Particle Physics II — CP violation
(also known as “Physics of Anti-matter”)

Lecture 5
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Plan

1) Mon 2 Feb: Anti-matter + SM
2) Wed 4 Feb: CKM matrix + Unitarity Triangle
3) Mon 9 Feb: Mixing + Master eqgs. + B’—=J/yK,
4) Wed 11 Feb: CP violation in B, decays (I)
5) Mon 16 Feb: CP violation in B, decays (II)
6) Wed 18 Feb: CP violation in K decays + Overview
7) Mon 23 Feb: Exam on part 1 (CP violation)
» Final Mark:

>

if (mark > 5.5) mark = max(exam, 0.8*exam + 0.2*homework)

else mark = exam

In parallel: Lectures on Flavour Physics by prof.dr. R. Fleischer

Tuesday + Thrusday
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Plan

2 X 45 min
1) Keep track

of room!

1) Monday
«  Start:
« End:

Periode SEM2 - Hoorcollege (Aanwezigheid verplicht)
Groep Blokweken Dag Tijd Gebouw Zaal
6 7 8 9 10 11 12 13 14 15 16 17 18
1| M000000O0O00O000A0 Maandag 09.00 - 10.45 MIN 205
1| D0 EEEEEO0O0000 Maandag 09.00 - 10.45 MIN 023
1 0000000 O0OCO0O0Oa0o0 Maandag 09.00 - 10.45 BBG 023
1, 00000000 &EO00a0 Maandag 09.00 - 10.45 MIN 012
1 MEMEMMEMMOEOOOO Woensdag 09.00 - 10.45 MIN 025
1| 0000 000O&EO0OOO0OOAO Woensdag 09.00 - 10.45 BBG 061
Periode SEM2 - Werkcollege (Aanwezigheid verplicht)
Groep Blokweken Dag Tijd Gebouw Zaal
6 7 8 9 10 11 12 13 14 15 16 17 18
1| 000000000 00Oad Maandag 11.00 - 12.45 MIN 205
1 D00 EM0OEMOO0O0O00 Maandag 11.00 - 12.45 MIN 023
1 000 0O0OO0OO0OOO00Oa0 Maandag 11.00 - 12.45 BBG 007
1| 0000000 O0DEO0O000 Maandag 11.00 - 12.45 MIN 012
1| M EMEMEMNOMOEEOOO Woensdag 11.00 - 12.45 MIN 025
1| 0000000 &EO0O00O000 Woensdag 11.00 - 12.45 BBG 061

9:00 =»
11:00

9:15

= Werkcollege: 11:00 - ?

+ Wednesday:
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Kinetic Higgs Yukawa
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g 1 gl
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Diagonalize Yukawa matrix Y d’ d
— Mass terms 7

— Quarks rotate

I
- Off diagonal terms in charged current couplings b

(M d o (m, u
” _LMaSS = (d,s,b)L{ m, J{SJ + (u,c,t)L{ m, J{c] ..
W m, )\ D], m)\t),
----- < ; .
d,s,b
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CKM-matrix: where are the phases?

e Possibility 1: simply 3 ‘rotations’, and put phase on smallest:

c1o  Spp 0 C13 0 sy3e 1013 1 0 0
Vekn = —s12 c12 0 0 1 0 0 co3 893 | =
0 0 1 —513€13 0 3 0 —s93 co3
C12€13 512€13 513¢
—512€23 — €125235: C12€23 — 51252351: 523C13
512523 — C12€2351: —C12523 — 512C€2351 C23C13

e Possibility 2: parameterize according to magnitude, in O(}):

” Vid Vie Vi 1 1y2 v A Cin))
w Vea Ves Ve | = L) AN

A Ly
------ Ve Vie Vi AN(1 - p A2
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This was theory, now comes experiment

e We already saw how the moduli |V;| are determined
e Now we will work towards the measurement of the
imaginary part
I % * *®
- Parameter: 7 - VadVun + ¥d Yo + VgV =0

— Equivalent: angles o, B, vy.

(P-M) )

e To measure this, we need the formalism of neutral
meson oscillations...

Niels Tuning (7)



Some algebra for the decay PO > f

\Po(z)> _ %(e‘imHt_%FHt-l-e_imLt_%FLt) yp°>+21p(e-imHt-%l“Ht—e-m“‘%m) P

_ _ Interference
A(f) = (FIT|P°) | [A(S) = (SITIP7)
qA;
A = =
T pAy
PO >f PO>P0 >f




Meson Decays

Recap osc + decays

e Formalism of meson oscillations:

1 . .
‘Po(t)> _ 5(e—zmHt—%I’Ht_I_e—szzf—%FLt> ‘P0> 1

q

2p

. 1 . 1 —
(e—zmHt—il-'Ht . e—szt—ﬁFLt) ‘P0>

e—Tt 1
: 5 (COSh BAFI‘. + cos Amt)

d

g+ (t)]* =

e

(PP = lg—(t)[? (]5>

e Subsequent: decay

Tt ('direct’) Decay

Interference




Recap CP violation

Classification of CP Violating effects

1. CP violation in decay J NP — f)#T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
Af|
A # 1.
2. CP violation in mixing Prob(P° — P") # Prob(P® — P°)
H £1.
p

3. CP violation in interference

(PP — f)(t) # T'(P~p") — f)(t)

v C[ﬂ_lf)
I\, =F [ =— | #0
! (PAf




Recap CP violation

Im(2)
1. CP violation in decay J NP — f)#T(P°— f)
This is obviously satisfied (see Eq. (3.15)) when
Af|
A # 1.
2. CP violation in mixing Prob(P° — P") # Prob(P® — P°)
e
p

3. CP violation in interference

(PP — f)(t) # T'(P~p") — f)(t)

We will investigate Xf for various final states f 2P F= ¥ (gy) 74 0
4 f



Z

. .
.J—| |
""ﬁ '\.\

CP violation: type 3 A =S (%

[(P°~p" — f)(t) # T(P°p®) — f)(1)

I po t)y—f — Fpo .
Aop(t) ( (t)—f

— FPO(t)—,f + FpO(t)_,f

5 et 1 1
Tpo_s(t) = |As (1+ \/\f\z)( 5 (('nsh §Aff + Dy sinh §AF1‘ + C'y cos Amt — Sysin Ann‘)
9| P 2 5 e Tt 1 1
Cpo_f(t) = JAF2 |5 (1+ 0 5 (msh 5AFI‘ + Dy sinh —Al't — Cy cos Amt 4 Sy sin Amz‘)
q ] 5 5 J
Camy L I-P 23
TUIEIE T T T

~ Lpoy—y =Lpoy—y  2C;cos Amt — 25y <in Amt
- Tpogy—s+ I pogny— s ~ 2cosh %Aft + 2D smh %Aft

Acp(t)

Niels Tuning (12)



7"f contains information on final state f

e—f‘t

2

Cpo_s(t) = [Ay]*

1+ |X\]?) cosh 1AI‘Z‘. + 2R\ ; sinh 1.-Al"‘t + (1 — |X¢]?) cos Amt — 23\ sin Amit
f 9 f 9 f f

Investigate three final states f:

* B'2JK,
« B’ 2J/ye
.+ B >DK

3. CP violation in interference

U(P%pP% — f)(t) # T (P°~pP°) — f)(t)




Final state f : J/WK,

Interference between B%—f.,and B0—B0—f,,

- For example: BY—J/WK_and BO—>§0—>J/LIJKS

— Lets’ s simplify ©...
1) For B? we have:

2) Since fqp =_pre have:

3) The amplitudes |A( B'—J/wK,)| and |AB'—J/wK,)| are equal:

V*cb

J/p

aMaY

Ks

Q vl

Vo

—
>

d

d

b
BO -c'ﬁ< BO
VCS

9
p

A 4 A
/lf:q 45,

pA pA =T

=
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Relax:

B92>J/WK. simplifies...
B 2"}1\/\f _— 1 — |/\f‘2 g, _ 2\\5/\f
DY A Y A Ve

B Upoy—p — Dpogy—y ~ 2C cos Amt — 25 sin Amt

[ pocy—r + L pogy— g - 2cosh %AFIL. + 2D sinh %AFt

2= AT=0

Acp(t) = =S Apsin(Amt)
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A for BO — /KO, Ap===L

y) _(9) J/wKS_(Q) AJ/wKO(p)
JIYyK, — N A = A —
pP B “J/yK, P B J /KO q K

S w00 L VOO




A for BO — J/yKO

Time-dependent asymmetry

A (1) =—sm?2p sm(Amt)

« Theoretically clean way to measure 3
» Clean experimental signature
« Branching fraction: O(10-4)
» “Large” compared to other CP modes!
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 ammplitydes
EDINEGISES
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7"f contains information on final state f

e—f‘t

2

Cpo_s(t) = [Ay]*

1+ |X\]?) cosh 1AI‘Z‘. + 2R\ ; sinh 1.-Al"‘t + (1 — |X¢]?) cos Amt — 23\ sin Amit
f 9 f 9 f f

Investigate three final states f:

* B'2JK,
« B’ 2J/ye
.+ B >DK

3. CP violation in interference

U(P%pP% — f)(t) # T (P°~pP°) — f)(t)




B. — J/yp : B analogue of B® — J/yK9

Replace spectator quark d 2 s

Niels Tuning (20)



B0 analogue of B% — J/yKO

|Vad| [ Vs |
"C' K M Wolfenstein — B | ‘Cd| , |‘cs| :
Vale ™ —[Vigle® |V
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Remember: The "B.-triangle™: [3,

e Replace d by s:
Im VusV;b T \és \éb T Vts th
N 0
Vusvub —Y
) %k
Vo Y Vis Vi
%
\{:s \éb

Im

*
Yudub

*
Ya Yo

VudVub* ¥d Yo + VeaVin =0

0

Re

ﬁs = al'g [_

VisVig ]
‘/vCS (;Z
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ﬁs. B. — J/yp : B analogue of B® — J/yK9

Differences:

CKM Vig Vi

AT ~0 ~0.1
Final state (spin) KO :s=0 ¢: s=1
Final state (K) KO mixing -

Niels Tuning (23)



Bs: Bs0 — J/y@P

Acp(t) = Uowy—ame — Vo —apwe _ S Aymesin Amt —
FB? ()—J/wo T FBQ (£)—J [ COSW + RA oy sinw

AJjpé = (2) (ﬂJ/@AJ/M) :( tZVtS) (VcbV;’;)
i p’/ Bg " Aspps VisVie/ \V Vi

SAJ /e =in(—2}3s)
V.. large, oscilations fast,
need good vertex detector
CP|J/¢¢), 1 /), 3 amplitudes

I A 1T =2

AL A—)I=1

@ A0 Al I=0
Inal state (spin)

Final state (K)
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0803.0659v1 [hep-ph] 5 Mar 2008

arXiv

“"Recent” excitement (5 March 2008)

FIRST EVIDENCE OF NEW PHYSICS IN b ++ s TRANSITIONS
(UTfit Collaboration)

M. Bona,! M. Ciuchini,? E. Franco,® V. Lubicz,>* G. Martinelli,*> F. Parodi,® M. Pierini,'
P. Roudeau,” C. Schiavi,® L. Silvestrini,® V. Sordini,” A. Stocchi,” and V. Vagnoni®

We combine all the available experimental information on Bs mixing, including the very recent
tagged analyses of Bs — J/¥¢ by the CDF and D@ collaborations. We find that the phase of
the B; mixing amplitude deviates more than 3o from the Standard Model prediction. While no

single measurement h

the combined result. | This is a first evidence of physics beyond the Standard Model.

eement with
This result

disfavours New Physics models with Minimal Flavour Violation with the same significance.

In the Standard Model (SM), all flavour and CP vio-
lating phenomena in weak decays are described in terms
of quark masses and the four independent parameters
in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [1].
In particular, there is only one source of CP violation,
which is connected to the area of the Unitarity Trian-
gle (UT). A peculiar prediction of the SM, due to the
hierarchy among CKM matrix elements, is that CP vio-
lation in B, mixing should be tiny. This property is also
valid in models of Minimal Flavour Violation (MFV) [2],
where flavour and CP violation are still governed by the
CKM matrix. Therefore, the experimental observation of
sizable CP violation in B, mixing is a clear (and clean)
signal of New Physics (NP) and a violation of the MFV
paradigm. In the past decade, B factories have collected
an impressive amount of data on B, flavour- and CP-
violating processes. The CKM paradigm has passed un-
scathed all the tests performed at the B factories down
to an accuracy just below 10% [3, 4]. This has been
often considered as an indication pointing to the MFV
hypothesis, which has received considerable attention in
recent years. The only possible hint of non-MFV NP is
found in the penguin-dominated b — s non-leptonic de-
cays. Indeed, in the SM, the S,z5 coefficient of the time-
dependent CP asymmetry in these channels is equal to
the S.zs measured with b — cés decays, up to hadronic
uncertainties related to subleading terms in the decay
amplitudes. Present data show a systematic, although
not statistically significant, downward shift of S;z5 with
respect to S.zs [5], while hadronic models predict a shift
in the opposite direction in many cases [6, 7].

From the theoretical point of view, the hierarchical
structure of quark masses and mixing angles of the SM
calls for an explanation in terms of flavour symmetries
or of other dynamical mechanisms, such as, for example,
fermion localization in models with extra dimensions. All

such explanations depart from the MFV paradigm, and
generically cause deviations from the SM in flavour vio-
lating processes. Models with localized fermions [8], and
more generally models of Next-to-Minimal Flavour Vio-
lation [9], tend to produce too large effects in e [10, 11].
On the contrary, flavour models based on nonabelian
flavour symmetries, such as U(2) or SU(3), typically sup-
press NP contributions to s <+ d and possibly also to
b < d transitions, but easily produce large NP contribu-
tions to b > s processes. This is due to the large flavour
symmetry breaking caused by the top quark Yukawa cou-
pling. Thus, if (nonabelian) flavour symmetry models are
relevant for the solution of the SM flavour problem, one
expects on general grounds NP contributions to b < s
transitions. On the other hand, in the context of Grand
Unified Theories (GUTs), there is a connection between
leptonic and hadronic flavour violation. In particular, in
a broad class of GUTs, the large mixing angle observed
in neutrino oscillations corresponds to large NP contri-
butions to b <> s transitions [12].

In this Letter, we show that present data give evidence
of a B, mixing phase much larger than expected in the
SM, with a significance of more than 30. This result is
obtained by combining all available experimental infor-
mation with the method used by our collaboration for
UT analyses and described in Ref. [13].

We perform a model-independent analysis of NP con-
tributions to B, mixing using the following parametriza-
tion [14]:

2ign, ASM =28, +A£lpezi(¢f"’—6,)
Cp, e = ASMe-2if, =
_ (BJHS"B,) i
(B|He'|B,) '

where HfW! is the effective Hamiltonian generated

Niels Tuning (25)



B. 2 J/yd® : B, equivalent of B> J/yK, !

e The mixing phase (Vy): o/~=28

BO > f BO >

Wolfenstein parametrization to O@’):

Lo 1.4
B A
1, 1

~\+ 1142)\‘5[1 —2p+um)] 1- i L —)\4(1 + 4A2)

2" 8
\A)\‘g[l—( —%AQ)(PHU) —A)\2+%AA4[1—2(p+in)] 1—%A2A4/

AN (p— i) \
AN?

R —
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B. 2 J/yd : B, equivalent of B> J/yK, !

e The mixing phase (V.): o.=-28,

BO > f BO> B0 > f

° E oo b ———e— < f ®
BS B Vcs*
s w
b Ve s t b c
S > > S [0)) S > > >— > c J/w
Vts th Vcb
Wolfenstein parametrization to O(’):
1 1
[ 1- A= o ) AN (p—in)
| 1
B Qg AQA 1-2p+in)] 1-=X =) (1444%) AN
S
1 1 1
\Am = (1= W) (p+in)] (AN 4 JANL=2p + in)]) 1- S 4PN )

e —
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B. 2 J/yd : B, equivalent of B> J/yK, !

e The mixing phase (V.): o.=-28,

BO > f BO> B0 > f
_ V', _ - v
b : Sy b & Ve fcp
B B W Ver
b Vcs ; ()] > i b c J/p
s > > S S - Vv, g Vio - Veb -
S
Vil Vel Vale )
‘fC‘I\'ﬂ!,\\-'olfenst.cin = —|":‘Cd| _ I‘CSI 3 ":'Cb| + O ()‘5)
I":rtdle_tj - | ‘;S |e1;35 ‘;b|
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Next: y
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CKM Angle measurements from B, , decays

 Sources of phases in By , amplitudes* "f“
Amplitude Rel. Magnitude  Weak phase / 1 1 e-iy \
b->c Dominant 0
b->u Suppressed Y 1 1 1
t>d (x2, mixing) Time dependent 2B -1B3 1 1
*In Wolfenstein phase convention. \eT )

t>d

e The standard techniques for the angles:

B° mixing +
single b>u decay

B° mixing +
single b>c decay

Interfere b->c and b>u in B* decay.
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Determining the angle vy

e From unitarity we have: V Vud +V, cd

V;tb tb ta’

Y = arg(— VL;Vud/I/CZI/cd ) = arg(_VudeI/csz )

23 A 21
e Must interfere b 2 u (cd) and b >c(ud)

A3 1 2 A
e Expectb - u (cs) and b >c(us) to have the same phase, with
more interference (but less events)
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r(B->f)=

rB->f )+

Measure y: B > DK+ :both A.and Ag,

NB: In addition

W

7LE“i“ﬂf

B . > DK+ :both
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Break
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Measure y: B, > DK+ first one 11 DK

b s
Vb
s
* 3 * 3 iy

This time | Aq=|[¥]A], so [\=1!
(AD; 1(+) _ (‘-"”ub"";’;) (442) \, - 4 Ag
/ _ I8 Va = A
Ap- g+ ViV \A, pAy

e In fact, not only magnitude, but also phase difference:

‘L}D;KWL _ |AD;K+|€2‘(65—7)

les_ ]{‘f‘ |‘4D5_ K,_*_ | Niels Tuning (34)




Measure y: B, > D K”/*

B%, = D.,K* has phase difference (5 - y):

AD;KJr _ AD;1<'+|€Q-(55_7)
AD; Kt AD;K+|
Need BY > D_*K- to disentangle § and y:
)\D_I{+ _ ( g ) (.4 D> K'+) _ ";2"}8 ‘;b‘:’; 442 ei(—Zﬁs—v +55))
s p/ BO\A DK+ Vis Vi 1 IV Vs 1Ay
N (g) (ADjK—) _ I’;’l“) /es lfu*s i~ Al ei(—Zﬁs—'}'—Js))
Dok p/ BE\Apt - VieVir | 1V 11 A,
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Measure y: B,

> DK+

In practice!

| 1) Signal & Backgrounds

300
L
S
f LHCb Preliminary L =10 "
= —1— Data
5 00— » Sig mlB—)DK
% \:] Bm ’_) Dr )Kt )
g [ B~ D g ~ "
£ A D L 2
0 B A - A a 10
100 I B, - DK [
B Combinatorial O
S
<
75
L
—_—
<
g) 100 5200 5300 5400 5500 5600 ST 5800 ?
GgM -
e em E l
_ 2) Acceptance <
000
g LHCDb internal U
?ooo DK MC 1 0-1
"%000
4000 _2
3000 l 0
2000
1000 l 0'3
o N R B * " L L 5
2 4 6 8 T 1%5 lifeti 1?n pt
o 3) Decay time resolution > 104
:5 E LHCb preliminary
= L Simulation
10
ERE
S -
102 =

10E - IT
ot/ | \Bg
-400 -300 -200 -1 OO O l 00 700 300

4) Flavour Tagging

>"At

400

Time fit

10

= (Combined
— B.— D;K*

— Umagged D K+
EEEEEl Untagged D K

N
[||I||[||||I||

LHCb Preliminary 1.0 b

I 1 1 |

| I | 1 1 I |

1 |

2 = 6

8

10

12 14
T (BS — D, K) [ps]

o Expect y with ~ 28° precision
o Improve with 2012 data
o LHCb average now: 679+ 120



Measure vy

1) Backgrounds (from mass fit)

LHCb Preliminary L =1.0fb!
=—t= Data

T Sl"nl| B—)DK
] Bm—’ D{ K"

B B-D K
CJA,-Dp

/= \b—)x\

— 1

B Combinatorial

Candidates/(10 MeV/c?)
o

S0 s S0 S0 S0 S0 S0 S800

DU MeV/Y
_ 2) Acceptance vs decay time
3000

S LHCDb internal
“$ooo D.K MC

S
=
2000
4000
3000
2000

1000

= 14
B, lifetime in ps

10%

LHCb preliminary
Simulation

Candidates / (8 fs)

\
L

\l T IHHHl T HHHW T T TTTI]

|

LT/ \ "oy

-400 —'%OO -200 —lOO 100 '700 300 400

At [fs]

4) Flavour Tagging

— B,— D K"
— B.— DK’
B N D K+
B N D+K




Measure vy

drB(S)—>f(t)

die—Tt ~ |Af|2(I + |)\f|2)
drzo_, (1)

B —f 2 ‘2‘2 2
e Afl7 g (04 1¢7)
_Egi() ~ Az12(1 + | 2:]%)
drdte_rt(t) f '

B —f i 2|92 $_12
—= ~ AP 0+1%P)

R N




Basics

The basics you know now!
1. CP violation from complex phase in CKM matrix
2. Need 2 interfering amplitudes (B-oscillations come in handy!)

3. Higher order diagrams sensitive to New Physics

Next:

e (Direct) CP violation in decay

e CP violation in mixing (we already saw this with the kaons: ££0, or |q/p|#1)
e Penguins

e The unitarity triangle
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i 1. CP violation in decay J (P’ — f)# T (P°— f)
i This is obviously satisfied (see Eq. (3.15)) when
i Ay
i 1, # 1.
2. CP violation in mixing Prob(P° — P°) £ Prob(P® — PY)
H £1.
p

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)




CP violation in Decay? (also known as: “direct CPV”)

First observation of Direct CPV in B decays (2004):

2

- S 400 BaBAR| B —k'mr 1
q _lirmlees ] B 0 BaBae] &K' |
D QS | % |
B—7 Tl B=f] 2200 :
s
2
0
‘ BAB I hep-ex/0407057 [ 0.1 i
A AR Phys.Rev.Lett.93:131801,2004 () B
A, = -0.133=0.030 = 0,009 g O
4 20 _+
HFAG: oy b -
Acp = -0.098 £ 0.012 52 522 524 526 528 5.3

mg. (GeV/c 2)



CP violation in Decay? (also known as: “direct CPV”)

First observation of Direct CPV in B decays at LHC (2011):

| LHEb |

\s =7 TeV Data

. --T1
ACP

1“-_>J7 +1“Bef

B

‘ LHCbI LHCb-CONF-2011-011

Acp(B’ — KTn7) = —0.074 £ 0.033 £ 0.008

Events /{ 0.0225 GeV/c?)

Events /{ 0.0225 GeV/c?)

LHCb
Preliminary
\s =7 TeV Data

5.1 .2 5.3 5.4 5.5 5.6 5.7 5.8
K =*invariant mass (GeV/c®
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 ammplitydes
EDINEGISES
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Direct CP violation: '( B9> f) # I([¥]B%> ¥]f )

CP violation if I'( B?> f) = [([¥]B°>[¥]f )

But: need 2 amplitudes - interference

¥ oo

d Amplitude 1 Amplitude 2
|

.

¥ Ol
»
¥ =i
D
|
|
wy)
=}
)
o
A J

I'(B'—=K'n)x VubV e +V V[ = |20 1 22

[B —Ka) x|y ve +v, V| ~ JrED 4 22f

Only different if both 6 and y are #0 !
= (B> f) # (¥B°>[f)

Niels Tuning (45)




Hint for new physics? B%>Kn and B=>K=n"

Redo the experiment with B* instead of BO...
d or u spectator quark: what'’s the difference ??

B° = K'm
Average | A, = -0.114+0.020
A
3.607
B — K'a° 1
Average | | A, = +0.049£0.040

B> Kn
d d
| |
0 _ —_
B O b i O'fr
| '
S
u Kt
u u B+9KTC
-
B+ O l_) i O ﬂ.O
| |

Mode Acp S(o)
KTn— —=0.093 +0.018+0.008 4.7
Kt7%  +0.07+0.03+0.01 2.3
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Hint for new physics? B>Kn and B=>K=n°

B— KT PUZZLE

e with small arg(C/T) (or just small C)
(ACP(BO — K+7T_) - ACP(B+ ok K+7TO)J

e experimentally
Acp(Bt — K+7%) = 0.050 + 0.025
Acp(B® — KTn~) = —0.09810012

e solarge C and large arg(C/T)
e problematic for SCET/QCDEF

e large 1/my?

e _in pQCD the large phase claimed from Glauber gluons
Li, Mishima, 0901.1272
. presence of isospin violating NP can be tested precisely

J. Zupan Hadronic decays... 8 Beauty 2011, Amsterdam, Apr. 7, 2011
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Candidates /|

First CP violation in B, system B/ —K*zn~

Historical?

Acp(B?— K= 7%) = 0.27 £ 0.04 (stat) & 0.01 (syst)

- ] History: “

3 3 1964 : Discovery of CPV with K2 (Prize 1980)
a0t (©) ' . (d) 2001: Discovery of CPV with B? (Prize 2008)

3 3 ' 2013: Discovery of CPV with BO,
2005— -
100f -

0;"1-'-5.-2:'-5:3 S 54 55 5.6 57 58

K*v invariant mass [GeV/c?] K =t invariant mass [GeV/c?]



Next

1. CP violation in decay J (P — f)#T(P°— f)

This is obviously satisfied (see Eq. (3.15)) when

3. CP violation in interference

['(PYp% — f)(t) # T(P~pP" — f)(1)




CP violation in M IXlng7 (also known as: “indirect CPV”: €+0 in K-system)

P(BO eEO)ZP(EO —B°)

Look for like-sign
t=0 t Decay lepton pairs:
/ BB’ =11 X
g —1*1*xX «P(B’—=B
BB 1 < r(5 )
— B'B* —»11°X «P(B'—B°)
AN B°B’ —171*X
W =17 W =1
V] EO b ‘chb Vl

|
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(limit on) CP violation in B® mixing

Search for 7' and CP Violation in B"-B" Mixing with Inclusive Dilepton Events

]
[=)

IIII|IIII|IIIJ_|_I_.I_I_I_|_¢.I_I_I_.|._I_I_I.I|IIII|III1

AT(At) = N:: (At)+N__ (At) B 1+\q/1?\4

2 04
: o B4B4R{ Look for a like-sign

< 02 asymmetry:

§ 0.1 ....' 'l'l ! + |+

2 o Ll 14 N, (At)-N_(Ar) 1-]g/p[
£

I NS NS N ....I....I.u.ﬁ.

As expected, no
M T T w2 asymmetry is observed...

2
At (ps)

o

FIG. 3: Corrected same-sign dilepton asymmetry as a func- q _ 1
tion of At. The line shows the result of the fit for the dileptons -
with Az > 200 pm. _ v p

We report the results of a search for 7' and CP violation in B"-B” mixing using an inclusive
dilepton sample collected by the BABAR experiment at the PEP-II B Factory. The asymmetry
between ¢T/T and (¢~ events allows us to compare the probabilities for B" — B” and B" — B"
oscillations and thus probe 1" and CP invariance. Using a sample of 23 million BB pairs, we measure
a same-sign dilepton asymmetry of Ap,cp = (0.5 4 1.2(stat) & 1.4(syst)) %. For the modulus of the
ratio of complex mixing parameters p and ¢, we obtain||q¢/p| = 0.998 + 0.006(stat) 4+ 0.007 (syst)
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Remember!

Necessary ingredients for CP violation:
1) Two (interfering) amplitudes

2) Phase difference between amplitudes
— one CP conserving phase ( ‘strong’ phase)

— one CP violating phase ( ‘weak’ phase)

2 ammplitydes
EDINEGISES
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DO Coll.,

. . . .. Phys.Rev.D82:032001,2010.
CP violation in B.° Mixing?? ArXiv:1005.2757

Fermilab-Pub-10/114-E

Evidence for an anomalous like-sign dimuon charge asymmetry

V.M. Abazov,*® B. Abbott,™ M. Abolins.®® B.S. Acharya,?” M. Adams,*® T. Adams.*” E. Aguilo.® G.D. Alexeev,*®
OEO 1+1 -
B —> X
/~ B°B" =1'1"X P
—
——

5 )

00 _
5B 11X ocP[BOeBO)

— R°RO

.

B°B’

“"Box” diagram: AB=2

AM, = 2| M},

Al =2 |P}12 COS Oy
rl? . SM
a = |- sin ¢ (PSSM ~ 0.004
M, Py, ~ 0.04
¢ = on — arg(—Il2)
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CP violation from Semi-leptonic decays

SM: P(B’—B’) = P(B’«—B’) 5| - Vie et b
DO: P(B’°—B’) # P(B’«B’) o

YV VY

b—Xu-v, b—-Xutv

b—b — Xutv, b—b — Xuv
Compare events with like-sign pu
Two methods:

o —
nT —n
» Measure asymmetry of events with 1 muon a =
nt +n-
> Measure asymmetry of events with 2 muons j\,fb++ — N, ~
Al = NN
“'b “'h
Switching magnet polarity helps in
reducing systematics ‘421(81\,{) — (—23i88) wx 10~4

But...:
» Decays in flight, e.g. K—u
» K'/K-asymmetry



CP violation from Semi-leptonic decays

+ SM: P(B’—B’) = P(B’—B’)
. DO: P(B’—B")+ P(B’«—B’)

A% = (0.506 & 0.043)a? + (0.494 + 0.043)a5)

0.01

We measure the charge asymmetry A= (NTH —N~7)/(N*F + N~ 7) of like-sign dimuon events
in 6.1 fb~' of pp collisions recorded with the DO detector at a center-of-mass energy /s = 1.96 TeV
at the Fermilab Tevatron collider. From A we extract the like-sign dimuon charge asymmetry 0
in semileptonic b-hadron decays: A% = —0.00957 & 0.00251 (stat) + 0.00146 (sys). It differs by
3.2 standard deviations from the standard model prediction A%(SM) = (=2.3702) x 107, and
provides st evidence ol anomalous C P violation in the mixing of neutral B mesons.

3.2 standard deviations from the standard model

-0.01

-0.02

-0.03

b __
Asl_

—0.00957 + 0.00251 (stat) & 0.00146 (syst)

2

EDo 4,
= Standard Model

— B Factory W.A.

- DO B—D, 1 X

IIII|IIII|IIII|IIII|IIII|IIII|I

IIIIIIIIII

-0.04-0.03-0.02-0.01 0 0.01

B°.—D_tX°uv




More B...

ey
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Other ways of measuring sin2f3

e Need interference of b—>c transition and B? —[¥]B° mixing

e Let's look at other b>c decays to CP eigenstates:

All these decay amplitudes have the same phase

—\ D+ (in the Wolfenstein parameterization)

so they (should) measure the same CP violation

- /2 Z}J/l//ﬂ/f(zs)»)(c,
o { el
d \ S;Id}KS,KL,JTO
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CP in interference with B>¢K,

e Same as B"2JyK, :

e Interference between B9—f_,and B?—B/—f_,
— For example: BO—J/WK_ and BO—B0— J/WK,
- For example: B?—pK, and B—B°— oK,

Amplitude 1 — Amplitude 2

Z/K ZJ/KO F_—> )=y (¢ .
A, =(_) &=(1) —w(ﬁ) A, (t)=— D=1 () = Im(A,)sin Amt
B’ AJ/’/’Ks P g AJ/U/KO 1)k rl_?—>f (t) + rB—>f (t)

kIR

1 Vi Va \(VaVes \( ViVt : :
ok T\ N\ N A (1) =—sin2p sin(Amt)
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CP in interference with B>¢K,: what is different??

e Same as B"2J/yK, :

e Interference between BY—f,and BY—BY—f,
- For example: B—J/WK_and B?—BY— J/WK_
- For example: BY—¢pK_and BY—B%— ¢K_

Amplitude 1 Amplitude 2

rgef(t) _FB—>f(t)
Izl (O)+T, (1)

A, ()= = Im(A, ) sin Am¢

Ap(2) =—sin2p sin(Amt)
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Penguin diagrams
THE PHENOMENOLOGY OF TEE NEXT LEFT - HANDED QUARKS Nucl. Phys. B131:285 1977

n)

*
J. Ellis, M.X. Gaillaxd ), D.V. Nanopoulcs +) and S, Rudaz
CERN - Geneva

e 1.1 History of Penguins

The curious name penguin goes back to a game of darts in a Geneva pub in
the summer of 1977, involving theorists John Ellis, Mary K. Gaillard, Dimitri
Nanopoulos and Serge Rudaz (all then at CERN) and experimentalist Melissa
Franklin (then a Stanford student, now a Harvard professor). Somehow the telling
of a joke about penguins evolved to the resolution that the loser of the dart game
would use the word penguin in their next paper. It seems that Rudaz spelled
Franklin at some point, beating Ellis (otherwise we might now have a detector
named penguin); sure enough the seminal 1977 paper on loop diagrams in B
decays [3] refers to such diagrams as penguins. This paper contains a whimsical
acknowledgment to Franklin for “useful discussions™ [4].

Fig. 2
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Penguins?? b

The original penguin: A real penguin: Our penguin:

Antibottom Antistrange

Antistrange
Quark
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Flying Penguin

Penguin T-shirt:




The “b-s penguin”

Asymmetry
B> J/yKq n SM
d Ks
BO O . z BO
b 3/%

... unless there is new physics!

e New particles (also heavy) can show up in loops:
— Can affect the branching ratio

b

B2 oK |

W3
- Y - S !
%< S ¢9’] >(KK)CP
g

- L

“Penguin’” diagram: AB=1

=

b*‘i.",;_z_ % S
U
U

— And can introduce additional phase and affect the asymmetry
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Hint for new physics??

.
\J
nJ . ~

e sin2p_ = 0.52 + 0.05

1.5 peng

1 |
Mexcluded area has CL > 0.95'

1.5

Y(0)

Am,

IIIIIIII_1

0.5 0.5

0 [ ] —
- o p y \: cbl
0.5 N 0.5

AL () \\ —: 1 (@) | o a

B sol. wicos2Bp <0 | : . . :

- ﬂ,ﬂm‘zgﬂ; . Treeandb—d { (exclahClL > 095) ] - . Treeandb —>S | (xiatctsoss) -

1.5 T T T | R R R R B B R [ —  BEAUTY 2006 | | | —
. 1.5 T T Y [ [ | [ L [

'1 '0-5 o o 5 1 1-5 2 -1 -0.5 o o 5 1 1-5 2

P S.T’Jampens, CKM fitter, Beauty2006 P
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