e |F) < 2.8 (3.7)% 107 90(95)% C L. .
a M, o(B — &* If) > 107 (101) TeV/c? : T - M;o(B’ — & ) = 135 (126) TeV/c? i
C ] E i i
i 1 @itk E
L E 93% C.L E
95% CL. T -
i o C L ]
i 90% CL. \ — o
- ] 107 & E
C I . . . . . L B I TR L I T T AR R |
50 100 B 150 50 100 150 200 250
M,, (B! = et %) [TeV/c] M, (B’ — et %) [TeV/c]
LHCb Current ([CDF, 2009])
mLQ(BS—v e+,u._) > 101 TeV  449TeV
mo(B®—etpu™) > 12671eV  53.6TeV

Nice example to illustrate the

power of indirect searches.
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Lepton-Flavor Violationint > ppp

Standard Model:

Ve — U,

Highly suppressed, BR<<10-°

Enhancement in NP models
e.g.: doubly charged Higss

T Production @ LHCDb

* o.= 80£8 ub (in LHCb)
« 8x 1019 tin 2011 (1 fb1)
 Dominant production: D.—tv (78%)
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Searchfort— pupup

Analysis strateqgy:

* 3-body likelihood My,
u-PID likelihood Mp,

I

* Normalization/control D,— ¢ (up)

 Largest background D.— n(upy) pv

BR(t—upupn) < 8 x 108 @ 90% CL
< 10 x 108 @ 95% CL

BELLE:
BABAR:

< 2.1x 108 @ 90% CL
< 3.3 x 10 @ 90% CL

My, bin
.

h

[a— 2 LS

o

(10 MeV/¢?)

Candidates /

- 0.16
E 0.009 0.019 0.028 0.031 0.006 0.14
- ™o.12
[ 0.026 0.051 0.069 0.066 0.012
C 18 0.1
C 0.054 o.018 =0.08
- —_1=0.06
T 0.028 0.046 0.051 0.038 0.006 |
- _——0.04
; 0.023 0.034 0.037 0.026 0.004 E —0.02
B 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 _—0
0 1 2 3 4 5
4 bins w/ highest My DIN
signal probability:
6 il T T T T | T T T T I T T T T | T I_
E (a) t"vtﬂbody = [065' J'D] ~ E
sE- Mp1p € [0.725, 1.0] LHCb E
45 =
|4 :
1 ha_]‘q»‘\‘=—_ﬂ:rﬂ‘k‘¥k‘ HFHH‘ \H'—HHA\‘HM Hl"&

1800

—
o=
= |
=

1900

m(uutu”) [MeV/ie?]
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Upgrade to increase luminosity

- _>p. Fil2e63

=2}
o
=
(=]
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o
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=]
o
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Instirtan
8
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IIIIiIIII
i
i
i

(5
-
=
o

— 2x 1033

1000

| | 1 «—— 4.1x 1032
16h

0 i
00h 02h 04h 06h 08h 10h 12h  14h

« Detector-Upgrade in 2018: Lumi increase 2x1033 cm2s-'
= triggerless 40-MHz readout
= new vertex detector, and tracking detector: Central Tracker
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Physics Reach

Obervable LHCb 2017 | Upgrade Theory
(7 fb1) (+ 50 fb-') | Uncertainty

B, Mixing 0.025 0.008 ~0.003
phase ¢,
BR(B,—up) 0.5x10 0.15x10-° 0.3x10°
BR(By—up) / ~100% ~35% ~5%
BR B, »>uu
CKM angle y 40 0.9° small

CPVinD (AAgp)  0.7x107 0.1x103
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At the End 4

e S

High-precision quark flavor physics is an excellent 4
tool to search for effects of New Physics beyond
the TeV scale.

With LHCb a new era of precision B & D physics
hast started

So far we have not observed any significant
difference from the Standard Model.

In the coming years LHCb / BELLE Il will push the
room for New Physics from O(10%) to O(2%).

We are eagerly awaiting the start-up of BELLE-II:
“Konkurrenz belebt das Geschatft.”

It makes a lot of fun!
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