Introduction to CP-violation in beauty and charm:
beauty physics




1. Introduction

e How can CP-violation be observed with b-quarks?

— can be observed by comparing CP-conjugated decay rates in
various ways, both with and w/out time dependence

P TN BES )BT

— can manifest itself in charm AB=1 transitions (direct CP-violation)
I'(B — f) # T(CP[B] — CP[f)) acpy

— or in AB=2 transitions (indirect CP-violation): mixing |Bi,2) = p|B°) & ¢|B°)

2 _ 2 _ — mix
R, = lq/p _‘Am—(i/2)AF =1+A4, #1 cPv
— orin the interference b/w decays (AB=1) and mixing (AB=2)
A, A,
A, = 477 _ Rme’(¢+6)—f CPVint
p A 4,
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Recall from yesterday: CP-violation in the SM

% CP-violation in the SM is related to a single phase of the CKM matrix

e there are MULTIPLE ways to parameterize CKM matrix
- Wolfenstein parameterization (parameters: A~ 0.22, A~ 0.83, p ~ 0.15, n ~ 0.35)

Ve Vs Vi 1-% A AN(p—in)
V=|Va Vi Vo | = - -2 AN
V;d ‘/ts ‘/tb A/\3(1 — P — ’L’I]) —A)\2 1

- Buras-Wolfenstein parameterization (with p = p(1 — A%2/2) and i = n(1 — 12/2))

1—2 A 2 AX3(p —in) T
V= —\ _ % A2 (note p + if] = — v VL:"
AN (1= p—iff) —AN? 1 e

e off-diagonal terms in relations VV+=1 look like triangles in a complex plane

% CP-violation in flavor transition s can be learned by studying the CKM matrix
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Recall from yesterday: CP-violation in the SM

% There is a single phase of the CKM matrix for 3-generation SM

e off-diagonal terms in unitarity relations VV+=1 look like triangles in a
complex plane (p,n), e.g. VudVL’fb + VchC*b + thV;Z =0 Eachtermis 6(1%)

(p;n)
| ‘/ud Vus Vub ]
V=1 Vag Vs Vu
| Via Vie Vi

(0,0) (1,0)
(,bl (6) =arg [ ch b/‘/;fdv;b] phase of V,; in Wolfenstein param

e anglesare  ¢2(a) = arg [—ViaVi/VuaViy)
03 (7) = arg [ V.V, b/V b] phase of V, , in Wolfenstein param
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2. Time-independent (direct) CP-violation

% Direct CP-violating asymmetries probe CP-violation in AB=1 amplitudes

e CP-asymmetries compare partial rates of CP-conjugated decays

_IB—=/f)-TB =) ,
acp(f) = T(B = )+ 0B = ) (both charged and neutral B's)

e a non-vanishing decay asymmetry requires that a decay amplitude
- contain several components each of which has its own strong and weak phases
- strong phases: do not change under CP transformation of the decay amplitude
- weak phases: flip sigh under CP transformation of the decay amplitude

AB— f)=Ar = yAfl\e“lei@l 4+ |Af2’6i626i92

e Now we can form the CP-asymmetry
Ays

acp(f) = 2rysin(f; — O2)sin(d; — d2) with 7 = ¥
f1

/ /

weak strong
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Direct CP-violation

e How can one compute the amplitudes (especially the strong phase difference)
- QCD factorization with Bander-Silverman-Soni mechanism

J/

- experimental fits to flavor flow/flavor SU(3) amplitude basis

[ i S VRS S D S DTS S L0 SO PV S AR A S T AT L o A R L S Bk e ]
Alexey A Petrov (WSU) 20 KEK Physics Week, Oct. 2019



Loopless studies of CP-violation: CKM angle ¢,

% There are ways to study CP-violation without penguin loops

e cleanest signals involve interference of b — ciis and b — ucs

> I + [ 0 +
via B* — D(DO,DO,DCP] s f)<' GWS (Gronau, Wyler, London)
> via B* — D(-DO,E] > KTt ){i ADS( Atwood, Dunietz, Soni)
> via B* — D(D — KK~ )Ki GLS (Grossman, Ligeti, Soffer)
> via B* — D(D —> multibody)Ki (Giri, Grossman, Soffer, Zupan,
Atwood, Soni)
5
«x‘?ﬁ\\%
" SO N
o < ’ \
Q ‘oce 0‘056‘ @\oeod o Q0 46\}3& 4696\ s S $?
@ Gesz b3 * * Kk >50 *ok * % x * wa
@ cww b3 * * * >50 Hox * * x * s
@ ADS b3 dok >50 Hok * x Kk * * % *
Time-dependent  ¢3 — b *k - *k ok * *

RS D T TORE 1T L U T RN I T I T E T S e e T e U S T
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CKM angle ¢5: final state triangles

© D™K™ decays: from BRs and BR ratios,
no time-dependent analysis, just rates

© the phase y is measured exploiting interferences:
two amplitudes leading to the same final states

© some rates can be really small: ~ 10”7 A K™
W~ S
b

Theoretically clean (no penguins
neglecting the D° mixing) Vu=|Vusle ™ (~A3)

M. Bona

LT i S VNS S D i
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CKM angle ¢5: final state triangles

GLW(Gronau, London, Wyler) method: more sensitive to ry
uses the CP eigenstates D% with final states:
KK, m*n- (CP-even), Knt° (w,$) (CP-odd)

+2rpsinysindp

2 J—
=1 2 Acpx = 75
Rcep+ +rp £2rgcosycosdp CP+ = 3 rZ £ 2rp cos cos o

ADS(Atwood, Dunietz, Soni) method: B° and B° in the same
final state with D° — K*x- (suppr.) and D° — K*x (fav.)

Raps = 7'23+7'%)05+27°B7°DCS cosvycos(dp+dp)

the most sensitive way to y

D° Dalitz plot with the decays B~ — DY[Km*n ] K

three free parameters to extract: y, r; and d;
M. Bona

LT i S VNS S D
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CKM angle ¢5: initial state triangles

% One can also use a fact that initial state at Belle Il is quantum coherent
e which means that initial state can be CP-tagged

e can be done for both B, (at Y(45)) or B, (at Y(55)). For B,

Acp = A(BS® — D7 K™) = (A1 + A3)/V?2,
Acp = A(BSY - DYK~) = (A1 + 43)/V2.

e measuring all amplitudes,

_ 20Acel — |42 - [Asf?

, Falk, AAP
2| A1|[ Az
A 2 1 AL12 _1TA-12
a= 2|Ace |_|ﬁﬂ | |Az| sin2y = + (a\/ 1—-a?—ay1 - a2)
2| A1|| A ’

e analysis is similar for B; = D is similar, but coefficients are e time-
dependent

T S i S VNS S D .
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3. Time-dependent CP-asymmetries

% Time-dependent CP-asymmetries probe CP-violation in AB=2 amplitudes
e SM: CP-violation in AB=2 and AB=1 transitions have the same origin, this fact
does not have to be true in general NP model

e it most conveniently can be probed in transitions that involve mixing
- use time-dependent CP asymmetries due to the interference between B-mixing

and B decay amplitudes
- interference between the two neutral B meson evolution eigenstates generates

the time-dependent CP asymmetry

t) —
t) —

LBt —»f)-T
T'(B(t) — f) +T

EE
=l

a'CP(f7 t) —

* Need to develop a formalism for time-dependent decays

KEK Physics Week, Oct. 2019
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Time dependent decay amplitudes

% In the SM, neutral B-mesons can mix via weak interaction diagrams

e only at one loop in the Standard Model, so can

uct

be sensitive to possible quantum effects due

to new physics particles

AB = 2 interactions couple dynamics of B and B’
UCt

e We need to study simultaneous time evolution,

B(1)) = [ (! ] — a(t)|B%) + b()[B (1))

e This is very similar to the case of coupled
pendula in classical mechanics

Coupled oscillators

T S S VNS S T D R 0 P S L0 SN E IV S A LA S T VA T o A R S Fede e ]
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Time dependent decay amplitudes

e Time dependence: coupled Schrodinger equations
- note that CPT-invariance requires that M;; = M,, and I'|; =15,

lBo) = b =i ey =| 2 Y | B

q

Q: this Hamiltonian is clearly non-hermitian! What is goin on?

e Non-diagonal Hamiltonian: need to diagonalize the mass matrix

—0
|Br) =p|B°) +q|B")

0 0 ("switch from flavor o mass eigenstates")
|Bu) =p|B”) —q|B")

e |n the mass basis the mass matrix is diagonal, i.e.

. T Mp—ily)2 0
Ql[M_ZEIQ_( “o MH—zTH/2>

e ... with mass and lifetime differences: AM = My - M; & AT = I'y —-Tpgy

M M
Note that m = %=M11=M22 & T = FL_;FH=F11=F22
[ L T T S SO SO VST T T D R RS LS A L IV S A MDA T AN S T O A A S F e e L T e o]
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Time dependent decay amplitudes

e The transformation matrices that diagonalize the Hamiltonian are

_ (P P 1 _ 1 (fq p
Q (q—q) and Q _qu(q —p)

e To find the time development of the flavor eigenstates one needs to
transform the evolution equation back to the flavor basis

o =000 e ) )

e ... which gives for the time evolution matrix in the flavor basis

oo o 9:(t) J9-(t)
, o= Nierst
0 e~ iMut=Tut/2 gg— ) 9+() o

- Al't AMt ATt . AMt]
gi(t) = e ™e T2 | cosh 1 Cos — isinh sin 5 |
with e ATt AMt ATt . AM¢
g_(t) = e ™Mt T2 | _ginh cos + ¢ cosh sin :
4 2 4
[ S O S VNS S S D VRS R A S LS LS E IV S AL S R WA L L A AL S e e L ]
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Time dependent decay amplitudes

e This procedure provides a picture of how B-states evolve due to flavor
s q o
oscillations, 1B°(1)) = g4 (1)|B") + o (1)|B)

B’ () = §g_ ()|B°) + g4 (1)|B")

. Mt
gi(t) = e imteIt/2 |: cosh Al't Cos AME isinh ALt sin = ] ,
" 1 2 1 2
wit . AMt ATt . AMt
g_(t) = e imte T2 [— sinh A£ b cos 5 +icosh —— sin— ] :

e The only thing left is to relate q/p, AM and AT to original parameters of H

AT r 't
secular equation: (AM + i7)2 =4 <M12 —Z$) (Mfz — 1 212)
1
(AM)* =~ (AT)* = 4|Mp|* - [Fpof* AMAT = —4Re(Mpl%,)

_AM-I-’I:AF/Q . 2M7, — 11",
2M19 — 1119 N AM+iAP/2

e Finally, the ratio

TR

T S i S VNS S D ,
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Phases and amplitudes

e The B-meson states can have an arbitrary phase, so only relative phase is
physical, which implies that there are three quantities that define B-mixing

M
| M|, T2, and ¢ = arg (—j)

e ... which gives for the mixing parameters

AM ~ 2|My3] and AL =~ 2|Ti2|cos¢

e ...and, up to a good approximation, to the phase of the box diagram,

k *
_ My, _ iVt
My~ ViV

4
p

We can calculate B-mixing parameters in the SM: any sign of New Physics?
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FCNC in the SM: GIM-mechanism

Glashow-Iliopoulos-Maiani (6IM) mechanism

» There are no AQ=2 interactions in the Standard Model...

> .. but we can make them via a "two-step process” (loop diagram):
+ : +
ds vy da ds__,. vV w ¥ dd
uj uj W W
dd o dS dd - i ds
Viw v V u V

> Let's calculate them! For each internal quark type we get

d*k (some gamma matrices) (k?)
1 ty it

~ g (Vvivivl) [

( 4 Jd) (4m)* (F —mq)(f —my) (k2 —m3y,)?

Divergent: not good...

LT e L VNS S D .
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GIM-mechanism

» However, CKM matrix is unitary:

> contribution of different internal flavors comes with different signs!
A Vou
ds - (mbmzvtbv;w ~ (1 x AN®)(1 x AX?)
::{V*:w:}:::v ddizz:ds top-charm: (wbvtgvcbvc’[i) ~ (1 % AN (AN? X (—N))

> Thus, in the limit where k> m;, m;, My

2 d*k (some gamma matrices)(k?)
L [ G R

. 4 52 [ d*k (some gamma matrices)(k?)
petarm: ' () [ G R

... and similarly for other quarks  Cancellation of divergences!

top:

A x Z m (VisVip) D Glashow-Iliopulous-Maiani

LT e L VNS S D
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Introduction: energy scales

* Modern approach to flavor physics calculations: effective field theories

% It is important to understand relevant energy scales for the problem at hand

physics of beauty physics of charm
Ty
X >< o X
t b,s,d

c,u

X T =X X

small dominant dominant small

LT e i S VNS S T D .
Alexey A Petrov (WSU) 7 KEK Physics Week, Oct. 2019




Theoretical expectations

> Assume quark-hadron duality: relate width to forward matrix element

F(Hb)=ﬁ<Hb\T\Hb>=Al/l<Hb\Imifd4xT{H '()HY (0))H,)

b b

> This correlator can be expanded using OPE
. . | . . \ I. Bigi, M. Shifman, A. Vainshtein, M. Voloshin,
> - N. Uraltsev, A. Falk, A. Manohar, M. Wise, M.
Neubert, C. Sachrajda, P. Colangelo, F. de Fazio,

d S e ) 3 M

H,]0" (n)

J What are the results?
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Standard Model contributions

Both AMgs and ATgs can be computed in the limit mp—oo:

b ,C,t
AMBS: u,c S

> X

s u,ct A.Buras, M.Jamin, P.Weisz
Mia(B) = FEME: \ (Vv i St 73, B
ATgs: o ’
»
B b

A. Lenz, U. Nierste
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Not so easy: SM contributions to Alss

ATgs: a calculation yields:

Cn(B) = — —CE™(yey 2 ([F(:) + P(2)] (Q)
2ATs S 127 (2Mp )" ¢
+  [Fs(2) 4+ Ps(2)] (Qs) + 61 /m + 01 /m2]
\
% ... with operators WC (incl. pQCD corr): Beneke et al, Ciuchini et al

14+ N¢ 5
M% B
Nc st By
1-2N. Mg
Nc (mb +ms)

Q = (bisi)v_a(bjsj)v_a, Qs = (b;si)s—p(bjsj)s—p } Q) =2

Q = (bisj)v_a(bjsi)v_a, Qs = (bis;)s—p(bjsi)s—p (Qs) = _f2 Bs

% ... so the result (up to 1/mp2) is:

Al'p, [0.00053 + 0.1732B5 + 0.0024B; — 0.0237B2 — 0.0024B5 — 0.0436 B4

2x107%a1 +4 x 10 °as + 4 x 10~ °a5 + 0.0009c4 — 0.0007 5
0.00023; — 0.000282 + 6 x 107283 — 6 x 107°84 — 1 x 107>

11X 107%8541x107%3, +1 x 10—5ﬁ8] (ps™1).

A.Badin, F. Gabbiani, A.A.P.
Phys. Lett. B653, 230 (2007)
RN AL TR LT L Tl E A YOI R e e e e T O N R N T
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Time-dependent CP-asymmetries

% Time-dependent CP-asymmetries probe CP-violation in AB=2 amplitudes

e Now we know how to deal with time-dependent rates

T(M(t) — f) = Ny |{fISIM (1))
T(M(t) — f) = N} [(£IS|M(2))°

: : A
e ... which can be calculated using the developed formalism, Ay = ]%A—f
f
14 |\ 1— |2
T(M(t) — f) = Nj|Ag2e ™ {%f' cosh A§t + |2 /! cos(AM t)
AT
—Re Ay sinhTt —Im Af sin (AM t) } :
_ 1+ |2 1—|As)?
T(M(t)— f) = Np|Ag? ! e_r’t{M cosh = Al cos(AM t)
l1—a 2 2 2
—Re Af sinh % + Im A sin(AMt)} .
T S S VNS S T D R 0 P S L0 SN E IV S A LA S T VA T o A R S Fede e ]
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Time-dependent CP-asymmetries

% Various time-dependent CP-asymmetries can now be formed

e The flavor-specific CP-asymmetry (aka semileptonic CP asymmetry)

P(M(t) — ) ~TM@EH) —F) _ 1-(1—a)’
DM () — )+ T(M() — ) 1+(1—a)

= a+ 0(a?).

Ofg

e CP-asymmetry for decays to CP-eigenstates (such as fp = J/yKj, etc.)

I(M(t) — fcp) —T'(M(t) — fcp)
T(M(t) — fcp) + T(M(t) — fcp)

afop (t) -

_ AZpcos(AMt) + AREsin(AM ¢t)
cosh(ATI't/2) + Aarsinh(AI't/2)

+ O(a)

e 1= . 2Im As
Adlr — ’ e ——
where Acp —1+|)\f|2 CP 1+|/\f|2

B 2Re Ay
1+ |/\f|2

and Aar =

T S i S VNS S D .
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Belle Il studies for time-de pendent CPV

AN
0
2
qep}\\
.oCO
o
o e&““&o\e 3 3 : ‘2\0\0 o\ &‘a»\“i
os° ov® 9 S® ©Y © »o &
@ B J/ YK o1 x%%x  5-10 Aok *ok * *
@ B ¢KY & *k >50 *ox * % * * * % %
@ B9k b1 ok >50 *ox * % * * o
@ B pEp° bo x%x%  >50 * * % % * *
B — J/n° o1 * % * >50 * * K K - -
B — 7970 b2 ok >50 * % % * % * ok _—
B — K2 Scp *ok >50 * % * * % * o Fok
NPT ATIYRAL TS L L A PRI MR I L S A M T e T SR N T
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Things to take home

> We discuss how CP-violation can be studied with B-mesons
- would D-mixing be different?
- would CP-violation studies in charm be different?

s —t’c—’ - - _0 0 . . _0 0 . .
b d D" — D "mixing B” — B mixing
w w
3 teu - intermediate down-type quarks | - intermediate up-type quarks
A \ .
Vi - . * SM: b-quark contribution is * SM: t-quark contribution is
B-B mixing negligible due to V (V" dominant
= d,s,b - rate o f(m,)— f(m,) rate oc m;
(zero in the SU(3) limit) (expected to be large)
w W Falk, Grossman, Ligeti, and A.A.P.
Phys.Rev. D65, 054034, 2002
27 grder effect!!!
u
A5 ¥ 1. Sensitive to long distance QCD | 1. Computable in QCD (*)
=~ 2. Small in the SM: New Physics! | 2. Large in the SM: CKM!
D-D mixing (must know SM x and y)

(*) up to matrix elements of 4-quark operators

> We shall see tomorrow how to deal with that

L U TS E NN R I R T RS L A s e e S e e S
KEK Physics Week, Oct. 2019

Alexey A Petrov (WSU) 0



LT L i 5 VNS S S D BRSNS LS SO IV S AR A S T AT M o A R L S Bk e L T
Alexey A Petrov (WSU) 0 KEK Physics Week, Oct. 2019



