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CP violation in mixing

3 types of CP violation

A aql i | Ar]
A = = |ZL|g M } /—7,¢)D
CP A ‘ P e Af e
0 =0 0 0
B),, ———>B,, B« B

Mixing rate of B — B differs from B — B

la/pl # 1 )
To date, CP asymmetry in B-B mixing has not been observed
lg/p| ~ 1 still a good assumption
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CP violation in B-B mixing
d,s d,s /q rd,:
Agp = (T3 /M3
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UN@® Agf theory

From solution to time-dependent Schrodinger equation for mixing

Héll’s Amg s +iAT g 5/2
Hiy 2M}3 — iy
2
o)
Recall [Ty /M% 2 ~ O(my/my)*
AL~ (T /M)

Interference between different ways to oscillate between B and B

N
Vld. 1s Vl‘b

ds i t iob T

Gas
Pd,s

The CP asymmetry in B-B mixing given by

d 3
Ad75 _ |pd,s/Qd,s‘2 - (Zd,s/pd,s|2 - %< F1725 >

b |pd G/Qd s 2 + Qd,s/pd,s|2 B Afldés

d,s
I‘12

d,s
M3

B), WMy W B, BY, B

N
~I1
Al
Ll

0
dts
Flavour Physics 2



UN@® Agf theory

Heavy-quark effective theory (HQET)

Simultaneous expansion in Aqcp/my, and ag(my)

M. Beneke, G. Buchalla, A. Lenz and U. Nierste, Phys. Lett. B576 (2003) 173
For CKM elements \;q ;s = V‘fi,isvib

7

Short-distance QCD correction

———
GZm?2,m . 2
d,s 2 F'TWBg s 2 my
My =X, ———————" Noc Bgp, S| ——
12 td,ts 1972 1QCD de__S d,s m2

Electroweak contribution

d,s ds cc ds,uc de,uu
Fl ()‘cd cs + 2)\cd cs)\ud usF + )‘ud us 12 )

d,
Ads - x( I‘125 > — )‘ud us +b </\ud,us>2
]L‘[12 )‘td ts )\td,ts
Parameters ¢ and b calculated with HQET
T. Jubb et al, Nucl. Phys. B915 (2017) 431
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https://doi.org/10.1016/j.nuclphysb.2016.12.020

UN® Agf results

Consider flavour-specific decay B — f and conjugate B — f

Decay f, should be CKM-favoured and governed by a single amplitude

Avoids other types of CP violation and potential New Physics contributions

BO

() DE:)>71+I/], the semileptonic (SL) asymmetry

fd#(t) —Tgs(t) Agf (1 cos Amyg st >

fd,s(t) + Fd,s(t) B 2

cosh Al'y, st/2

d
Agp [PRL] ﬁ [PRL]
x10°
% : LHCh 4 Daa Amg is small
gl‘mz N bu = A Associated asymmetry O(1073)
s00F- @m-%6 3 Time-integrated analysis
Rate asymmetry gives Ag; /2

Asymmetry [%]
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https://doi.org/10.1103/PhysRevLett.114.041601
https://doi.org/10.1103/PhysRevLett.117.061803

UN@® Agf average

UNi

E.01- o =1
@ LHCb _
< | > o
0 | RAL Theoryx 10
~~~~~~ World average
-0.01-
r Do DGQ )
muons’ y H B = DighX
-0.02- e
HFLAV B factory
= average
| | I | I
-0.02 -0.01 0 0.01 0.02

Ag (BY)

A = —0.0021 £ 0.0017
5. = —0.0006 + 0.0028

No CP asymmetry in neutral B-B mixing observed yet
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UNI® CP violation in decay

3 typs of CP violation

AB = ) = 53, [4iferoed
A(B > ) = 5, Aifetime)

I

f

Strong phase (0) invariant under CP
Weak phase (¢) changes sign under CP

AP — AP
Acp(B — f) = m Z\A || 4| sin(d; — &;) sin(¢i — ¢;)

3 conditions required for CP violation in decay
At least 2 competitive amplitudes
Non-zero strong phase difference, §; — d; # 0

Non-zero weak phase difference, ¢; — ¢; # 0
Flavour Physics 2 9 /61



UN@® Mixing-induced CP violation

ELA

3 types of CP violation

A q ; /_1]( ;
Aep = — — |L]eg—m ,—iPD
v A ‘P‘e sl
Interference between decays with and without mixing
0
Bd,s D@
<y ém + dp #0
)
R
= L
b= cp Impacts final term in time-dependent
4 Oecry) decay rate
Bd,s
) et/ ATyst  2R(Acp) . ATgt
as(t) = cosh - sinh :
’ 4Td,s 2 ’)\CP|2+1 2
Acp|* —1 23(Aep) .
—————cosAmg st + ———-—"sin A t
DoplZ 51 cos Amg, Dopl £ 1 sin Amg s

Flavour Physics 2

10 / 61



UN@® Mixing-induced CP violation

In (quasi-)two-body analyses, coefficients of time-dependent terms are
free parameters of the model

‘)\CPP —1
IAcp|? +1
23 (Aep)
IAcp|? +1
B 2R(Acp)
Acpl? +1

CP violation in decay Acp =

Mixing-induced CP violation Scp =

Mass-eigenstate decay rate asymmetry Aar,.,

Values for each parameter expected to be in the range [—1, +1]

By definition, (Acp)? + (Scp)? + (Aar,,)? =1
In practice, constraint not placed on parameters °
Time distribution impacted differently
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https://youtu.be/kSJvONK1gnQ
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Phase of neutral B°-B° mixing
sin 2¢; = sin(2arctan[i/(1 — p)])



sin 2¢; theory

Consider the CP eigenstate BY — .J/{/K "

0 30 #1702 A TS
A(B — B ) 8 ( th;fb> 41’/ X \/(7{)\,(,,\,
Va Vs _ v B
T % b L z
¢ ! | Wy
: : AR c
0 =0 B
5 i 5
b 7 Loa ., , K
Vie Va

Calculate expectation for the C'P-violating parameter, Acp

Note that neutral kaon mixing also present, A(K" — K°) oc (ViV,4)?

_ - P
w=3-(),(1)()
A p/)po\Ar)\p/ ko

ViV Vel VeV

ViV ViVi ViV
— o 2ip1
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sin 2¢; theory

ecall full time distribution

) /T ATyt 2R(\ AT st
Lgs(t) = c { oS st ( 2CP) sin &5
’ 47—(175 |)\CP| +1 2
Aepl® — 1 23(Acp) . }
—————cos Amy gt + ————sin Amy ¢t
Acp2 +1 T Pepl +1 -
Note that AT'y/T'y = 0.001 + 0.010, therefore we take AT’y =0
=) et/ Acpl? -1 23(Acp) ]
Ly(t) = ——————cos Amgt £ ———="—"— sin Amyt
() 47y { [ Acp|? + 1 T DerP 1 ¢
Expectations formed from these relations using Acp = exp(—2i¢)
CP violation in decay Mixing-induced CP violation
Aepl” —1 23(Acp) :
Acp=+—F—=0 Scp = = — sin 2
P = NopE T 1 =R pRE1 ncp sin 2¢q

CP eigenvalue
nep = CP(J/¢) - CP(KS) - (~1)" = (+1) - (+1) - (=1) = 1
Depends on orbital angular momentum between .J /1) and Kg

Flavour Physics 2 14 / 61



sin 2¢; theory

Referred to as the “golden channel”
Huge branching fraction, B(B? — J/¢K°) = (8.91 £ 0.21) x 1074

Theoretically clean, relatively free from penguin contamination

t quark dominant, but CKM elements involving ¢ and ¢ don't carry a phase
u quark contribution the most suppressed, but induces involvement from ¢3

v
3 g z ~
W c
W c X=17 7 1 V2%
B < c
Ves b = s
* - v, X SV :
5 0 RN
K9 B i K
d d d d

Important to note that measured Scp is not strictly sin 2¢4
Non-zero measurement of Acp becomes possible

Recovery of sin 2¢; discussed in conjunction with ¢, from BY — J /¢
Experimentally clean, relatively free from background

J/vp width (O(0.1) MeV) smaller than detector resolution (O(1) MeV)
K? has a long lifetime, separated vertex

Flavour Physics 2
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Confirmation of the CKM mechanism
1995 2001

T T
[" [ oxcluded area has CL > 0.95 |

L A
.0 -0.5 0.0 05 1.0 15 20

Before the B factories, ex from the neutral kaon sector was the only
CP-violating parameter constraining the Unitarity Triangle
Need to measure another CP violation parameter influenced by a

different quark generation to confirm the CKM mechanism
16 / 61
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CKM mechanism
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Confirmation of the CKM mechanism

M. Kobayashi T. Maskawa

The CKM mechanism is the primary source of CP violation
in the Standard Model
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sin 2¢4 results

Final results from the legacy BaBar and Belle experiments

g @ 18 400 a
;’ g 350 g 250
£ 300 @ 200
E £ 250 £

[ [
© 2 200 &
g 150
g
E
: i
¢ 915 osf 5
< 7; 04} m g
Zoy g
Bodl e =
£ %lg 02} ~ 0.2 }T W
<: UR 0.4f + = 0.4
& 3 -0s6f = -0.6F

ALps) 642024 6 6420246
At (ps) At (ps)

BaBar: PRD 79 (2009) 072009 Belle: PRL 108 (2012) 171802

Note the impact of the CP eigenvalue on the raw candidate asymmetry
No hint of CP violation in decay, Acp = +0.005 = 0.015
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sin 2¢; average

Average includes contributions from other charmonium (c¢) states

Legacy B factory results from 2012 still dominate world average

p=9, [

Multibody decays can rule out ambiguous solution

sin(2p) = sin(20,) L4

PRELIMINARY
T o
BaBar Jiy K 0.657 £0.036 + 0.012 x
PRD 79 (2009) 072008 : Q
BaBar Jiy K| 0.694 £0.061 £ G.031 1 S 1
PRD 79 (2009) 072009 H S
BaBar y(2S) Kg 0,897 +0.100 + 0,036 08 k- @
PRD 79 (2009) 072008 B . é
Belle JAy Kg 0670 +0.029 + 0.013 =
PRL 108 (2012) 171802 : 0.6 - =
Belle Jhy K. 0.642 +0.047 + @.nzw g
PRL 108 (2012) 171802 i <
Belle y(25) Ky U.YWBiD.DQDtd.ﬂGW 04 r § 1
PRD 77 (2008) 091103(R) H k:
LHGCb Jiy Kg 0.750 + 4.040 02} o
JHEP 11 (2017) 170 H . =]
LHCb y(28) Kg 0.840 40,100 + 0.010 >
——d—— i
JHEP 11 (2017) 170 H 0 K
World Average 0.609 +4.017
HFLAV H
-0. -
0.4 0.5 0.6 0.9 1 %, 1 p
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UN® Amplitude analysis

P, Four-momenta 4n,
, Meson masses (p? = m?) —n
P Total E, linear p conservation —4
: Arbitrary orientation -3
» Independent variables 3n—17
n

Fermi's Golden Rule leads to differential decay rate

dl’ ‘ d(I) P;plap27"'7pn)

where A is the decay amplitude and d®,, is n-body phase space density

n

d4
d(I)n(P;p1,p2,. 7pn - 54 sz H pl m%)
= ’i:l

Dalitz Plot defined as the scatter plot of the 3n — 7 variables

Contains the complete kinematic and dynamic information



UN@® Amplitude analysis

For P — pipops, Dalitz plot can be defined as
mis = (p1 + p2)® vs miz = (p2 + p3)?

Kinematics co

o
“'S“i re—1—2

: e
(mytmg)™ -

mpletely understood from
L B R

2
mi,

pos

[T
el

Sl

ition in phase
———

space
o

2
i,

Flat distribution in phase space means Dalitz plot is uniformly populated

Any structure in the Dalitz plot is due to dynamic effects

Measurements at amplitude rather than at amplitude-squared level
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UN® Resonance dynamics

Multibody decays typically proceed by intermediate states
Extremely short-lived resonances

eg Lifetime: 7 ~ O(10723 5) = Width: Ty = 1/7 ~ O(100 MeV)
Heisenberg Uncertainty Principle implies significant uncertainty in energy
Manifests as peak in the scattering amplitude (Breit-Wigner propagator)

1
2 .
mg — s —iy/sly

180
2160

2’140

T

3(A)
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Resonance dynamics

mi,
Ris — p1p2 i ]
o
| e =
3
r 1~
=
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Ry, ! - o
=
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¥
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o< dI'/dm},

2
12

o< dI'fdm

2 52
1adms;

o d*T/dm
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@] Resonance dynamics

SIDAL

B miy
Ri3 — p1ps T ]
o
. v —
S
g S
n 1%
o< dI'/dm},
NSN' ’
P, i 5,
R s
=
P 13 pQ <
¥
Py

&
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U SC Spin density

If resonance R has spin, distribution of decay products are non-isotropic

1st Rarita-Schwinder condition for covariant formulation of spin
Polarisation vector €*(s,), orthogonal to momentum

Consider rest frame of I

Spin represents how a particle at rest behaves under spatial rotations
In the rest frame of R, the time component must vanish

Select z-axis by convention, 3 solutions to Rarita-Schwinger condition
Interpreted as the 3 independent spin projections along z-axis
Longitudinal: ¢*(0) = (0,0,0,1)
Transverse: e (£1) = F(0,1,+i,1)/v/2

Decay products should preserve spin direction
Relative momentum of decay products: ¢ = pi — ph

For pseudo-scalar decay products

J=0A=1 R
J =1 A=¢€,q" o< cos
J =2 A=¢€,,q4"q" xcos?f—1/3

P,

Flavour Physics 2
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Spin density

2
my,

Spin-0: Rio — p1po F ' ‘ s

2
12

o< dI'fdm

o< dI'/dm},

2
mi3

T
2 2
23

=

N
_“G
LLdm

o d*T/dm

&
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SC Spin density

Spin-1: Rio — p1p2 5 ' ‘ s

2
12

o< dI'fdm

o< dI'/dm},

2
mi3

T
2 2
23

=

N
_“G
LLdm

o d*T/dm

&
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Spin density

m2
12
Spin-2: Rio — p1p2 - .
L Ja s
3
. 15
S
- 1%
o< dI'/dm},
NSN' B
V4 S
R, 1 L ‘ NSE
3
[
p p, \ g
8
p, O

&
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Interference

R, P,
R
P 13 P,
Ry,
Py

Multiple resonances may contribute to the same final state
Intermediate resonant states may interfere
For example, with just 2 interfering contributions,
2 2 2 2 :
|A|* = |A1 + Ag|* = |A1|” + |A1|° +2]A;]| Az cos(arg(Az) — arg(Aq))

Coherent sum  Incoherent sum Interference term

Phase difference leaves unique signature in phase space °

31/ 61
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https://youtu.be/aGWOfNnj-MA
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. m
0.35 107
0.3 10—3
0.25
02 107
0.15 10—5
0.1 By
0.05 10
0 1077

Phase of neutral BY-BY mixing
Ps = —2277)
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Analogous to the measurement of sin 2¢; from B? — J/'(/)Kg

.V Vo Vi Vo
d o 1 b s 7 T b
B ‘W W B B° ‘W Wi
p | 7 P b 7 i3
Vo Vi Vo Vi
Mixing process differs only in the light quark, d — s
b % c b % 4

0
K®

1/ 7 1/ s

Decay differs only in the spectator interaction, d — s

Best prediction of any CKM parameter based on other CKM input
$s = —36.8702 mrad [CKMfitter], ¢, = —37.0 + 1.0 mrad [UTfit]

0.6
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http://ckmfitter.in2p3.fr/www/results/plots_spring21/ckm_res_spring21.html
http://www.utfit.org/UTfit/ResultsSummer2018SM

c

=1 ¢ I Wy X=

(A Iy
¢ c
b et 5 b e 5
0 Vo " X A Ve 0 0 Vo o X AV
B i K By W ¢
d

Suppressed loop contribution carries a different weak phase
Experimentally sensitive to the sum, ¢4 — ¢S = das + Adas

Hadronic phase shift A¢, s, cannot be calculated reliably within QCD
Can be constrained from SU(3) flavour symmetry instead

Assumes u, d, s quarks have the same mass
Relies on further related experimental results

Induces additional uncertainties

Factorisable SU(3)-breaking: eg. ratios of CKM elements, decay constants
Non-factorisable SU(3)-breaking: Unknown sources, dominant effect
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¢s theory

¢q and ¢, treated simultaneously
M.Z. Barel, K. De Bruyn, R. Fleischer and E. Malami, J. Phys. G48 (2021) 065002

Mixing phases ¢4, and shifts Agg s, interrelated through various decays

sy CH TR

BY = J/yKY| By — Jjur® BY = /wp)

N

Amplitudes constructed for each B flavour and final state, f
Ap = Ap[L+ ape’Crto9], Ay = nep Ay — nepAg[l + ape’®r=09)]
Derive theoretical forms for experimental observables
Nop = ApfA; = Alp, Slp, Alr
Compare theoretical forms with each experimental measurement
Statistical tool deployed such as a x? test
Constrain pollution amplitudes ay, 6 for the decays above

Not enough physical observables for the number of unknowns
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https://doi.org/10.1088/1361-6471/abf2a2

UN® ¢s theory

arameter space reduced by SU(3) relations

Account for factorisable SU(3)-breaking and rewrite amplitudes, eg

A(BY — J/ypKY) A(BY — J/YKY)
A2 22 ; : i(0s+¢s3)
_ (Oa+¢3) *)\As[l — age ]
<1 2>Ad[1+1_)\2ade :|
SU(3) symmetry then imposes Ag = As, ag = a,s and 04 = 0
Conversion to phase shift via T]Cpsg}i =4/1-— (A%;)Q sin(¢as + Aga.s)
< |1 e R ‘

: El B—)J/WP contours hold 39%, 87% CL _|
0.8« [BoIyv

Apy = (-0.73555)°

0.6F
: Agy = (+0.145570)°

04F

02} . . .
B 1 Same size as experimental error

0 L, i ) oSN AV NN SRS
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There are further complications for BY — J/¢¢ wrt B — J/{ K
AT's/T's = +0.128 £+ 0.007

Time-dependence more complicated than for B” decays, where AT’y ~ 0
The ¢ resonance is a vector resonance as opposed to the scalar Kg

J/v and K% in a pure relative orbital angular momentum L = 1 state
J/1/) and ¢ may present in an L = 0,1, 2 state
CP eigenvalue ncp, goes like (—1)F
Admixture of CP-even (L = 0,2) and CP-odd (L = 1) contributions

Quasi-two-body time-dependence not meaningful

) et/ ALt 2R(\cp) ATt
I's;(t) = g -~ — inh ‘
s(t) I cos 5 Do +1 sin 5
Aepl? —1 23 (A\cp
7| CP|2 cos Amgt & 75( 20[) sin Amgt
|)\CP| +1 |)\CP| 1

Coefficients of sinh and sin terms implicitly depend on sign of ncp
Valid only for a pure CP eigenstate, which B — J/1¢ is not



The CP-violation parameter A\cp = A/A, is an amplitude-level quantity
Return to more fundamental form by explicitly expanding out Acp

) ,—t/Ts . ATt _ ALt
T,(t) = 64 (IA]° + | A]?) cosh =5 — 2R(A" ) sinh =
Ts

+ (JA]? — |A|?) cos Amit 4 23(A* A) sin Amst}
Perform amplitude analysis
Model A = Zi A,, A = Zi 7}%1714, u
Indices run over final state polarisations L = 0, 1,2
Transversity basis preferred, ®4 — m,,, mg K, cosb,,, cosOxk and x

Physical polarisations L = 0,1, 2 (numerical) — L =0, ||, L (analytic)
Abstract polarisations still CP eigenstates: 0, || (CP-even), L (CP-odd)
Y

Flavour Physics 2
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https://youtu.be/0HpiC3v5bU4

U SC ¢, results

Latest results from LHCb, arXiv:2308.01468 [hep-ex| (2023)
Measures other fundamental parameters: |Acp|, I's — 'y, AT's and Am

7 10 o 10000r ]
= . LHCbRun 2, 6 b =} [ LHCbRun2, 6fb* ]
o F 1
SIS b -+ Daa g 8000 -
S TE — Total fit £ r
C ~ S
E r Nt -~ CP-even =} r
® 10 > — . CP-odd 5 6000
s § ¥
& 10°F 4000f
o] E [
10k 2000F
1: 1 L L L
5 10 -05 0 0.5
Decay time [ps] cosé,
= T T o T T T
8 s000- LHCbRun 2, 6fb™ 1 = +Daa  LHCbRun2 6fb" |
© L 4 ElOOOO* — Total fit .
=1 PRt g T iy et g A -~ CP-even
S 6000 ] £ L — CP-odd
E r q ° L Swave
B L 7 oaa ] s |
= [ S a e
5 4000¢ == Dol fit ] 5000 4
5 . -.- CP-even 4 .
R — — CP-odd =
20006 ST Swae 7 e am
[N~ Se 7] - ——_
[ - -~ ] o Do
-2 2 -05 0 0.5
@, [rad] cosy¢

¢s = —0.039 + 0.022 (stat) £ 0.006 (syst) rad


https://doi.org/10.48550/arXiv.2308.01468

0.13

¢s average

DO 8 b=t
68% CL contours
(Alog £ =1.15)

BY-D?D; 3 fb! LHCb
B0t 3 68% CL contours A

B2-y(2S)KK 3 fb~t

CMS 116.1 fb~?
SM no penguins
CDF 9.6 fb™

ArESpsT

Combined LHCh

BO-J/yKK high mass 3 fb~!

01 01
¢<lrad]

-0.3

-0.1 0.1
¢s [rad]

Experimental uncertainty still no where near that of the CKM prediction
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Composite phase

¢o = — arctan[f/(1 — p)] — arctan(7/p)



Ag o ViV

B° W Wi _
! ! b u
_ ) P B’ P
b [} :* d d d
Vi Vi
B° Phase difference, —2¢1 — 2¢3
Why ¢2? Add trivial period, 27
o - 2 = 2¢1 — 2¢3 = 2(T — 1 — ¢3) = 292
Q Common myth: Experiment imposes unitarity
5 Truth: Experiment measures composite phase
B CKM fit imposes unitarity

‘gbg the “least-known” input to fits of the CKM, greatest potential
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I3 H X i
Vi Va Tt
—_ ,"' g u
b - u B’
B() uh T i -
d d d a”

Once again, gluonic penguin amplitudes pollute clean measurements
Unlike the case for ¢; and ¢y, stronger relative contribution in ¢5

. - . . . . . Jrf
Competing amplitudes give rise to CP violation in decay, A’y

Mixing-induced CP violation, S}y = /1 — (Afp )2 sin(2¢2 + 2A¢5 )
Only sensitive to effective ¢, biased by some phase shift, A¢7 ~

Must again look to related decays to control penguin pollution

This time, A¢; ~ can be constrained by SU(2) isospin symmetry

Only assumes u and d quarks have the same mass, much better than SU(3)
M. Gronau and D. London, Phys. Rev. Lett. 65 (1990) 3381
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https://doi.org/10.1103/PhysRevLett.65.3381

3 isospin-related decays: B — 7t7n~, B — 7970 and Bt — 7 #0

[sospin symmetry relates decay amplitudes,

1 _ _ - 1
B . A+0 = EA+ + AOO, B . A+O = ﬁA+ AOO
d X=1u G I w:
X=1u C T
iy 7t b L d
Wt v, Va at
- " . g "
b - 7 B
BO ub T u .
d d d a "

Pions are isovectors, start with final state being I = 0, 1, 2 for each decay

Pions also identical in isospin, Bose-Einstein forbids antisymmetric state
= I = 0,2 for each final state

Focus on BT — 770, I3 = +1, = I = 2 only

Gluon from penguin an isoscalar, remainder can only generate I = 0,1
Already forbidden, Bt — 7t 70 is pure tree

44 / 61
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¢o theory

B: M= \}ifﬁ R R . R

No penguin in Bt — 770 means A0 = A0

AOO

% 00
“‘ A

Expressed as triangles, isospin relations must share the same base

5 sides, 5 observables, enough degrees of freedom to constrain 2Agz52+*
Branching fractions: B+0, B+—, B%
CP asymmetries in decay: Aa;, AUCUP
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SU(2)-breaking m,, # my, leaves residual I = 1 amplitudes
Currently ignored, but not for much longer, Ago ~ 1°

Some can be eliminated experimentally, others maybe not

Electroweak penguin amplitudes
Apy ~ 1°in B — 7w, pp and BY — (pm)°
M. Gronau and J. Zupan, Phys. Rev. D 71 (2005) 074017
70—n—n' mixing and p"—w—¢ mixing
A¢po ~ 1° in B — 7, order of magnitude smaller in B® — (pm)°
M. Gronau and J. Zupan, Phys. Rev. D 71 (2005) 074017
Experimentally manageable in B — pp
M. Gronau and J. Rosner, Phys. Lett. B 766 (2017) 345
Invariant mass difference in B — pp from finite p width
Experimentally manageable
F. Falk, Z. Ligeti, Y. Nir and H. Quinn, Phys.Rev. D 69 (2004) 011502(R)
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https://doi.org/10.1103/PhysRevD.71.074017
https://doi.org/10.1103/PhysRevD.71.074017
https://doi.org/10.1016/j.physletb.2017.01.022
https://doi.org/10.1103/PhysRevD.69.011502

U SC ¢o results

3 B-nr data (WA)
SO bet CKM fit

p-value

Each isospin triangles can flip about base
4-fold degeneracy in A¢py

Stp = /1 - (Adp)2sin(26; + 2867 7)
2-fold ambiguity in argument of sin
Therefore, 8 solutions expected for ¢o
Clearly seen in B — 7w system, can only state where ¢ is not
B% — 7970 tree colour-suppressed relative to BY — w7~
Penguin contribution much larger than anticipated

The golden channel that was not, weak CKM constraint, look elsewhere
47 / 61
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@ results

Field would be saved by B — pp

Like BY — J/1¢, two spin-1 resonances in the final state
States of definite CP need to be extracted, but with a key difference

QCD factorisation for B decays to light vector meson resonance pairs
Predicts p is spin perpendicular to flight direction, longitudinal polarisation
fr=1-—0(1/m?) ~ 1 (CP-even)
A. Kagan, Phys. Lett. B601 (2004) 151

Reduces complexity of angular analysis, depends only on p helicities, 61 2

dQF/dcos 01d cos Oy = 41 cos® 0 cos? Oy + (1—fr) sin® 6y sin 0
Various f;, measurements dominated by different experiments

B — ptp~ Bt — ptp0 B — 0,0
S120F T T T 3
31007 LHCb + ]
B N 4
0L
e
200
28 -0.5 Oc.gs(e;‘) 0705 0 o.scose 1

12

Belle: PRD 93 (2016) 032010 BaBar: PRL 102 (2009) 141802 LHCb: PLB 747 (2015) 468
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https://doi.org/10.1016/j.physletb.2004.09.030
https://doi.org/10.1103/PhysRevD.93.032010
https://doi.org/10.1103/PhysRevLett.102.141802
https://doi.org/10.1016/j.physletb.2015.06.027

U C ¢o results

% [J B—pp data (WA)

Alpha 2017 1 CKM fit

p-value

. FEPE IR L L Lt
o 20 40 60 80 100 120 140 160 180
o (deg.)

8-fold degeneracy in ¢ collapses to 2 solutions
Penguin amplitude is much more suppressed, Ad‘)gf ~0
Isospin triangles flattened

B — pp is the best system in which to measure ¢o

Superior likelihood profile, more meaningful contribution to CKM fit
Potential to model/eliminate SU(2)-breaking effects in amplitude analysis
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UN@® @9 average

UNIVERSID:

< -+ B—pp data (WA) [ Combined
sping2t . --- B—onmdata (WA) we+ CKM fit
- B’ (pn)° Dalitz data (WA)
T T

{0

| summer21

=3

10

Probability density

p-value
o
o
I

I I100
o (deg)
Additional information from B — (pm)° currently problematic

Possibility to constrain ¢5 in a single time-dependent amplitude analysis
Model parametrisation broken, research needed to fix

pa = (86.4713)° [CKMFitter],  ¢o = (94.9 +4.7)° [UTfit]

Flavour Physics 2 1


http://ckmfitter.in2p3.fr/www/results/plots_spring21/num/ckmEval_results_spring21.html
http://www.utfit.org/UTfit/ResultsSummer2022SM
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bs + 3 = —2A2%7) + arctan(n/p)
Composite phase
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¢s + ¢3 theory

Vi Vi
s 1 b
B LW w B,
b i 5
Y Vi
v s s
N us K+ Dr
w W _
. u T
b = T b u
0 Vz"b - =0 +
By D; B, K
s Ky 5 s
o Vus & A Vi Vs 2 A3

BY%-BY oscillations are also fast, 75 > Amy

No colour suppression involved, like in BT — DK™
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¢s + ¢3 theory

Interfering processes expected to be of similar order

Final state flavour-non-specific, not CP eigenstate, Acp — fi = zzli/Ai

i(ps+3)

-1 —rgoge

— . D;K":¢& =
rpopeti(dst+da)’ g

DIK™ ¢t = ,s :

Time-dependent decay rate asymmetry

I(BY(t) - DFKT) —T(BY(t) - DFKT) —C* cos(Amst) + S sin(Amist)

[(BY(t) - DEKF) +T(BY(t) - DEK¥)  cosh(ADst/2) + A% sinh(ATt/2)

Measure 5 observables for 3 unknowns, rg, dg and composite ¢, + ¢3
+_2rB sin(¢s + ¢3 = 0B)

2
c+:_c*:_1_7n129 ° 1+7%
175 At = —2rp cos(¢s + ¢3 £ Ip)
AT = 1412
B

Analogous system B? — D*7T gives sin(2¢41 + ¢3) but rp suppressed

Input from theory needed, disfavoured approach for CKM fits



SC ®s + @3 results and average

Analysis only performed at LHCb
JHEP 03 (2018) 059

z I T '
s X odk LHCb | % o4f LHCb
s g % +
P g 0.2 -1 £ 02 1
T - +
2 of- ] ofF + E
o

—02f ] —02f 4

—04F - —04F

0 0.1 02 0.3 0 0.1 02 03
(B!~ DIK) [ps) (B0 D k) modulo (270/Am,) [ps] 1(BY— D7 K"y modulo (27/Am,) [ps]

Despite measurements, no formal average as yet

Still considered part of ¢3 average by subtracting ¢ contribution
Not ideal as correlation between ¢3 and ¢, measurements introduced

Different view into CKM fit lost
Hopefully changes in the future

Naively, ¢s + ¢3 = (76 + 25)°
Great opportunity for improvement


https://doi.org/10.1007/JHEP03%282018%29059
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Fitting the CKM matrix

III\|IH\‘HH‘\H\‘\II\lIIIIlI\II‘\IH‘\\H

o

02 04 06 08

bl _A\III‘III\ll\H‘HH‘\H\‘\II\lIIIIlI\II‘HH‘\H\A

Final goal to test unitarity in the CKM mechanism

Evaluate p-value from the combination of all measurements
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UN® Statistical approach

Experimental measurements: x

Model parameters: u

Frequentist Bayesian
Construct test-statistic Invoke Bayes Theorem
X2: P(ﬁaﬁ“"m) -

@ 2] 2 e 2] J]P@lpa.m [[Pu)Pole.m)

Fix parameter(s) of interest, x; Po(p,77): Flat prior

. . . 2 .
Minimise X~ over range of z; Posterior probability density

P(p, 1) o
/Hp(xi\pa 7, k) H P(1e5)Po(p,n)dpe

Convert to p-value scan

Difference in treatment of uncertainty: Gaussian vs arbitrary



SC CKM fit results

A lot more input than those discussed here

CKMfitter - Frequentist UTfit - Bayesian

Ll = T ) T T 3 = o T
06 % % AmdAm"&AmS & Mliter [ (3
E e § ‘:_summem ﬂ
05 5 — F Amyg
LE L e osf am,
= 03 : i 2 9, _; n.sf— 2
9, A b a
02 | = DA& 7, Ly
0.1 Y _E n_z:—// Vv,
= ol E : v \
%04 02 0.0 02 04 06 08 1.0 1 e T 1
- -0.2 0 0.2 0.4 0.6 0.8 1 12
P P
p = 0.1566"0 0% p = 0.1609 + 0.0095
7= 0.34750 0058 71 = 0.3470 + 0.0100

Both approaches in agreement


http://ckmfitter.in2p3.fr/www/results/plots_spring21/ckm_res_spring21.html
http://www.utfit.org/UTfit/ResultsSummer2022SM

UN® New Physics in neutral B-5 mixing

UNIVERSID:

0.8 1
SNP x 1s
MM

02 04 06 08 1
ANP jx rd
IMEN M)

Most measurements constraining CKM involve tree-level processes

Testing unitarity is primary goal
No impact from New Physics amplitudes expected

Notable exception: B-B mixing is a loop-mediated process
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SC New Physics in neutral B-B mixing

BY, fw Wi B,, BY, i9 21 B,,

S
~
a
Gl

; Lody
=
Vlb Vl'a', 15

Sl
=i

Loop processes potentially sensitive to New Physics

Unknown heavy particle (?) could present in the loop
May carry a new CP violating phase

Short time-scale in loop the key to accessing arbitrarily high energies
Heisenberg Uncertainty Principle: AEAt > h/2

Can reach higher mass scales than possible with direct searches at LHC

Mass scale of New Physics through loop processes a matter of statistics
rather than brute-force centre-of-mass energy
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SC New Physics in neutral B-B mixing results

nclude new model-independent amplitude relative to mixing amplitude
]\/[{125 N ]\/jldszI\I(l +A/[{l2,s,NP/A]1dQ,s,Sl\l)

Reparameterise all physics observables that depend on ]Wf’és

New expressions for Amg/Amy, Agi &1, G2, Os and ¢4 + @3

|Vub/Ven| and ¢3 unaffected

Recall Amg ¢ =~ 2| M, sets the scale of New Physics amplitude

Agp, ~ (I /ML) extremely sensitive, depends on R(I%5M /ard=5M)

CKMfitter . UTfit
oz0 T T T T T Paio 5 5
r s G055 % ] us DZ__. 80 nz__-
: 1 08 e:c’ 60| summer22. e’” ‘summer22.
0.15 j — 07 40
I 06 20
0.5
0.4 —20
03 —40)
02 —60)
01 a0
%00 005 010 015 020 025 030 0 oa0 02 o 05 o 05
hy AYIAS" AFIASM
Standard Model model cannot be ruled out at this stage
Primary motivation to greatly improve precision in flavour sector
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https://doi.org/10.1103/PhysRevD.102.056023
http://www.utfit.org/UTfit/ResultsSummer2022NP

UNM® Summary

Flavour physics is a very diverse field

Rich history of discovery

High statistics indirect searches — SM amendment — Direct observation <=
Reasonable to expect this sequence of events to continue and in this order

Only discussed CKM mechanism within the context of B meson decays
Only discussed useful experimental measurements where theory is good
This means there are great opportunities for theory development as well

Challenges lie ahead for heavy flavour physics
Anomalies are disappearing

Easy to get distracted
Never lose sight of the big picture

Identify connection to the cosmological matter-antimatter asymmetry

CKM physics has the highest statistics when measurements combined
Identify which uncertainties can be improved the most for real impact
Don't run from the grind
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