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CKM: A Quick Reminder

matrix to transform weak- and mass-eigenstates

u
W |d') Via Vs V| [|d) u
______ [$)] = |Vea Ves V| [I8)]- W
v') Vie Vie V| [IB})]] @ =—===---
b4
| d | d,s,b
weak eigenstates mass eigenstates
matrix has imaginary numbers Vaud Vs |ﬂb\€
(first order approximation) —|Ved . |1'“cs| , |1'”cb‘
Ifd E-_E'. — I.:ts EE'. 5 |1ftb|
matrix is unitary
vy & vV,
V d V cd V td Vud Vus Vub 1 O 0 *
N « cchd V.V
VWV =V, V. V.|V, V. V,[=|0 10 cb”cd
.V*ub V*cb V*tb th Vts th O O 1 y ﬂ

\ * _ V.V
ud +Vcbvcd +Vt;)\/td =0 (0,0) # =1 (1,0)
chb ¥ cd
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Figure 2.1: Limits on the CKM parameters (1¢) p
and 7 for m; = 174 GeV.
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from direct measurements (tree level decays): (72.1*41, .)°

from indirecte measurements (loop induced measurements):

(65.7 *09_, )0 (CKM fitter) or (65.8%2.2)° (UT fitter)
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« 2021: First Time dependent CP violation in B? (—>K+K‘)

KO: strange particles
CP violation in kaon decay

kTeV & NA48
Phys.Lett.B 465 (1999) 335
Phys.Rev.Lett. 83 (1999) 22

BO: Beauty particles

CP violation in B® decay

BaBar & Belle
Phys.Rev.Lett. 93 (2004) 131801
Phys.Rev.Lett. 93 (2004) 191802

B*,B.: Beauty particles
CP violation in B*, B,? decay

LHCb
Phys.Lett.B 712 (2012) 203
Phys.Rev.Lett. 108 (2012) 201601

DO: Charm particles

CP violation in D° decay
LHCb

Phys.Rev.Lett. 122 (2019) 211803
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KO: strange particles
CP violation in kaon mixing

Cronin and Fitch
Phys.Rev.Lett. 13 (1964) 138

BO: Beauty particles

Time dependent CP violation

BaBar & Belle
Phys.Rev.Lett. 87 (2001) 091801/2

f

BO,: Beauty particles
Time dependent CP violation

LHCb
JHEP 03 (2021) 075




CP Violation in Interference between Mixing and Decay

Similar size of amplitudes
AB;K+ _ ADE_HJF | E;é—f:f} — large interference
AD;HJr AB;I{Jr | — large sensitvity to phases

d.: strong phase difference




CP Violation in Interference between Mixing and Decay

* 3AlY * 3
Vuchs oC /1 € Vcqus oC ﬂ,
CKM phase
4
DT K-
Bl] > DS K
s
weak mixing phase\ / strong phase
difference
()
¢S Bs 5

(from external input
in this analysis)




CP Violation in Interference between Mixing and Decay

w

* 3AlY
Vuchs o /1 €

CKM phase
Bl] > D;_ K~
s
weak mixing phase strong phase
_ difference
Ps (- 28 BY S5
(from external input

in this analysis)

CPV in mixing small
(experimental compatible with 0)

CPV in decay small

However, CPV in interference
between mixing and decay sizeable

10



Time Dependent Decay Rates

Ao ()

ALt ATt
s — Lst AT - s
> = |Af\ (1+ |)\ *)e” [co&h ( ) + A% sinh ( 5 )

@1 col @)y sinama)).

14+ [\ Ist | cosh ALt + A%T sinh ALt
e ) g 2

Gcf COf bln.

dr§(1—>f( )
dt

= —IA \2

Assuming no CPV in mixing and no CPV in decay

o Lo A L= Pyl
T EO T T TP
5. 2Zm(Ay) AD _ —2Re(Af)
ARV N R DVE
QIm(,\f) AT _2R€(/\f)
Poa+ 27 T8 142

Need flavor tagging and need to
resolve fast mixing to access C;
and S;

f. D*.K A

f. D K* p Ay




dlpos(t) 1 ) 2\ Dt ATt AT . ATt
i — §|Af\ (14 |Af]9)e cosh 5 + A% sinh 5

+ C'y cos (Amst) — Sy sin (Amst)] :
dF_(]_> t 2
myos(®) _ 1 (14 |Af[*)e Tt [cosh (Al;st) + A?‘r sinh (Al;st)

= S|4;[°
— C cos (Amgt) + Sy sin (Amst)] :'

P
q

dt 2

1 —1% .
Cvf — D.K

1+ 1%&,\. '

4?1‘ _ —2rp.K (f()S(@(”, —205)) 44T _ —2rp.K (r()s(@(”, —28s))
‘ 1 + I'QD K . i 1 T I'% K .
g _ 27rp,x Sill(@(‘: — 20;)) g — —2rp k sin({F)(y — 28;))

! 1 + "2D-J\‘ ‘ : 1 + ,YD.J\' .

rpx = [Apx| =|A(B? - D;K)/A(B? - D; K1)

Need to measure decays to D.,*K- and D, K* to disentangle y and d.



* Polar; I\l and y S, = 2Im(Ay)  yar _ —2Re(Ay)

. = ; ;=
« Cartesian: AL and S L+ [Agf? L+ [Af|?

A note on conventions:
1) We use: Al =I-[,>0

2) Opposite convention is equivalent if at the same time AAT — - AAT




B.>—D*.K* Analysis

obtain B, signal sample: 3D fit to mg,, My, particle identification

B.Y or_BSO ; flavour tagging

decay time: resolution & acceptance

result: decay time fit




B.°—D*.K* Analysis: mass fit

* Need to (statistically) separate signal from background

« Backgrounds:
« Combinatorial
« Partially reconstructed background (B,>—D",K* , etc)
 Misidentified background (B,>—D*_ )

| N(B2>D*KF) = 5955 + 90 |

& 1200 - .
S LHCb —+ Da _ Lcombvsmen, |
% 1000 Total fit i | é sool LHCb
------- Signal B} — D;K* -
< 8001 [ B Od,s)% D(s*)i Ko | % 400
1?3. I B; — D;" (7*,p") £ 200
= 600F - DK ) |
P A D 7
L 400 ] A‘; — A (K* ) 7 LA RN i D, vs D(K:
Fg - Combinatorial m(K*K~7~, maa, g —
= 200 :
3 2
5 £
T ot | i
O %T | %I H . # TI}#%I%% HTT% IIFYT { % H.HH ﬂ# }H o %TI%TTI%T& 1% %%H%Hl )
LT g T mﬁﬁm ] | l
| | | | 20 Lty ,yll,lumum{,ﬁhm T{ {HTI “mm:
5300 5400 5500 5600 5700 5800 —*F{ﬂ{{h";‘*l‘#’*“H‘F{f‘;”#‘%’%‘{‘LP‘{‘{*fﬂf‘ u{Hﬂfﬁ,{“,ﬁ,w ;
m(DA K+) [MeV/CZ] ’ ’ ) ln(L(K/Jt))5



B.%>D*.K* Analysis: Flavour Tagging

* Bso or Bso : SS Pion
5S Kaon ;
Signal De
By 5SS Kaon NNet gna’ Jecay
_ S8 Proton
' ~ SS Pion BDT R

| g Same Side -

T”‘.‘:*‘_ _______ OppositeSide o D_S_H_ =

‘s - ;.._} " /f,r—m””. 0S K. NNet é

b X1 El

0Ss Vertex Ch arpe\L gg El;fpron g

« Use B.9—D*_ 11 to calibrate! o Charm E

BOS Dort Crag 1) eott 1%]
OS only 1294 +0.11 1.414+0.11
SS only 39.70+£0.16 1.29+0.13
Both OS and SS 24.21 +0.14 3.10+0.18 . .y .
effective statistical size




B.%>D*.,K* Analysis: Decay Time

— 100 ; w w w —

£ 4L LHCb S L

B —}— Prompt D; data ‘ - Q
80 1B’ — Dk: daté'."' \30

' B el E

* Resolution o - e
a VF E

(use prompt D* calibrate) S d0p E
= 30f E

N 200 .

10f 3
% 50 100

- Estimated o, [fs]

4000F T T T T T

[ LHCb

- -- Acceptance ]

— Fit to decay time -

— Data ]

» Acceptance

Candidates / ( 0.10 ps)

(use B,—D* 1 to calibrate)

A
10 12 14
t(B{— D; ") [ps]




B:°—D* K* Analysis: Fit Result

Amy, = (17.757 4 0.021) ps ™,
', = (0.6643 4+ 0.0020) ps—*,
AT, = (0.083 + 0.006) ps~* ,
fix some parameters p(Ts, AT,) = ~0.239,
Aproa = (1.1 £2.71)%,
Ader = (1 + 1)%

« Decay time fit:

dlpop() 10 o —rut | (AL ar .o (ATt
d —§|Af‘ (1 +[As%)e cosh 35 + A7 sinh -

+ Cf cos (Am,t) — Sysin (Amst)] , g L
dFBg(};f(t) _ %|Af‘2 g ’ (1 + [Ag[)e Tt {cosh (Agst) + A" sinh (Agst> < LHCb
— Cjcos (Amgt) + Sy sin (Amst)], 8 102 = - - - Acceptance =
— C — Fit to decay time 7
5 — Data .
E [ e Mg ]
;_8 ;
5 10% E
Parameter Value @) :
C; 0.730 £ 0.142 = 0.045 ; l H
A?F 00387 :l: 0-277 :t 0-153 T - ! | - ! I — t I ; LN | JI bl L + [ S | t |
ALY 0.308 + 0.275 £ 0.152 21 it annm !
Sy —0.519 4 0.202 + 0.070 o BT NN
S7 —0.489 + 0.196 + 0.068 > 4 6 8 10 12 14

0 F s
analysis statistical limited 1(B; — D K*) [ps]



B.°—D*.K* Analysis: Result

—
— | LHCbD
X 05 -
N (A" S)
£ (-A%, S) /
~(g-2b) |
—-L0.5| « | Combination —
v = (128 15)° 0 Y\\.I\ .'(7 -2,)
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B.>—D*.K* mm - Analysis

Conceptually identical to the BL—D*.K* analysis

« obtain B, signal sample: 3D fit to mg,, My, particle identification

. Bsoor_BSO: flavour tagging
» decay time: resolution & acceptance
* result: decay time fit

+ amplitude analysis




B.>-D*.K* m*m - Analysis: mass fit

* Need to (statistically) separate signal from background

« Backgrounds:
* Combinatorial

« Partially reconstructed background (B,>—~D*.K* , etc)
 Misidentified background (B,>—D* ")

~ | N(BLo—D*K* - ) = 7500 = 100 _
S - s s 7
é') 1400 :— ‘ LHCb —:

1200 ) ¢ Data =
» 1000~ g2 CAABYDIK ntnr
S s00F 2 —DiK" 7 3
= - 'Z\ ------ Comb. bkg. .
5 600 /?\ Bl Part. reco. bkg.
O Lo | g 23 MisID bkg. 3

200 / -

s = W WV, BiWN AW WaWa awarra wawam mrmmn Ml el kA

5200 5300 5400 5500 5600 5700

m(DTK*n*x¥) [MeV]




B.>—D*.K* mm - Analysis

(b) Run 2 data.

« Flavour Tagging

Ctag| 0] (w)[%] €eft /0]
Only OS  11.91 +£0.04 37.33£0.41 1.11 +0.05
Only S 40.95 + 0.08 4241 +0.29 1.81 + 0.10
Both OS-SS 28.96 + 0.12  35.51 + 0.32 3,614=013
Combined  81.82 £ 0.15 39.23 + 0.32 (6.52 £ 0.17 )

aaSS———

 Decay time acceptance 27000
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B.>—D*K* mm~: Decay Time Fit

2 800F l T T ' =
Fit parameter Value :]" 700;_ LHCb _i
Cy 0.631 + 0.096 + 0.032 S ook B'sDK i 3
ART —0.334 £ 0.232 £+ 0.097 = F ]
f = 500F 3
AST —0.695 + 0.215 + 0.081 0 — ]
! S 400 =
Sy —0.424 + 0.135 + 0.033 : -
S; ~0.463 + 0.134 + 0.031 300E E
200 e PR =
100F; =
n | | A e e Y -

2 4 6 8 10

v t [ps]

Parameter Model-independent

1 0.08 +0.02
r 0.477 08 ~0.03

0.88 +0.1240.04

coherence factor integrated over

K 0.19 —0.07 € -
the entire phase space
5[] G 410 +2 prEsE P

v—26, ] 42+




B.>—D*.K* m*m-: Amplitude Analysis

BY—=DIK (1270) §
» Let’s take it one step further: = ik 100y |
time-dependent amplitude fit U #-oixaaror

B - 0ik4c0)

Decay channel Fe[%) R — a i vt
BY = DT (K;(1270)F — K*(892)° %)  13.0424+27+34 41+22+ 29 £26 - o o0
BY — DF (K, (1270)* — K*p(770)°)  16.0+14+18+21 51422+ 3.5 +2.0 3 1000 g 40 LHCb
BY — D¥ (K (1270)* — K;(1430)°7%)  34+05+1.04+04 11405+ 0.6 0.5 3 soof g o E
BY — DF (K,(1400)* — K*(892)° %)  63.94+51+74+135 19.3+52+ 83 +7.8 < o < 20 3
BY — DT (K*(1410)* — K*(892)°7%) 128408415432 126420+ 2.6 +4.1 2 oof 2 E
BY — DF (K*(1410)* — K* p(770)°) 564044064207 56+£1.0+ 1.2 £1.8 : 100 3
B — DF (K(1460)* — K*(892)° n) 119425+ 2.9 +3.1 t S0 E
BY — (DF nt)p K*(892)° 102416418445 284456+ 64 +£153 0;
BY = (DF K*)p p(770)° 0.9+04+05+1.0 _ _
Sum 125.74£64+£69+19.9 88.1+7.0%10.0+20.9 % 3
g g
e =2
= =
= S
m(D¥ =) [GeV] m(D¥ ) [GeV]
Parameter Model-independent Model-dependent
0.08 4 0.02
r O.47J_“0'08J_r0'03 0.56 £0.05£0.04 4+ 0.07
+0.12 +0.04 - - .
K 0.887 015~ 0.07 0.72+0.04 +0.06 = 0.04 gain in precision of Y
5 [°] —6 T15 *7 —144+ 10 + 4 +5
o +19 46
v —208s [°] 42 T3 T, 424 10 =+ 4 +£5




Comparison: B.°>->D*.K* m*mr - versus B;°—>D* K~
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Comparison: B.°>->D*.K* m*mr - versus B;°—>D* K~
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y from B.—>D*K* m*m - and B ,°—>D* K~

« Contribution to y average

LHCb Coll., arXiv:2110.02350

"Simultaneous determination of CKM angle y
and charm mixing parameters”

JHEP 12 (2021) 141

Measurement x> No. of obs.
B* — Dh*, D — h*h'T 2.71 8
B* - Dh*, D — hnTrtn— 7.36 8
B* — Dh*, D — h*h/Fr" 7.14 11
B* — Dh* D — K%hth~ 4.67 6
2 | B* = Dh*, D — KYK*n+ 7.57 7
g | B — D*h*, D — hER'TF 7.31 16
2| B* - DK**,D — h*1/F(rta™)  3.71 12
= | B - DK* D — h*n'F(ztn)  9.45 12
A | B® = DK, D — KOh*h~ 3.26 4
B = DhEntn—. D — h*h'T 1.34 11
BY - DFK* 5.71 5
B — DFK*rtn~ 2.88 5
BY — D¥ = 0.00 2
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http://arxiv.org/abs/2110.02350

Conclusions

Precision measurements important to scrutinize the Standard Model

Precision measurements reach very high mass scales

Precision measurements are not yet precise enough 2030 (Belle Il 50ab,LHCh 50 fb-1)

[Charles et al., 1309.2293]
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