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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):

Leptons Quszs Heavy mesons:
e | nl| ™ un tt KO (5d), D° (cu), D*(cd)
ve | vu | vr ddd | sss |bb BO (bd), B* (bu), B. (Bs)

Flavor is the feature that distinguishes the generations.

Flavor physics studies the complex phenomenology:
e masses ranging over 12 orders of magnitude (sub-eV neutrino - 173 GeV top)

e flavor transitions (mixing)

e CP Violation



Flavor within the Standard Model

Yukawa interaction couples fermions to Higgs. For the quarks:

After electroweak

wquarks L _
L.%u“ = —ﬁ (dL Y dR + uLY, MR) + h.c symmetry breaking
Y, Y, are 3x3 complex matrices in generation space
| "dr Tu P ]
|

not diagonal — flavor structure

Mass eigenstates of the quarks obtained by unitary transformations:

A =V,,d, for g=u,d and A=L,R Where}\/A'gV,j?g =1

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

V2

M, = diag(mg, ms, mp) = ViLaYq V;,,;;



Quark masses

After this transformation quark masses appear as usual Dirac terms:

ﬁ%um'ks = —&]_Md&g — EI_MH 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.

. 22 = 7 5 — ~
Lec=——F7= (H’L Y 8 Wu+ Vekmdi + dL:’r 8 W};; FJKMHL)

V2

with  Vexm = Vi, VJ,:; (must be unitary)



CKM Matrix

Complex and unitary 3x3 matrix:

(Vud Vus Vub \ ¢
VCKM = Vcd Vcs Vcb S
\th Vts th J b’

Complex 3x3 matrix: 18 parameters

+ unitarity condition (9 parameters)

+ removal of 5 unobservable phases results into
— 4 free parameter:

3 Euler angles and one phase é:



- CP violation

Violates CP if V- IS complex:

. 22 = 3 5 — ~
Lec=——F2 (H’L 4 3 Wu—'_ Vexkm dL T dL Y “ Wu FJKMHL)
P>
":gg =-£ (&L}"“ W,u_ VL:TKM iy + Gy y¥ L/ Vikm &L) '

s/i u

CP (T) violation possible if V; # Vj}k

W-— \ W+
Vb

u \ U

|



Presenter
Presentation Notes
Achtung: T ist anti-unitaer, CP ist hingegen unitaer, aber CPT ist ebenfalls anti-unitaer.



Wolfenstein Parametrization

Reflects the hierarchical structure of the CMK matrix

A, A, p, nwith 1= 0.22 |Vub|><e-iv
Vud Vus Vub 1_1% Z Alg(p—lﬂ)
VCKM = Vcd Vcs Vcb — _/1 1_/1% AZZ +O( 4)
Vi Vi Vo) |ABQ-p-in) -AX 1
|th|><e_iB
A A AZ(p—in)
Ve =| -2+ 82(Y - p-in) 1-24 -2 0ean’) Az |+o(2)
ARL-p-in)  —AELALW2-p-in) 1-AL,

'|Vts|xeiBS




.I.

Unitarity of CKM Matrix VewVexw =1

V:d V:d V;JI Vud Vus Vub 100
Vis Ve Vi Vg Vs Vg |=|0 10
\ LTb gb ?b J \ th Vts th / \ 001 /
= Vud Vug + Vcd Vc;+ th th =0
Im Unitarity triangle ,, db” CKM Phases b-u
0 (p,7) .
IS (1 1 @)
I A% | V.V,
\/wuccﬁazarg _ 7t ﬁsarg{— \/cd\/c*b} y=arg ——<-2 | |1
_ \/ud\/ub_ ViV _ \/cd\/c:b 1IN
- S NI T
VeaVer! t>d
Re >

CP Violation if Triangle has finite area !



More Triangles ...

* * * * VU*V
Vudvub +Vchcb +thvtb = O (db) /Vubvyv\*vtd y\/“d
Vusvub +Vcsvcb +Vtsvtb =0 (S b) ( ) r V.V,
-2 1 AR(p-in) ol
/2 e PmM(sb) (ct)
At é A ViV [~Yala ViV ~ViV
AR(L-p—in) -AL 1 V.V, VIV
Vcdvtd +Vcsvts +Vcbvtb =0 (Ct) (dS) ViV, B V.V, (u‘(_i)
|

@/w FVieVes VVew =0 (uc) WV = L }/
cd " cs td Vis ub "¢

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

Jop = Im(V, V, V,V, )=3-10°

CcpP




Unitarity Triangle from B Decays

Im
‘ B'Bq B’ &
Bws -
b >U
O~ ~ —Re
t
B #5

Sides from CP
conserving observables
10
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One of the goals of B physics is to measure the parameters of the triangle very precesisly: the sides can be measured from b->c and and b->u decays and from the mixing frequencies.


Unitarity Triangle from B Decays

Im 4 200 =21 -2 -2y

Angles from CP
violating observables

CPV:B° - DK"Y DK?,Kz,D'x

ICPV: B® > J/yk]
B, — DK, KK

11
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More interesting are determination of the angles (that means the CKM phases): they can be measured from CP asymmetries of B decays. The most prmoninent example is the determination  of sin2beta from CP asymmetries in the golden decay channel. The measurement of the other angles in experimentally much more complicated. 


CP Violation in meson decays

CKM phase do not lead easily to measurable CPV asymmetries.

To observe CP violation needs at least two amplitudes with different weak
(sign flip under CP) and different strong (invariant under CP) amplitudes:

A =A, e e

B o f

A, =A, e"e™
B > f

CP

A, =A, e"e" A, =A, e "e"

A(B — f) :Al e/¢le/51 + AZe/@eIé‘Z I E(E —> f) :Ale_/ﬂeié‘l‘i‘ Aze_/@eié‘Z

‘ﬁr ~|A[ =4 AA, sin(¢, - 4,)sin(5, - 5,)

12




Weak b hadron hecays

e
§O|: b Vcb\/ubcu:|DJr 7Z'+
i d
Vg Vi V'
Vo Vs Vo
\Vz‘d /ts Vz‘b Y,

b cannot decay into top quark

Tree decays “CKM” suppressed:

— Loop corrections important.

Flavor Changing Neutral Current
(FCNC) Processes:

AF=2
0 b T t_WT d DO
B I | B
Jd ¢t 4 b |
J\N\/\/y
P \\ AF=1
I/W \
5T s
0 O
B d K

13



New Physics in Quantum Loops

If the precision of the measurements is high enough we can discover
NP due to effect of “virtual” new particles in quantum loops,

Standard Model New Physics
— = — =
q ! W l b q l Y I b
| | + | |
X
b ’I u,c, t I ,d b ’I | ,q

C
A -2, S [oe])
SM m2 AZNP

What is the scale of A ? Size of C\, and alignment w/r to Cg,, ?
14



The Flavor Problem

excluded NP scales
for generic flavor
models C,p=1
from mixing

A, [TeV]

Numbers by T.Mannel
(FPCP 2016)

Possible scenarios;:

10°

104

10°

10'

See: Isidori, Nir
& Perez arXiv:1002.0900;

Neubert EPS 2011 talk
FLIE ey . >1000 TeV
>400 TeV .
>70 TeV
(s — d) (b—d) (b — s) (e — u)
Ampe, €x Amg, 8in28 Amg, AZp D-D

* 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)

15



LHCb — Strategies to Probe New Physics

Meson - Mixing

CKM Metrology: vy

Rare decays

RS

CFP to get mixing phase

BO

angular distribution

1

By

Rates

KO

magnitude <> rates
. phase <> CP-violation

Lorentz-structure <> angular distrib.

16



Neutral Meson Mixing

Figure from http://www.gridpp.ac.uk/news/?p=205

17



Mixing Phenomenology

M __'F)[ P (f)>] No mass

PP (z‘)> eigenstates
}
CPT M — ! M.. — I_r M and I hermitian:
2 12 2 12
m, =My, =m N i m,, =m,
L =T.. =T MlZ__Flz M-—T x
1~ Y22 T 2 2 r,=r,

Off — diagonal elements describe the mixing.
18
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Unabhaengig von der exakten Dynamik laesst sich der Prozess dass ein D0 in ein D0 bar uebergeht phaenomenlogisch durch eine zeitabh Schroedinger Gl. beschrieben, der effektive Hamilton Operator lesst sich durch zwei 2x2  Matrizzen M und Gamma beschreieben. Durch Diagonalisieren der Matrix erhaelt man die Masseneigenzustaende D1 und D2 mit Massen M1 und M2 und Lebensdauern oder totale breite. Die Zeitpropagation der Masseneigneszustaende ist dann recht einfach gegeben  … daraus kann man durch Rueckwaertseinsetzen die Zeitentwicklung der urspruenglichen Flavorzustaende Do und D0 bar erhalten.


Mixing Phenomenology

,short distant, virtual states”

/ M”\
-

,long distant, on-shell states”

for KO very important, for B® small

- Mixing parameters

M| |0

Duir = arg(_

MlZ
1_112

|

19



Mass eigenstates

Mass eigenstates are obtained by diagonalizing the matrix:

1

F)=p|P)+q|P") withm,T, P(0)=e""-e 2" |P,(0)

1

F,)=p|P")-q|P°) withm,T, Ay (t)=e"™" & 2" |P,(0))

complex coefficients ‘p‘z +‘q‘2 ~ 1

The mass (physical) states are usually labeled by the properties which
distinguish them the best: K, K;; By B; Dy, Dy;

20



Mixing Parameters

Am=m,—m Al'=1), =1,

a

m=2(m,+m,)  T=2(,+T,)

One finds: (_Am)z -3 (_&I)Q = 4 |M;2 2 _ \F12\2
Am = 2|M12| Am Al' = —4Re (iﬂlflzriz) ;

AT ~ 2|[,|cosdy

q/p|~1 Am +iAT/2  2Mfy —iT%

And g/p: p  2Mp—iT1s  Am+iAL/2

for B mesons: I';, < My, A" small: Am=2 |M,,|

e The sign of g/p determines whether m, or m, is heavier: the
usual choice is Am>0: g/p>0 “+” sign.
« Attention: this conventions is not fixing the sign of AI.

The experiment has to tell whether CP even/odd lived longer.

21



Neutral Mesons V. Goreabont

Labeling of physical states: heavyl/light, short/long, CP-even/CP-odd

Al large

0020015 -001-0005 0 0005 0071 0.015 0.02 -
P pat

very fast
oscillation |
B'l.,L BI,H
15 -10 5 ] 5 10 15
ps?

22



Theoretical predictions

c-T,c-t: <mmV,V, V.V., <mmM\®

c Tt th

u quark can be replaced using unitarity V-

2

My, = 5 Voo f M3, Sy (%, )Bats Myns| - [am =2y

(B|q AB=2)B)

So(mf/m,f,/) = Loop-function (Inami-Lim) = result of box diagramm.

Bg = bag factor, f; = decay constant: non-perturbative effects
ng = perturbative QCD corrections

23



Time evolution of B? (P9

t t=0 t

B

Amt
COS

i /Vg Amt
sinl COS —
1 2

§O
s
0

o A%nﬁ
— ¢sinh —An —

+ 7 cosh

AI'~0

24



Mixing phenomenology

Mixed/ unmixed probability: AT'~0

P(B® s B 1) ‘<BD|BG >( _

s(Amt))

P(B° = BO.1) = ‘<BD|BD(¢)> 2 _ g;r

e

2
q

P

(1 — cos(Amt))

Mixing asymmetry:

unmixed (t) — mixed (t)
unmixed (t) + mixed (t)

A(t) = = CoS(Amt) If |g/p| =1

25



Time dependent mixing asymmetry

1,2

for Iy =I =T

P(B° »B°) = %e‘“(1+ cos Amt)

'

P(B° > B°) = %e“(l— cos Amt

2 4 6 8

10

P(B° — B%)— P(B° — B°)
P(B° - B°)+ P(B° —» B°

1 2 3 4 5 6 7 8 9

Lifetime (proper time)

[4:

10

cos(Amt)

26



B meson mixing

B° meson

1 1 11 N ! | L
o 1 2 3 4 5 6 7 8 9 10
proper time (ps)

B meson

172 3 4 5 6 7 8 9 10

proper time (ps)

G2

;'1-]’19__,; 121:2 ﬂ 1;.5)2;1_{& S[] (;l'f )ng féq ﬂfgq?}g
Am, [Val A
ﬁmd “ =~ =\* =0.04
-

27



BO Mixing *

Phys. Lett. B 719 (2013) 318.
— T T T T 1

]
[LHCb
- +B'SD

o
I

<
)

vy
o
Raw asymmetry

[

- —combined _:
\ %\ \ D=1-2m

=
L

vy,
o
=
2

04 Am, = 0.5156 +0.0061ps™ -

1 | 1 1 1 1 | 1 1 1 |
5 10 15

B” decay time 7 [ps]

Question: Why is oscillation not from +1 to -17?

Question: ARGUS (DESY) in 1987: m,,, > 50 GeV. Why???

28
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Hier eine Messung der B0 Oszillation die erst vor kurzem mit BABAR durchgefuehrt worden ist.
B0 oszilliert etwa 0.8 Mal pro mittlerer  Lebensdauer von 1.5 ps.    


B, Mixing Measurement

—

L= pyct K- Signal B
(flavor specific decay)
Lm, +
t = K ‘;654000- ) c!ata
p - - 5 | ;fBlf:e D,
7T = | M B> DK*
/ D _ %2000_ LHCDb misid. bkg
S = - I comb. bkg.|
B,

PV N~ — TC+ T 5400 (D, ) isréegriant mzsai?[h‘lewc?]
S~ —  Need production flavor
B —

Opposite B

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

PDF o {e“ ( 1 + T cos(Am - t)ﬂ

Production flavour from
tagging algorithms

-

resolution

29



Detector effects on B, oscillation

proper time [ps] * ’ _ 1 prope:-:ime [ps]z ” - 1 nrope:-:ime [pSII
Finite time Realistic tagging

resolution: 44 fs

30



% B.-Mixing

New J. Phys. 15 (2013) 053021

’%: J.+ . LHCh ¢ Tagged mixed
E i o) %%;'a ‘t o Tagged unmixed

E 400 ] ' $ —— Fit mixed

% ' W e Fit unmixed

=

5 i

5 200

0 1 2 3 4

decay time [ps]

Am,=17.768+ 0.023 + 0.006 pst «7— 1 per mille
Theorie (U.Nierste, 2012) (Syst: 2 & p scale)

Am,=17.3+ 1.5 pst

Unsatisfying: Hadronic uncertainties limit the precision of theoretical prediction

Can we do better? 31



Parameters with better precision?

Phases have very small absolute theoretical uncertainties:

Dy = arg(Mu) = arglg] @y, =arg| — M,
P [,

Theory: ¢,, =—-0.0364 +0.0016 Theory: ¢, =0.0038+0.0010

J

\
\ J Y

(B, (f)  P(B°—B°) # P(5°— BY)
CP-violation in mixing

Time dependent CP-violation Phases are very sensitive to
of B, decaying to a CP eigenstate new effects in the loops.

32



Interference between Mixing and Decay

adapted from G. Raven
t=0 t

o] A

0 f
B dg.11) P

&,go /‘Kf

9. (t)A +%g(t)/§

9+(t) = e~ (M=)t | | cosh A_I_t cos &.mf. — i sinh &jf sin &mt
g—(t) = e~ m=iz)t | _ginh alt COs .&:'{rt + i cosh Al sin &‘mt

33



Time-dependent CP-Asymmetry AI'=0

t =20 t

adapted from G. Raven

Rate

B — fcp

@ —_— foP

o e T[] + sin(dwear ) Sin(Amt)]

—1I't [

X e 1 — sin(@weak ) sin(Amt)]

Acp(t)=

I‘(? — f(_'_'p) — F(BD — fCP)
I'(BY - fop) +T(B° — fop)

—SiN Qyeal Sin (Amt)

34



Time-dependent CP Asymmetry AI'#0

—3Afsin Amt
cosh ATt + R\ s sinh $AT?

For AT~0 (By): =  —8in @year sin (Amt)

Measurement of time dependent CP
asymmetry of a process B? —
measures the phase difference ¢,
between the two path:

¢Weak — ¢/I/l o 2¢Weak

35



B, mixing Phase ¢,

o> o>
s 1t 1 b [|_
23 IR |
b , t | s
< —<¢ - <
RO q > BO
S p S

Mixing phase (ignoring CPV in mixing |g/p|=1):

% =—exp(-/g,,) ¢, =arg (M12)

New Physics can alter the phase ¢,, from the Standard Model.
Need an interference experiment to measure phase differences.

36



Measuring the B, mixing phase

T 1
Amix — "A‘r11ix‘ei¢wI

Standard Model:

b Ve t Vis

E:;Il

W-

a1}
P
L
el
—]
=
L=

Q{’%M = —2 arg(Vcs c*b)

hth~

Interference of mixing & decay:

= ¢Weak = ¢M o 2¢D

= ¢,

+ small penguin
pollution

g . =-0.0364+0.0016 rad (CKMFitten

— very small CPV




Standard Model Expectation

Precise Standard Model prediction:
oM = —0.0364 + 0.0016 rad

S

B B m) ¢, SMall:
expect very small CPV

[Monte Carlo
- SM x 10 for
Y. visibility]

~ e [+ sing, sin( Am_t)]

38



BS—) J/\|I (uu) (I)(K K) Phys. Rev. Lett. 114, 041801 (2015)

| 15000
» experimentally clean i

e VV final state; g
10000 |-

s

b < c _
N < Jy  grc_yq }

Candidates / (2.5 MeV/c?)

Eﬂz 0 P 5000 |
CP/ = CP(J /w)CP(¢)(-D" 0 e
(J/y9) (J/1y)CP(#)(-1 s 10 i
(L =0, 1,2 = relative orbital moment m(J/y K*K) [MeV/c?]
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Angular dependent t distributions

Helicity frame

1y
{1 = (cosbk,cosb,. o) . . y
“““““““““““““““““ =
D\
B° e
A
BT(BY — J/ v KTK™) - 3
S (
B, dt dQ = Z (1) T ()
k=1
— A/ 0 KT K™) 0 _ —_
B d*I'(B; = J/YK (
s TS x kZ hi(t) fi(€)

40




Candidates / (0.2 ps)

S

Candidates / 0.0

Decay time and decay angles

3500

10* g 0
= S 3000F .
3 C .
e 8 2500 =
- < O F .
5 [ = C ]
10° 5 2000 F 3
= E C \ / .
- 1500 - =
10 - : N 7 ]
b 1000 P Seluisist e G E
E 500;_ ,z,’ %"‘\._\ _;
— - Fs LY -
10—1 0 _’I_ll_.l_.l_ B I ST ST S A (NI T N NN R .I_.I_.I‘-‘
5 10 -1 -0.5 0 0.5 1
Decay time [ps] cos B
350’0_ T T T [ T T T T T T T [ T T T T ] _’5“ 3500 :' T T T T T T T [ T ':
E . o r Y .
3000 - LHCb 4 S 3000F LHCD =
C 4+ 4 w C o= 3
P00E T R T i N
2000 . : 2000 o =
= — 2] - —— ]
C — —~ ] 2 C -~ ~ ~ ~ ]
1500~ S E 150~ ~__~ ~
C N E ]
C 4 = r ]
1000 B<7_ ’#}? S 1000E. e =
- ""-..._.‘__ __...-" — _ - ~ ~ ' ]
500 T Tmme—— T E 500 o7 NP
0: e = - e ———— _: 0:._.|_._| ............. == === r

-1 -0.5 0 0.5 1 -2 0 2
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Time-dependent CP Asymmetry for B,

=
—
T T 1

0.05 -

o
T 1 T 1

B/B-tag asymmetry

-0.05F

0.1k

-0.1  -0.05 0 0.05 0.1 0.15 0.2
Decay time (modulo 21t/Am,) [ps]

¢, = -0.058 + 0.049 + 0.006

' =0.6603 + 0.0027 + 0.0015 ps*
AT" = 0.0805 + 0.0091 + 0.0032 ps

Consistent w/ =1
|:> IA| = 0.964 + 0.019 + 0.007

no CPV

42



Experimental Status

0.14}

0.06}

ICHEP 2016

' [CDF 9.6 b

» |
RO8 HFAG |l
|

68% CL contours |
(Alog L = 1.15)

ATLAS 19.2 fb™!

—04 ~02 0.0 0.2 0.4

5 [rad]
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B® Mixing and CPV in B® ->J/yK,

O vy
~t

44



Time-dependent CPV for B"

_ (B = fep) —T(B" = fep)
Acp()= —— et x
I'BY = fcp)+T(BY — fcp)

=  —SiN Qyeal Sin (Amt)
Phys. Rev. Lett. 115, 031601 (2015)
z\, 04 ! ' ' ! | ' ' ' ' | ! ' ' ' | ! ' 'E
£ 03 LHCb 3
g -
5 U2 BO—J/yK E
S 0l T ING
8 y4 E
>0 :
ol
02 =
-0.3 'Sin(l)weak = MNcp sin(ZB) = Sin(ZB) —;
t (ps)

sin23=0.731+0.035+0.020




CP Violation in B mixing

P(BS, »BY,)=P(BY, - B)

t=0 t R t=0 t R
B° B
T I
B® B
—~g_(t) ag_(t)

.

CP violation If |B

#1
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Semileptonic CP asymmetry

t=0 t t=0 t

0 Q0
W’B \IX _W’B \X
B 19 (1) ﬁx B Lo 1 X
&’go/‘ &’BO/‘
B0 —s BO B0—s BO
p- X o u*lX

Question: Which amplitudes interfere?
47



Interference-Effect

/ \ Weak phase difference:
0 o) —arg| - M
P R el
/
_r12

In case of CPV in mixing: 1#|q/p| = (1-¢€5)/(1+&5) W/ gg complex

Physical states (B, B, ) are not any longer pure CP states.

48



Time integrated asymmetry

B0 —s BO B0 —s BO
ulX op u*lx

. _ 1”(%0 — B) > 1" X)-T(B, —>€q° — 1 X)
TTI(B > B> u X)+T(B) > B) > i X)'

qg=4d,s

plal -la/pl 1-lg/p] AU ( /I//lzj
= = ~ tan @y =arg| ——=
pial riaipf el Am o b

(M = (C45+£08) 107 ap™M = (211£036) 107

A.Lenz and U.Nierste
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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.

T P(BY) + P(BY)
 Moreover one needs to know the detection asymmetry for the final state

) —=(h)
D = —
() +<(F)

* Knowing the detection asymmetry, the production and semi-leptonic
asymmetries can be determined in a time dependent analysis:

d {Td

NN o ah (e
Apeas(t) = N/ DT N6 ~ Ap + 5 + (Ap 5 ) cos(Amygt)

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

50



Experimental Status

[7o]

S
sl

A

IE . Standard Model | | L
B -T \\ i 5
O : .............................. (E\ ....... — : o
RS i i
S i

- | s g . i
_1 — ¢ .E ]
- | o E .
l Lm) S i
—2 :_ <~ B i _:
- % LHCb DMuvx X ]
e DO D(*)‘qu : o _
=3 S BaBar D'/v . ~
- O BaBar /7 . i -
B | Belle /I | . | | _

.3 -2 ~1 0 1
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New Physics in Bg Mixing

— =
q 1 W b
I I
I u,c,t I
b > ’Q
B SM NF __ SM
Am?-if’ . Amim T Ami;r s Amim XIA
- N P
Ag = |Age®s

A. Lenz , U. Nierste & CKM Fitter

ImA,

Status CKM 2014

| I I | '| | I I | l T

T l | I I | '| | I I !

I I I I | I | I I F T T I I | I | | I
excluded area has CGL = 0.68 '

| AT, &< 8t (KK) & T,/

SM point

NP in B, mixing - with ASL

-2

m|||||||||||

-1 0 1 2

Re A,

Agreement with Standard Model, but
still room for New Physics (10...20%)
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Direct CP Violation & CKM angle y

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

— IIII|IIII|IIII|IIII|IIII|IIII

g |
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Direct CP Violation & CKM angle y

« CP Violation in mixing
| Indirect CPV
e CP Violation through interference
between decay and mixing
e CP violation in decay
A, 2

‘ - direct CPV

A A
—&<Zf| 7 |8

P(B>f)zP(B > f)

(time integrated)




CP Violation in meson decays

CKM phase do not lead easily to measurable CPV asymmetries.

To observe CP violation needs at least two amplitudes with different weak
(sign flip under CP) and different strong (invariant under CP) amplitudes:

A =A, e e

B o f

A, =A, e"e™
B > f

CP

A, =A, e"e" A, =A, e "e"

A(B — f) :Al e/¢le/51 + AZe/@eIé‘Z I E(E —> f) :Ale_/ﬂeié‘l‘i‘ Aze_/@eié‘Z

‘547‘2 —|A[ =4A A, sin(4, — ¢,)sin(5, - 5,)
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Direct CP Violation in BoKr

Tree

Penguin

A2 e/¢0p 6/5

Strong and weak
phase difference

2 5 _ _ Strong phase
CP Asymmetrie ‘A‘ - |A| = 4‘A1HA2‘S|H¢ SINO|  difficult to predict
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" Direct CP asymmetries for B} .- K

PRL 110, 221601 (2013)

so0of. LHCD B KT B> K " — gka

F [a] {b) \ i v Eg—}ﬂ'ﬂ'
3000 3 By KK

S B A B—3-body
Emg .. Comb. bkg

(10 MeVic?)

re
.
L

e et (LT, P = g —--__;_“i__.

- LS v

:|_|.|_|_|_|_|_|: J.lr..'l ol ool ba g 1 [ | 1 |

5 51 52 53 54 55 56 57 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 Ob S ervab | eS PRL 110, 221601 (2013)

Correction for
— f_ -I(B>f) detection / production
—>f)+T(B > f) asymmetry

pmg
W™

N—T—

Acp(B" = K*r~) = —0.080 + 0.007 (stat) + 0.003 (syst)  [10.50]

Acp(B? =K 77) = 0.27 £ 0.04 (stat) £ 0.01 (syst). [6.56]

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

_Aep(B"—=Ktnm) B(B!—=K nh)T

A= — =0,
Ap(BISK-77) BB SK )1,
~ Direct CPV in B—>Kn
A=-002x0.05x0.04 fully consistent with SM.

*) ...but in the standard model a miracle occurs ...
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Presentation Notes
The penguin contribution to Bd ! K+− is known to be reduced by a CKM factor in Bs ! K−+.
Thus the two branching ratios are very different and a different CP violation
is expected. But in the standard model a miracle occurs and the interfering
tree diagram is enhanced by the same CKM factor that reduces the penguin to
give the predicted equality. This miracle is not expected in new physics; thus
a search for and measurement of the predicted CP violation in Bs ! K−+
decay is a sensitive test for a new physics contribution.

namely a relation [4] between the
CKM matrix elements, in which the tree diagram contribution is enhanced by exactly the
same factor that the dominant penguin contribution is reduced. Thus altough the branching
ratio for the Bs decay which depends upon the dominant penguin contribution is reduced
relative to the Bd decay, the direct CP violation remans the same.


1.5

CKM Angle vy

%
VUd ub

— arg BT
! chd ch

T T T 1 | 1 I T 1 I&l T T T T T T 1T T T T T 1
excluded area has GL = 0.95 %& T
Z \* i
C ¥ 2 i
1.0 — 3 —
- 5 Amg&Am,
2 sin2p -
05— —
L i
0.0 — —
-0.5 — —
-1.0 _— EK o
- % ' sol.wicos 230
= Summar 12 T ] (excl. at CL = 0.95) -
_1 -5 I | | L1 1 1 ! I [ I | | L1 1 1 | L 1.1 1 I R I ]

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

P

U

Exploit direct CPV in
B—DK decays
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SenS|t|V|ty of B>DK decays to y

Adapted from S. Ricciardi

Faveured

_A(B~ - D°K")

A(B-—>DK")

_AD° > f)

~AD® > fy)

All unknowns from data
—= No hadronic uncertainties

Gronau, London, Wyler (GLW)

fy = KK, nn (CP state)

Atwood, Dunietz, Soni (ADS)

fo = K*n and n*K

B* — D(KK) K*
B+ — D(nr) K*
B* — D(KK) ©*
B* — D(nn) n*

LHCb -

Bt D(n*K") K*

Giri, Grossman,
Soffer, Zupan

(GGS2)
Self conjugated
Dalitz modes

B+ — D(n*K") =t
B*— D(K, K*rt") n*
B*— D(K, K*r) K*

LHCb -
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