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» CP Violation and BSM Flavor Physics

— CP Violation
— BSM Flavor Physics



Neutral meson mixing

® Mixing can appear when the flavor eigenstates are different from the
mass eigenstates

® Four neutral meson mixing:K°(sd)K°(sd), D°(ctr)D°(cu), B® (bd)B° (bd ), B? (bs) B? (bS)

® The top quark decays before hadronization becasue its lifetime is
smaller than the hadronization scale

® QED and QCD preserve the flavor symmetry but weak interactions
can break flavor symmetry

® In other words, without weak interactions there will be no neutral

meson mixing in the SM
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AF=2 effective operator
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AF=2 effective operator
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AF=2 effective operator

X j)—ij k®d*k o f k*dkd Q,
AT (K=MK -mA) (K —m?)  AMy T (K +D)P (K + X ) (K +x;)
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J(x) = J(x;) o xtinx, o om
A% X)) = X; — X; J(x) = 1 —xi+(l — Xx;)? Mg

® By using the relation and replace the spinors by the quark fields

v, o

P = g'y" + gyt — gyt — ey,
[y 9" (1 — vs)/2] .. Dywyayu(1 — ¥5)/2] = 4[y*(1 — ys)/2]. ..
©1451=2 = [57,(1 — 5)d] [57*(1 — 75)d]

® The effective Hamiltonian is
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The story is not over for
the transition amplitude
(Goldstone boson
contribution, vacuum
insertion, ...)




B® - B° Mixing

® Neutral meson systems: K°K°, D°D°, B°B®, BB

d uc,t b
= flavor mixing through box diagrams — coupled system W W
b uct d

p(t)) = a(t)|B°) + b(t)|B°
= time evolution can be described by a two-component Schrédinger
equation with an effective Hamiltonian H
8 (alt)) _ yalt) ]
3t | b(t)) b(t),
= mesons can decay — unitarity not conserved — H is not Hermitian

= decompose H into two Hermitian parts

1 | T ‘ f \ RO

> H=M-_T = -5 = ,_ _ _

r _ 1| H_H' 2 My My, 2Ty Ty, <B°|H(Z)|B°> <B°|H(°)|B°>
2 2i '

= off-diagonal elements of M and T describes meson-antimeson mixing



—O = =
— B~ MiXing
= M and I" are Hermitian — M,,=M;, andT,, =T,

= Assume CPT conservation (i.e. meson and its antimeson have the same
mass and lifetime)

{

M-ir m,-Ir,
2 2 M= M, = M,

' =Ty = I'y

H = i i
IM12_§P12 M_EF II

= diagonalize H to determine Eigenvalues and Eigenstates

T H,+H
Ay =My I ;H: 112 zzim

L

—0
|BL) = p|B%) +¢q|B) =

S [0+ 2180 + 0 -8B

—0 1 —0
By) = p|B% —gq|B ) = ———|(1 +&)|B 1—¢&)[B
\)p\)q\)m[( )IB%) — (1-8)B")|
pl>+1q/° =1 = B, and B, have well-defined

_ masses and decay widths

ﬂ é 21 M12_|F12/2 o ) o! —o! | Cimt ot
P +E Hy, M, —iT, /2 |BH(.”,:' = |.,p'|B | — q"B []oe R B
€= — B,(t)) = |p-|B° + q-|B°| - '™ e




B® - B° Mixing
® Time evolution of initially pure flavour states
= mesons are not produced in mass eigenstates, but in pure flavour states
B° or |B° att=0
= They are decomposed into a super position of mass eigenstates

B)=p, (B +[8))  and [B)=(1B)-[B.)

P oy o . dir ey TR 1) 'IIJI. i
””l.llr] S ””[”:“ '-"r_'fr gl f.'Jl ”]r_ |t|'r_|| — ”]r_ H]_Jf i =

= propagate according to the solution of the Schrédinger equation
1 —imyt T —im t T
‘Bt(]:o(t)>:ﬁ(| BH>e taT ”2+|BL>e ta Ft/Z)
R 1 —im t T —imyt \—T'y
‘Btozo('[)>25(|8|_>e ta Ft/2_|BH>e te~T t/2)

= time evolution of initially pure flavour states

. . __ m = (my+m,)/2
‘B?:o[”f = g.(t)-|B°) + %-g (t)-|B° T = (T,+T,)/2
B° (t) = q (t)-B° p 4y R0 Am = m,-m,_ >0
, 1 Tt ;Amt are jAmt ATt
with thJzEe”mez'leze‘*ie 2 g 4 |



B® - B° Mixing

= mixing probabilities

P(B°>B°t) = %,e—rr . cosh[ﬁATF r"]+‘cos{Am t| I
|| - .. &

PB°»B",t) = P(B°>B’t)
— 2 — ( v | AR
P(B°>B%t) = 1.|9[ . Tt . |cosh'A—Ft'— cosAmt|
2 |p | 2 ) U ) |
_ 2 : o . N
P(B°»>B°t) = 1.|P[ . oTt. |cosh1A—rt'— coslAmt) |
2 |q I,, 2 ) L )|

(J Time-dependent asymmetries

a_ (1) N(B'»>B’) — N(B'»B’) _ cos/Am-t|(+)8 - cosh|AT-t/2]
mix N(B°>B°) + N(B>B°) cosh/AT t/2|(+)8 -cos/Am-t|

N(B°»B’) - N(B°»B’) _ cos/Am-t|(5) & cosh(AT /2]

a_ —— — = . . _
mix T N(B'>B’ + N(B'»B" cosh(ATt/2|(=) & - cos|/Am-t

.

. 2
5#0 < CP violation in mixing 5 = 1-la/p!
| y 1+|q/p|




CP violation in K decay

J Two kinds of neutral K mesons and make isospin doublet with charged K
K®=ds(S=+1) K®=sd(S=-1)
K" =us K =sU

J CP properties of neutral K mesons are

K) =nce | K°)

K0> :Uép‘ Ko>

CP|K®) =€

_ . ¢, =0 by convention
CP|K®) =e ' .

. If CP is conserved in weak interactions, CP is a good quantum number
and CP eigenstates can be defined by

[K0) = (k) +[K7)) 12 CPIK,)=|K,)
)=(fke)- Rz (CPlKa) =K
' They decay to 2 or 37, whose CP is +1 and -1, respectively.

K,— 27, K, > 3r m, ~ 497 MeV
K, ~Kg, K, ~K, m_~140 MeV



Discovery of CP violation

1 Observation of K,—n*n (Christension,Cronin,Fitch, Turlay,1964)

= produce K (mix of K7 and K’) and let them propagate in vacuum
tube long enough for K; component to decay away — pure K, beam

= search for CP-forbidden decay, K,—n*n m(rm) < m(K°)
10
amion 2 _body decay (signal): = ”rﬁpjkl'" =,
Plan view Magnet - - 0
s X + : m(n*n") & m(K°)
1 foot \ K iy .
\ 2 -
X A =<’::}'} . | ] J 20
7 Coﬁgﬁi’/fz T ) mw o signal region I
e < e i Sk N
V7777 3-body decay (background):
! . ) o
! + AT nJ mﬂ njLLJﬂILr’H e
| |<2 T - E;J.\ 4]
57 Et. to ) ~ —_— i_f' - i -
. ) > mK) o
Carenkow
gLy nPfﬁmJ” n
0.99%6 099397 0.9998 09393 1.0000

cos 0

= find excess of 48 events = BR (Kz—w*n’) ¥ 2 x 1073
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Kaon CP-violation observables

] Observed neutral Kaons are not eigenstates of CP.

Ks) = ——— (K1) +¢K2))  —s  7m
V1+e?
| KL) = ; (|Ko) + €| Ky)) — T
V14 €2
Ks — nmnm BR = 69.2% K, — ntna® BR=12.6%
— 'z’ BR = 30.7% — 1%2%2°  BR=19.6%
— ne'v, BR=0.03% — metv, BR=202%
— m'e V, BR=0.03% — nte V., BR=202%
— nu*vy BR=0.02% — nutv, BR=13.5%
— TU Vy BR=0.02% — mTuTVy BR=13.5%

Question. Br(Kc—21)~0.998, but Br(K,—371)~0.32. In the K_ decays, the
semileptonic decay modes are dominant. Why is the branching ratio of
the semileptonic decay of K¢ quite small?



CP violation in Kaon decays

] direct CP violation in the K, decay

CP odd CP even
|K1) = |K2) + € |K1)

| Indirect : € (mixing)

v

27r CP even

— direct CP violation can occur only if the transition violates CP
symmetry

IAS| = 1 transition

— indirect CP violation occurs through the mixing
|AS| = 2 transitions

K = KS E/ KL z EK? T

d T
milliweak : AS =1 superweak : AS =2

Direct CP violation in amplitude

CP violation in mass matrix



Kaon CP-violation observables

_A(Kp—»7taT) L :A(ffL—??TUTrU) g
= A(Kg —7tr—) - 00 ="4 (Kg = n0x0) — ~ )

® Indirect : € (mixing)

p—q p* —q* p* —¢* _ ImM{3
Ex = = RS ~
“ T p+ta 4pg+(p-a)? T dpg T AMK
e = f'(ﬁm VOKM, e, Ty, ) Leon “E‘I = 1.90(26) x 10~° ]
| Jelexp = 2.228(11) x 107 a1 (2) oy = 44(7)° |

® Direct: €’ (decay)

2 !
~ 1 — 6 Re(

03]

oo )
M4 —
(€'/€)exp = (16.6 £2.3) x 107 2.90 difference
) (1.38+£6.90) x 107*, [RBC-UKQCD]
w0 (9),

—

o

. —4 e
(1.9£4.5) x 1077, [Buras et al.] c

‘ (1.06 &+ 5.07) x 10~4. [Kitahara et al.]



Importance of B physics

J Large mass m,
= Variety of final states to decay to

= determination of several CKM elements

= allows us to use expansion in 1/m, to estimate non-perturbative
effects systematically

[ CPV phaseinV,, ) CPV effects

(J Rare decays of B mesons due to loop suppression
= sensitive to New Physics

(J K and D physics have relatively large theoretical uncertainties



bb production mechanism

Hadron colliders: e.g. Tevatron, LHC

bl_) from QCD mediated process

incoherent production of b hadrons

not defined hadron energy

gluon-gluon fusion is the leading meachanism at LHCb

Tevatron o(bb) ~ 10ub at pp collisions, Eqyr = 1.96 TeV
LHCb  o(bb) ~ 150ub at pp collisions, Ecjyr = 14 TeV

Electron colliders: e.g. B factories
coherent production of B B at Ecy=10.58 GeV

well defined B meson energy

J{BE‘} ~ 1.1nb at eTe™ collisions, Ecyr = 10.58 GeV



B meson production at B factories

= (Collide electrons and positrons resonance at q=m - — 1 .
at vs=10.58 GeV/c? g —m" +iml
ete” — Cross-section (nh) '
hi 1.05 2 N (18)
cr 1.30 5 *
(.35 E i Y(48)
— - .! : { a 1
il (.35 % it ___off-peak l ]
il 1.39 S 4 33) ]
— 5 L | .1. : kg = 481
P 116 = [t o W tue, m_ml.,..--..,_t_*__ :
(S w <) 3 L : L -
- - ¥A4 FAED [ LUREL] AR S LU e PO 1939 AU (Lo
many types of interaction occur. Mass (GeVic')

= We are interested in ¢'¢ — T(45) — BB for B physics

_ B(Y(4S) = B"B) _ |

o,; =1 nb = with 1 fb™ produce 10° BB pairs

N.B. Y(5S) — BB, ispossible, but it is not the main target of B factories



How to identify B or B

- -
— -

-'II-.-.-I.'

Signal side



Travel distance of B meson

For a relativistic particle, the travel distance:

.
d= (Be 7))y =~ (300 ;Hn)(w) o

I'HI

The lifetime of B meson 7, ~107s

S
Bt - 1u,
R :
\ B+ .." T Li S
o il o
— et e i
p+ VyVr NPT BIdecayposition | pecaypositon "+ >
B*pmdluctiunpusitinn | T
|
~ O(100) M
c-hadrons:
D*:~ 312 um, D% ~ 123 pum
mtﬁ 1-9 GEV

10



Why need asymmetric B factories?

= Many observables require measurement of time-dependent asymmetries
= But, B mesons are produced almost at rest in the Y(4S) rest frame

—> difficult to resolve the vertex of B decays
= Y(4S) decays produce BB pairs in a coherent quantum state

J, sy = 1,J,=0= L_=1= wave function anti-symmetric

= Bose-Einstein statistics implies flavour wave-function must be anti-symmetric

—» BB must oscillate in phase until one of them decays

= Y(4S) is produced at rest at a symmetric collider
PV

5.3 GeV IIllIIllIIIh--'-(-:}_ -ﬂlllillllllllllll 5.3 GeV baCk_tO_baCk )
\ /- cannot construct production vertex
___-_.'H-\-

11



Asymmetric B factories

« PEP-ll: 9 GeV e+ 3.1 GeV e* « KEKB: 8 GeV e+ 3.5 GeV et

By = 0.56 By = 0.425
(AZ)~ 260 um | (AZ)~200 um
£+ - v | '\\* Flavor Tag
B g _‘-__ __ﬁ‘ and
tag - vertex

[ I’I
Y(4s) B, | | ‘”‘*’
| u ~
L
—
At=Az/(Byc) B LT R
reconstruction

This is a counter example of the famous EPR paradox

12



=

Classification of B decays a,g
-

Tree decays

= semileptonic

45 Ve Br ~11% per each lepton(e, i, 7)

Y

)

</ Br~uptoafew %
.
J

= nonleptonic

b T ot } Br ~1/10 of color-allowed tree
< { n=3 i c.u :
. N AR a’g } —
. g —— q

13



Classification of B decays

Iree decays by orders of A
= Cabibbo-favored (A?)

VoA
B° b —= - c D
d > d

= Cabibbo-suppressed (A3) <
V,oxA K

L VA u

b -— = C
B° °D

> d

= doubly Cabibbo-suppressed (1%)




Classification of B decays

Penguin decays ~FCNC, loop suppressed,

sensitive to new physics
= radiative

. Y

p—+——<+——=—3

—— d
u,c,t !

= (internal) gluonic penguin = external gluonic penguin

Y4
. c w
b W s.d | s y,Z .
q >

15



Penguin diagram

Origin of the name [edit

John Ellis was the first to refer to a cerain class of Fevnman diagrams as penguin diagrams, due in par to their
shape, and in par to a legendary bar-room bet with belisza Franklin, According to John Ellis: [£]

bdary K, [Gaillard], Dimitri [Nanopoulos] and | first got interested in what are now called penaguin diagrams
while we were studving CP wialation in the Standard Model in 1976, ., The penguin name came in 1977,
as follows,

In the spring of 1977, Mike Chanowitz, hary K and | wrote a paper on GUTs predicting the b quark mass
befare it was found, When it was found a few weeks later, Mary K, Dimitri, Serae Rudaz and | immediately
started working on its phenomenology, That summer, there was a student at CERNM, Melissa Franklin who
is now an experimentalist at Harvard, Gne evening, she, |, and Serge went to a pub, and she and |
started a game of dans, We made a bet that if | lost | had to put the word penauin into my next paper,
She actually left the darts game before the end, and was replaced by Serge, who beat me, Mevertheless,
| felt ohligated to camry out the conditions of the bet,

For some time, it was not clear to me how to get the word into this b guark paper that we were writing at
the time, Then, one evening, after working at CERMN, | stopped on my way back to my apartment to wisit
some friends living in Mewrin where | smoked some illegal substance, Later, when | got back to my
apartment and continued working on our paper, | had a sudden flash that the famous diagrams look like
penguings, So we put the name into our paper, and the rest, as they say, is history,

16



Effective Hamiltonian

. S = many scales (mp,my,Aqcp) are involved in B decays

w‘: g \E‘Jw | ook

Sy & = large logarithms appear in the calculation
(@) (1) M2 M2 2

E\_,\, w ‘(/5 P“a._‘u_,c,t,/? !I'*x_;, “.{s ln_\é\l’(ln_\é\/J e

/ \ : i / \ y7; MU
wed /'J wed W : I W ll\'\ _,-"Il . . .

iz vz Tar = perturbative calculation might be broken because
" Yo ) @ of the large logarithms

= go to the My, scale, where the logarithms disappers

= Physical process should be calculated at the m, scale

= use the operator product expansion (OPE)

= the large logarithms are summed up in Wilson coefficients (RGE required)

Hog = %VJSVCb (CL(1) Oy + Ca(p)Oq] (K D Mol Bd) = %VJSVca (a1 (K~ D" |(Satta)v-(cabs)v al BY)
+2C1 (K D|(5a T35 ug)v-a (e, T35 bs)v-al BY)],

= short distance physics and = how to calculate the matrix elements?

long distance physics are well ' Naive Factorization,QCDF,PQCD,SCET.,...
seperated 17



Three types of CP violation

/ CPV in decay \

(“direct CP violation”)

B K

* interference of decay
diagrams with different
weak and strong phases

» different decay rates
B->fvs Bf

/ CPV in mixing \

(“indirect CP violation”)

BY W

—

* interference of absorp-
tive and dispersive part
of mixing amplitude

» different mixing rate

0 =1 r=1 0
B,—B, vs B, — B

Qaeware of strong phas?

wmall in Standard Model

/CPV In interference\

of mixing and decay

PN

B’ J/y K
4}" Eo_/{%

* interference between
direct decay and decay
after mixing

» different decay rates

BD

o
(s) — fcp vs B (s) — fcp

« “golden modes”

/




Direct CP violation
J CP violation in decays if A(B— f)=AB— f)

* requires interference of at least two decay amplitudes with different
weak phase and different strong phase, which lead to the same final state

A,

' _ i(8;+9;)
AB~>f) = Z; q e 0;: weak phase, changes sign under CP

yu AB>F) = Z q e O;: strong phase, does not change sign under CP
F , ! joi

A [ | A" = -2 a,a, sin(¢,—¢,)-sin(8,-5)

a=

7 o= *
(.‘1+ﬂ2—u

= at least two amplitudes with different weak phase but also strong

phase are required.
19



Sources of strong phase

(J The weak phase is the phase in the Lagrangian, but what is the origin
of the strong phase?

(;Dj:{ Bander-Silverman-Soni (BSS) mechanism
R N

It gives a small phase.
Only source? =
Important source?

Insufficient to ¢xplain large
direct CP asymjmetries

only account
Vertex correctoins in QCDF = = for perturbative

\ /
\jf% strong phase

- = del-d dent
>U/’(r€ Annihilation diagram in PQCD mo_ SPeEnaen
PN

Final state interaction (long-range interaction) =
20



BSS mechanism

Bander-Silverman-Soni (BSS) mechanism

=4
%
%

c.f. H—yy decay

; 7! YAVAVAV VR
H H
_____ _H -y
AN Y
G, a® M3 9
Y ‘
D(H— yy)= ——H1 N.Q* AP (14) + AT (rw

Aﬁ-g{'r) = r 4+ (r—1)f(r)] 72

Al(r) = R +3r+3@2r - 1)f(n)]r°
arcsin® /7 T<1
. 2
flr)=4 1 [100- L+vi—rt/ o1 7, = ME/AM? with i = f, W
4 71— yT =71

21



Indirect CP violation

] CP violation induced by mixing
d V:; u,c,t Vo b H12 — M12 - (”2) I112

w iw= B° [ ,< M,= interference term small
> = CP violation in mixing small

New physics can enter in box
and may have significant effects

P(B°0)— B(t) = |o_(t]"

CP violation is present if |q/p | #1

e

gty

0T T|o

P(E“(U) N B“(t)) =

= In experiments, one can define

- Does not depend

) P[E”{O) N Bﬂ(r))— P[B“(o) N é“{r}) )
r = on time anymore

%= P(B°(0)— B°(t))+P(B°(0)— B°(t)) .

T | [T

22



CP violation in interference of mixing and decay

L For decay into a CP eigenstate f that is accessible to both B° and B°

A

S\ B%) = g+(t)\B°>+%g_(t)\§°>
B’ f B, = 9.0]B%)+ 2 g ()| 8°)
B =0 + q -
alp B "/ii

g, (t) =e™e ™2 cog(Am,t/ 2)
N.B.AI'=0

—iMt —Tt/2:

g_(t)=e""e [isin(Amgt/2)
= time-dependent decay rate asymmetry

_T(B°(t) > f)-T(B°(t) > f)

a(t) = (B°(t) > f)+T(B°(t) > f)

= decay amplitudes are defined by

(FIH|B°)

P

A:<f|H|§°>’**“ﬁ'

»
Il

(FIH|B°)

23



CP violation in interference of mixing and decay

2

M0 > 1) ~|a.0{f 1H18°)+ Lo (01 HIB°)

_ 21a 219
=g, O |A] + ;

|g_(t)|2\2\f\2+2Re(g+(t>(%g_(t)J AA j

F(B°() - ) ~|g.()(f |H |§°>+§g_(t)<f |HIB°)

- g+<t)|2\/1f\2+§ |g_(t)|2\Af\2+2Re(g+(t)(§g_(t)j Z\fA’;J

24



CP violation in interference of mixing and decay
= In the SM, it is known that

q

P

1-—

2 B _
im T, ) ] O@o )  for BY - IE‘?
M., <0(10™*) for BY-B?

= time-dependent decay rate asymmetry

_T(B°(t) > f)-T(B°(t) > f)

A0 = B0 S NITEO S 1)

= C cos(Am,t) — Ssin(Amgt)

= CP is violated if

= Cis called sometimes “direct CP violation”, but in this case nontrivial
strong phases are necessary, unlike CP violation in decays.

= S corresponds to the "mixing-induced CP violation”

25



Determination of CKM angles

ViV
Vuqu*b

Belle notation:
¢, =B
9, =

9=y

a:arg[—

B“-*nn,pp,pn,--j

\VAAYA )
V= arg(_LLib —ar _Vchcb
Vchcb ﬂ g \/td\/t;;

B° > D'[*]'K[*}
B> D"'n
B’ DK

0 0 )
B" > J/y K
B° - ¢ K3
B’ > J/yK*®

(0,0) (1,0)

VeV + VegVep + VgV = 0

26



Useful notation for the CKM matrix

] — 5% A @ P —
Vekm = =5, — I\ i
AN — p — —A)\“
complex

i
- ---~—-__
-
-
‘h--
-
~
-~
-~
~
~~

[ I\/ud‘ I\/us‘ ub 7

N Mo Ml

Mal€” =N M|
27




0,0)

sin2p

(1,0)
ViaVap + VgV + VigVi, = 0

arg(_

B—J/yx'

B—D"'D™"

B -5 p'K’
B - pK"’
B - wK"’
B — 7K’
B — ¢K""
B — KKK

B — f°(980)K"’

Vcdvc*b j
ViV

28



sin2/3: Golden decay B° — J/wK

JP(K) =0
J cPU/yK?=-1 and both B® and B° can decay to J/yK I y)=1"
1990 ® 5 5_"_‘_"_' ° Jiy b ’ €
_ R . c -
g :VE . §w= d Bod F‘Tj K ~> K Bna ‘{ K® ~> K

= time-dependent decay rate asymmetry

= define 1“12

=re® (r~107)

(leading order in r and t-t
contribution is dominant in My,)
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sin2/3: Golden decay B° — J/wK

J'(K)=0

J cPU/yK®=-1 and both B® and B° can decay to J/yK I y)=1"

s Bl o GRSt b b
I1yK? . AJ/y/KO . V.V Vcchb V V.

= In the SM,

2 ~ _
119 =yl Tz ) - O(10% for Bg—lég - a4
P M., <0(10™*) for BY-B? P

= Then we obtain

_____ opposite oscillation
‘‘‘‘ ¥ for CP even final states
= this holds if tree amplitude dominates
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sin2p: Golden decay B® — J/wK_

= contamination from penguin amplitudes

c
u,c,t :gf;< c JI From unitary condition
b “-w“- \/t:)\/ts = _Vc;Vcs _Vu*bvus

Pr ' ( V:bvtsJ Al I[."-'|"F,c.'J ' (V;bvcsj + Pu ' ( v:;bvus)
= (-T+P0_Pt)'( ;.l:ivc::s)+“=u_'Pt)'("",:'.l:iwursjJ

L. L. L.

~0A1-T )2 ~01-T Y

contamination is smaller than 1%

— Golden decay mode to measure sin2g3

31



B® > J /yK?

B’ 5 J/yK]
sin2p fromb — cCs e
B > 7.K{
— . _ . B’ 57Ky
Babar (465M BB pairs): Belle (772M BB pairs): B’ > J IyK®
w ¢ & L CP-even channels CP-odd channels
o T a00f . - , A . ) A .
S| : ¢ ] a
B g 200 a1 i —
B S : -
< e - 0
- 20.45— o ibl—E g ‘g [¢3)
| 5o EN ~
o L= - 2 S
W [ :%. ]_E g > 3
2| i Hs E -
5 | Ew . 31 F : 3
Sd i PR = 8 < o
- | 2% ERNC B
=, g 02t = &
Nl = -
Q. E 02F = — =
U . sz.:— —{:+ = I I i i I I i I I i i i i i
3 [0 5 ' € 4 -2 0 2 46 6 4 -2 0 2 4 6
A p8) At (ps) At (ps)
[ sin2f = 0.687 + 0.028 + 0.012 ] [sin 2¢, = 0.667 = 0.023 + 0.012]

= direct CP asymmetry is consistent with zero as expected

| C, = 0.024 +0.020 = 0.016 | [ ¢, = 0.006 +0.019 + 0.012 |
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0,0)

ViaVap T+ VeaVer + Vig

*

tb —

(1,0)

B—anr
B—ap
B—br
B—-bp
B —a,q,
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sn2ainB® > 77

J 77 is a CP even eigenstate and B and 8° can decay to n*

v: d ., . Ve o9 /0

. v,m::{u n/p ) V;,,',éﬁ TP

0 S E— u _ _ —0 __.'- — E + +
B" , . d:r:fp B" P g T/p

= If the tree-level amplitudes dominate, easy to measure @

= but significant penguin contamination with different weak phase exists

_ Vv, VvV, _
,b ------- d J'I:+,!p+ Anm:Pt‘(v;}vfd}‘FPc'(v;hvcd}"'(T+Pu}'(v;hvud}
0 — — = u * *
B u,c,t 7] 1o = (Pt_Pc)'(_vmvtd_}'+£T+Pu_chlgvn‘bvud)
d - d II: p ,1._5,_3 F';T *.T.E'l.a
. v,V ,=-V, V,, V.,V
— measure effective angle o = 0oy + Ax | == — ﬂ;4 Ml

PIT~ 30 %



Bﬂ' — D-KHJI+

ViaVap + VgV + VigViy, = 0

(1,0)
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¥ measurement in B— DVKY

= interference of tree diagrams: theoretically clean (no penguin pollution)

u
W~ s ~ W
b C B kLLLLL’<‘3,

B~ Ves Da _ i K-

u u u u

Vcb (~}~.2) Vul:|=|vul:||e Ry (”la) |

C

(e]

= direct CP violation used ~ no time-dependent CP asymmetry, just rates
(D°= f)

[f1K"

+ strong phases
~ r\ (D°— f)

= not sensitive to New Physics ~ theoretically clean determination of y

= theory uncertainties from hadronic parameters
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Flavour physics beyond the SM

‘Z;/eff - “;Ygauge (Aa’ Wl) + ‘“'; nggs(d)ﬁ‘ a’ L|j) T Z 11 O (@ ((I)?‘ Aa’ ll”)

Y ukawa d=5 Ad -4
r 2%\ A 2
. 1 (¢ Vo Vid) 1 A = effective scale
Jyf(Bd_Bd) - 72 ™ C\IP - ’ : phvsics
167" m,” A2 of new physics

Isidori (2012)
tree 'strong + generic flavor

1 > A= 2x10* TeV [K]

loop + generic flavor

~1/(167°%) » A= 2x10° TeV [K]

e

. (V '\_.-'Ti*\r‘[j)z free /strong + ']IIQI]JDE‘IHF A -~ 5 TeV [K & B]

loop + “alignment”

~(y; V" Vyp)?/(167%) - » A>05TeV[K&B]

[ New flavor-breaking sources at the TeV scale (if any) are highly tuned }




Minimal Flavor Violation

® Global U(3)> flavor symmetry in the SM
G lobal =U (3)Q xU (3)U xU (3)0 xU (3)|_ xU (3)E

g

— the symmetry is already broken by Yukawa couplings
— Generic flavor-violating interactions at A~TeV are already excluded

® The hypothesis of minimal flavor violation (MFV)

— The Yukawa couplings are the only source of the flavor and CP
violation in and beyond the SM

® The Effective Field Theory approach with MFV
6(1 Af’ﬁ Q_SER T E R+ ...

Cov 3
2
A NP

MEV = cus = (Yo),, (YE) = ViVyy?

¥ .IJJ

Lsp +

— The predictions have the SM flavor structure

. ) _ 41 2 2M2
A(d" = d)upy = (Vi Vi) Ay ™ (1 + )Af;p W)



Minimal Flavor Violation

® MFV is not a theory of flavor but a simple framework for flavor
structure of NP from EFT point of view

Minimally flavour violating main A [TeV]

dimension six operator observables - -

Oy = $(QrArc1.Qr)? ex, Amp, 6.4 5.0

Opy = HT D;gAd,\FCGWQL) F,. B — X, 9.3 124
Og1 = H'(DrAadpco, T°QL) G, B — X.A 2.6

3

On = (QrArc,Qr)(LryuLy) B — (X)tt, K — wvi,(7)tf |31 2.
(QLArcY,™QL)( Ly, ™Ly) B — (X)), K — mvi,(m)l |34 3

O = (QrArc,Qr)(H'iD, H) B— (X)f, K— nvi, (m)ll |16 16
(QLArc7uQL)(DrYuDr) B — Km, ¢€Je,... ~ 1

® MFV framework can be implemented for a given BSM scenario (e.g.
SUSY, 2HDM,...)

® The bound for flavor cutoff scale is reduced from O(1000) TeV to O(1) TeV

® MFV is very predictive but its justification in the new physics scenario is
questionable



Quo vadis flavour physics?

From precision tests of the SM
@ CKM determination
@ FCNC processes

to New Physics Discoveries?
@ ¢//= and rare kaon decays
@ [3 physics anomalies and lepton flavour universality

@ lepton flavour violation and (g — 2),

> NP sensitivity well beyond the TeV scale

Monika Blanke FPCP 2017
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Recent anomalies in the flavour sector

bz Sauerkraut

i erfrischend sauerliche Note

@ tension in CP violation in A — 77 decays
@ 3.90 anomaly in semi-tauonic B decays

@ various 2 — 30 tensions in b — sy~ transitions and (v

Monika Blanke FPCP 2017
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Semi-tauonic decays B — D®)rp

Test of lepton flavour universality (LFU) in semi-leptonic B decays

R(D™) =

B(B — D®ry)

B(B — D®){v)

(F — & p‘,)

— 05 — —
2 E
HaBar, PRL10%, |01802{2012) 3 -

'E Belle, PRDSZ 7200 4(201 5) Ax"= 1.0 contours ]
& 0.45— LHCh, PRLIIS 11 I803(2005) == 5M Pradictions =]
- Helle, PRI, H72007(2016) Ri D=0 MM} HPOCT (201 5) .

B Belle, arkiv:1612.00529 RiL¥=0.200¢ 1 1) FNALMILC (2015) ]

04— I Avenge RID¥"p=0.2523) 5 Fajfer et al. {2012} —]
0.35 = . ) - (’\\’\ T —
(.25 o Y \"‘"--...._,_.-j . .

Maviowd EW 2017

0.3 0.4 0.5

Pl ) = 67.4%
F.;..I;..;l....].;;.
2

0.6
R(D)

@ theoretically clean, as hadronic
uncertainties largely cancel in
ratio

@ measurements by BaBar, Belle,

and LHCb (R(D*) only)

@ 3.90 tension between HFAG fit
and SM value

Note: anomaly mainly driven by leptonic 7 decays

Monika Blanke FPCP 2017
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Semileptonic b — s transitions

anomalous penguins

Monika Blanke FPCP 2017
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» LHCbdata o ATLAS data
= Belledata = CMS data

0.5 1 SM from DHMV
F7] SM from ASZB
T
C 7 N ]
—0or .S 4 —
: !& B : i
_]_ L I.l 'l L i 'l I 'l 'l I ' ~]
0 5 10 15
q* [GeV?/c?]
—+=LHCh -—*=BaBar ——Belle
L L L T r ] 1T
- LHCb ]
Lar =
IIT l QM i
- 1 -
- 'I' :
0.5 LHCb [PRL113 (2014) 151601 ]
[ BaBar [PRD 86 (2012) 032012]
i Belle [PRL 103 (2009) 171801] T
D M | M T T L L " | M
0 5 10 15 20

g [GeV/

dB(B! > guu)dg® [10°GeV=2c?]

0.8

0.6

04 F

0.2F

0.0

k=)

D = ko e L O =) o0

b — sutp~ transitions and LFU

IITI'II 1] l'|'ITl II L1 I!I IIIIITIT

o

|
5
T
-

LHChb
P SM pred.

*= Dl

Monika Blanke

3 10 15
"
q* [GeV-/c']

L 1 I 1 N LR
- PRE = = ]
:. _L.*. :
+ 1 B
[210-2.40 240.250 @ LHCD 4
fansion tensian 4 BIP 4
¥ CDHMV 7
m EOS ]
s #® flav.io
- LHCb $ Hav.iod
-I i il | L i 1 1 i ' | |-

0 1 2 3 4 5 6

¢* [GeV?/c!]
FPCP 20173



Global analysis

LTM HOFER, o1 ) | 01
ee also CAPDEVILA ET Al 0
R
Ri
~— LFU observables
b — s glﬂl‘:al hit
Lo
3
a'ed
\
N
N
lavi ) AN
flavio .21 N \
3 2 .l { 1 é 3
Re C§
> consistent fit for CNP ~ —1, non-zero C’NP C possible

~ 4 — 5o deviation from SM
Monika Blanke FPCP 2017,



Yet not quite global experimentally

CAPDEVILA ET AL. (2017)

see also ALTMANNSHOFER, STANCL. STRAUB (201

> dominated by LHCb — we need independent cross-check!

Monika Blanke FPCP 2017
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