Detecting CP violation with B decays

Lecture 3: B decays

N. Tuning
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Detecting CP violation with B decays

1) CP violation: CKM and the SM
2) Detecting: Detector requirements
3) B-decays: sin2pB, ¢, B,—D K-
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Diagonalize Yukawa matrix Yj; d’ d
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d,s,b 2 2
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Charged Currents

The charged current term reads:
Lee =Sulywid!, + Sdly"wiul, = Ji W, +JE W

2 J2

Under the CP operator this gives: (Together with (x,t) -> (-x,t))

Lo —L2d yw v, (1= )u, + S=uywiv; (1-y°)d,

2 " ,

A comparison shows that CP is conserved only if Vij = V,-j*

In general the charged current term is CP violating
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CKM-matrix: where are the phases?

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

cl1o S O C13 0 813€_i513 1 0 0
Vekm = —s1p c12 0 0 1 0 0 co3 893 | =
0 0 1 —s13€913 () C13 0 —s93 Ca3
C12€13 512€C13 513¢
—812€23 — €12523S: C12€23 — 51252351: 523C13
512523 — C12€2351: —C12523 — 512C€2351 C23C13

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

y Vi: Vi Wi 1—1>\2 A Cin))
w Vea Ves Voo | = 2A2 AN

------ e Ve Vi AN(1 = ‘ e 1
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(CKM: a quick reminder)

e 1) Matrix to transform weak- and mass-eigenstates:

|d') Via Vas V| |ld)
ul | 5’} = | Vea Ves Va | S > . u
W | b’) Via Vis Vb | b> W

d! d,s,b

Weak eigenstates Mass eigenstates
+ 2) Matrix has imaginary numbers: Vaud| Vs Viple™
Vel [Ves| Ve
‘rtd| E_Z'B _ ‘ ‘rts 62_;’35 |‘; b|

» 3) Matrix is unitary: *
V'V ;
V*ud V*cd V*td I/ud I/us I/ub 1 0 O VilfVud %
V+V= V*us V*cs V*ts I/cd I/cs b = O 1 O cbed VvaVCd
V*ub V*cb V*tb I/td V 0 O l y ﬂ

. . . V.V
Vol + Vg + Vil =0 0.0) Japt=1 (10)
ch” cd

C




Summary

° , q: ‘BO

7
7

p\BO —q

e Am, Al Am=2ER\/(M12—éF12 M;’;—ér; q,p,My, T related through:
i ; q _ M-, /2
AF:4S\/(M12_§F12 Ml*z_grrz P ]\412 —iFlz/Z
* Xy: mixing often quoted Am AT o t
in scaled parameters: T Y 28 COS(A”””:C"S(??J ZC"S(’“?j

Time dependence (if Al~0, like for BY):

|B°(1)) =g, (1)| B*)+L g ()| B")
i with

B (1) =2.0[B)+ g 0|°)

—imt _—T't/2
=e

—imt —T't/2.
=e

Amt
e COS——

. Amt
e [sin ——
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Meson Decays

e Formalism of meson oscillations:

‘PO (t)> _ % (e—z’mHt—%FHt 1 e—z'mLt—%TLt) ‘P0> i % <e—imHt—%FHt _ e—imLt—%FLt) ‘p0>
, 2
(PO PO = lo-(0) (;)
e—I‘t 1
|g:t(t)|2 = (cosh 5&1‘1‘. + cos Amt)
e Subsequent: deca
\ e PYO—f
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PO—f

Notation: Define A and X,

(f) = (ATIP)

(f) = (fIT|P°)

A(f) = (fIT|P%)

A
A(f) = (iTIPY) A

and define the complex parameter A; (not be confused with the Wolfenstein parame-
ter A !):

The general expression for the time dependent decay rates, I'po_((t) = |(f|T|P°(%))|?,
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Some algebra for the decay PY > f

—impt—L —imyt—L T [ _impyt-1 —imy it =
(e it 2FHt_|_e it 2FLt> |P0> _|_2_p (e it 2FHt_e vt 2FLt> ’P0>

RO | —

P'(1)) =

. — . —

_ _ Interference
A(f) = (ATIP°) [ |A(S) = (FITP7)
q Ag
A, — 24
Y
PO >f PO>P0 >f
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Some algebra for the decay PY > f

Ppos(t) = [A"  (lo+(OF + A Plo- (O + 2R[Arg} (H)g-(1)])
2
- olq ‘ — . — .
Ppo_f(t) = |Af , (lg- (O + A 2194+ (O + 2R[Azg, (1) g~ (1)])
2
Tpop(t) = |Afl? p (lg—(O1F + Xl (O + 2R[Arg4(t) g~ (1)])
Ppo_f(t) = [Af? (lg94+(t)]* + |/_\f-|2|g_ ()% + 2§R[/_\fg1(t)g_(t)]) (3.15)
. e 1t 1
lg=(t)]? = 5 (cosh gAFt + cos Amt)
e 1t 1
gy (t)g_(t) = 5 (sinh §AFt + i sin Amt)
e Tt 1
gi(t)g (t) = 5 (Sinh EAPt — i sin /.\mt) (3.16)
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The ‘master equations’

—I't ('direct’) Decay Interference

B )

((1 + [Af]?) cosh %Af‘t + 2R\ sinh%AFt — (1 — |Af|?) cos Amt + 23\ s sin Amt)

Lpo_f(t) =

Fpo_,f(t) =

The sinh- and sin-terms are associated to the interference between the decays with and
without oscillation. Commonly, the master equations are expressed as:
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The ‘master equations’

—I't (‘direct’) Decay Interference

B )

((1 + [Af]?) cosh %Art + 2R\ Sinh%AFt — (1 — |A\f|?) cos Amt + 23\ s sin Amt)

Lpo_f(t) =

[po_f(t)

The sinh- and sin-terms are associated to the interference between the decays with and
without oscillation. Commonly, the master equations are expressed as:

Cpo_f(t) = |AfF (1+ |Af|2)%” (cosh%AI‘t + Dy sinh%AI‘t + Cfcos Amt — Sy sin Amt)
) r ) .
Tpo_s(t) = |A,? § (1+ |A,|2)"°‘T (cosh %AI‘t+Df sinh %Al“t — Cjcos Amt + 5, sinAmt)
(3.18)
with 2R, EWE 232,
SIS Cy= TTIVE Sy = Tr e (3.19)
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Classification of CP Violating effects

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

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

2. CP violation in mixing

Prob(P" — P") # Prob(P" — P")

H#l.
p

3. CP violation in interference

[(P5% — f)(t) # T(Pp% — f)(t)

I\, = S £0
d (ID 4f)
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Meson Decays

e Formalism of meson oscillations:

P(1)) =

1 (e—imHt—%FHt _I_ e szt——FLt> ‘P0>
2

2

q (e—imm—%m B e—imLt—%FLt) P

e Subsequent: decay

s = 7 oD e DG )
PO >f P09P09f
_ _ Interference
A(f) = (ITI1P°) | |Af) = (F1TIP°)
A
)\f:%ﬁ
‘ e—Tt ( direct’) Decay Interference
Lpos(t) = [Aff"

4\ cosh

1
—ATI't
5 +




Z

. .
.J-| |
""ﬁ '\.\

- q
CP violation: type 3 SAp =S8 ({;‘

[(P°~p" — f)(t) # T(P°p®) — f)(1)

LI'poy—p — 1 pogy—

— FPO(t)—,f + FpO(t)_,f

5 e Tt 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 — C'y cos Amt + Sgsin Amt
q : 2 2
L VN T VR < VY
TUIEINE T T TR

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

Acp(t)
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Classification of CP Violating effects - Nr. 3:

Consider f=f:

Upoy~r —Upoy—y  2C; cos Amt — 25 sin Amt

Acp(t) =

If one amplitude dominates the decay, then A: = A,

—3A s sin Amt
cosh ATt + R\ sinh ZAD't

Acp(t) =

3. CP violation in interference

[(POp% — f)(t) # D(P°p — f)(2)

qu)
3x, =3 (121 4o
! (PAf

* “ Niels Tuning (17)




Relax: BY2J/WK, simplifies...

2R,
AP

C L=

EREY

S = .
RN ENpWE

FpO(t)_.,f — FPO(t)—»f B

Z(Yf cos Amt — ZSf sin Amt

flcp (ZL) -

- Lpowy—y + Lpoy—g ~ 2cosh %AF?‘- + 2D sinh %AFt

A4=I

V4

AT

=0

Acp (ZL) = —('\\S‘/\f Sill(A’I'nt)
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Kf for BO —» J/WKOS

ﬂﬂ/wk% ::(

q

P

)

JIyK,

A

JIyK,

:[‘IJ AJ/va‘)(Pj
P g AJ/z//KO q )k

S v 000 QL 0MOO0




Kf for BO —» J/WKOS

A — I/tb*l/td I/c%* CSVCd*
E vy \ V¥ )\ T,

— _ e—Ziﬂ

Time-dependent CP asymmetry

A (t)=—=sm 2P sin(Amt)

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

Niels Tuning (20)



CP eigenvalue of final state J/yKO9

e« CP |J/y> = +1|]/y>
. CP |KOs> = +1 [KOc>
. CP |1/yKOos> —@lJ/\yKOS>

A :Gsl/tb*l/td VEV* cs cd
TR \thth* cb cs ’V;Vcd

(S(B)=0 > L(J/yK%)=1"1)

@_2lﬂ Relative minus-sign between
state and CP-conjugated state:

y (t)zrg_)f(t)_rB—y(t)
L (04T, ()

Aep(t) EYin 2B sin(Amt)

=Im(4,)sin Amt¢
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Sum of 2 amplitudes: sensitivity to phase
Now also look at CP-conjugate process

o
e Investigate situation at time £, such that |A;| = |A,] :
N(BO = f) oc |A|2 oc (1-cOS$p)2+sin2d
= 1 -2cosd+cos2p+sing
= 2-2cos(n/2-2)

oc 1—sin(2[3)ﬂ'
— N

/2+2p N B
[N B’ f .
Agp = NB ! =sin(23)

B'>f B > f

T

226 N(BT S f) o (1+cosh)2+sin)
= 2+42cos(n/2-2p)

1+cos(¢)
oc 1+sin(2p)

sin(s)

e Directly observable result (essentially just from
counting) measure CKM phase 3 directly!
N_O _N 0_)
Eor P2 _sin(28)

A (t=rm/2Am) =
o =

B —f B’ f
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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 ammplityaes
2 DINaSES
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Remember!

ion

Vi

b

I CP operat

2 mplictyaes
2 DIESES
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Time dependent CP violation

BO tag BY tag
Lt 3 7
& o
unmixed B . s B L e e unmixed
Total 'ramplitude —— Totallamplitude
CP asymmetry CP asymmetry 2A0.r Decay Rate
T , ~ 0 =10 deg
0.0- L 2' L L 5'— . el F/Am= 13




B-system - Time-dependent CP asymmetry
BO—J/wK

- BO—>f

NE—)f
ACP (t ) -

B'>f E—)f

= sin(2 f) sin(Amt)

. -
Z200F 50 tags BABAR
(—]

< [ B’ tags

£

o

»

<

Raw asymmetry
[—)
= tn

=
th
T I 1]

5
At [ps]
Ba Bar (2002) Niels Tuning (26)



sin2p in LHCDb

e Flavour tagging: to "BY9” or not to "B9”?

PV

SS pion
‘ SS proton
SS kaon (for BY)

BO

22

same side
opposite side
SV
o s /r‘ OS kaon
b—c /

b— X1~ T 0S muon
OS electron
OS vertex charge
OS Charm Niels Tuning (27)




sin2p in LHCb

e Flavour tagging: to "B9” or not to "BY9”?

e Various algorithms

— Not perfect event-by-event, but statistically useful!

o Key parameters: efficiency and wrong-tag fraction > g(1-20)?

— Measure perfromance with B? - J/yK™ B* —J/yKt B—Ds*r

Tagger € [%] o [%] e(D?) = e(1 —2w)?* [%]
OSu  0.915+0.053 30.713+£0.434 1.36140.062
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sin2p in LHCb

e Flavour tagging: to "B9” or not to "BY9”?

e Various algorithms

— Not perfect event-by-event, but statistically useful!

o Key parameters: efficiency and wrong-tag fraction > g(1-20)?

- Measure perfromance with B—J/y K™ B*—J/y K% B’—Ds*x"

Tagger € [%] o [%] e(D?) = ¢(1 —2m)? [%]
oSy 0.915+0.053 30.713+0.434 1.361 +0.062
OSe  4.451+0.038 34.038+0.604 0.454+0.035
OSK  19.600+0.073 37.557+0.315 1.21440.061

OSVix  20.834+0.075 36.99440.308 1.41040.067
OSc  5.025+0.040 34.062+0.620 0.5110.040

OScomb  40.154+0.090 35.123+0.211 [3.555+0.101 |
SSK  68.190+0.177 39.667+0.507 2.912+0.286
SSm 83.486+0.068 42.561+0.145 1.848 +0.072
SSp  37.76740.089 43.645+0.221 0.610+0.042

SScomb  87.590+0.061 41.78740.142 [2.364+0.081 |

From D.Fazzini, LHCP20218
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Candidates / (1 MeV /c?)

sin23

L(BY(t) =[] K§) — T(BY(1) = [cg] K5)
['(BO(t) — [ce| KQ) + T'(BY(t) — [ce] K?)
~ Ssin(Amt) — Ccos(Amt)
~ cosh(AT't/2) + Aarsinh(AL't/2)
e Flavour tagging essential

— Which B° was a B0 ?

Al (t)

~ Ssin(Amt)

3500
3000
2500
2000
1500
1000

500

LHCb

—_
)
[\

—_
(e}

Candidates / (0.15ps)

—_

g esam el ¢ 4

) —

0 L 5 i g - o 1 ) =
5240 5260 5280 5300 5320 5 10 15
m (MeV /c?) Decay time [ps]

N.Tuning - Genoa - 23 Nov 232

LHCb, PRL 115 (2015) 031601



Signal yield asymmetry

sin23

I'(B°(t)—

2] K§)

—T'(B(t)—

2] K5)

Al i (t) D) =

Ssin(Amt)

[cc] K9) + T'(BO(t) —
— C'cos(Amt)

e K3)
~ Ssin(Amt)

~ cosh(AT'#/2) + Aar sinh(AT ¢/2)

Flavour tagging essential
- Wrong tag fraction w~35%
- D=(1-2w)~0.3

Acp(t) = Dsin(2f) sin(Amt)

0.4 pr———s

0-3F psin2p

o

0.2

LHCb | 7

LHCb, PRL 115 (2015) 031601

bt;l—A E

.15. .

0.4 :
L BV (25)K? |
B°— Jh (eJr K
|0 B Jp (it ) K
0.2 HEZD Combination
Nolpdy ==
o N\ Ny
-0.2
I~ CL for the ilnner (outer) Colntour is 39% (8|7%) |
0.5 0.6 0.7 0.8 0.9 1

sin2B= S

LHCb, JHEP 11 (2017) 170

31



B - J/yop : B analogue of B® — J/yK9

Replace spectator quark d = s
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B.® analogue of B® — J/yKO

|Vad| | Vs |
Ve v wolfenstein = | —| Ved . [ Vs : .
Vidle ™ —|Visle'®  [Va
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B, analogue of B® — J/yKO%

Differences:

CKM

A’

Final state (spin)
Final state (K)

Vig Vis
~0 ~0.1
KO : s=0 ¢o: s=1

KO mixing -
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Bs: B —» J/yo

U'goty—g/we — LU Bog)— 7 /0 A in Amt
Agp(t) = B2 (t)—J[vé BO(t)—J /e T/ S mt

Crowy—awe T Laoy—apme COS](\—LA/” + A/ SIHW
q Ay ViVis\ (VerVer
Ve = (1), (e 722) =) (1) (1252)
e = \p) g \MIVa, IAGYANAA
gAJ/WCb :il](_QI,BS)
V.. large, oscilations fast,

need good vertex detector
CP|J/v¢), ) /), 3 amplitudes

AT =2
Vid AL A—>l=1
~0 A, 1| =0
Inal state (spin) K9 :s=0
Final state (K) KO mixing -
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P with BSO—J/W(P (“the sin2p of the B system”)

/ Pm Pecs ¢ \ﬁ 18000

s b /4 | 16000F ” LHCh 3
‘ b c 14000 — Total E
B w W B + B 10000 E — — Signal =
t s s 3 E
8000 ---- Background 3
5 ¢ 6000 s
h 4000 .
S C ]
2000 & J L g
k mixing + decay / () e - N———
5200 5300 5400 5500
m(JAWKK") [MeV/c?]
\ ' )

Ps

LHCb, arXiv:1906.08356
EPIC 79 (2019) 8, 706, N.Tuning - Genoa - 23 Nov 2B®

EPJC 80 (2020) 7, 601 (erratum)



http://arxiv.org/abs/1906.08356

Events / (0.01625 ps)

Ps With BsP—J/vp

e Some challenges:

1) Rapid B.? oscillations:

decay time resolution

2) "Same side” kaon-tagging: calibration with hadronic final state

3) Mix of CP eigenstates:

2) Tagging calibration
from Bs—Dgr

1) Decay time resolution
from prompt J/vy :
F— o & * T | @ t 5 0.6
10° LHCb ¢ Data - S
g — Total fit 1 o 05
] S J S Resolution - &) 0 43_
. -- Wrong PV i a ’ -
10t ---Longlived1 - @@ 03F
- Longlived2 ] & [
ong live E o
5| 02
10 E C
St 0.1
10? o ‘ . |
0.5 0 0.5 %

. } —— data points

LHCb SS tag

—— calibration curve
[] n distribution

Illlllllllllllllll

- |0{3| - ‘O.I4‘ - IO.S
estimated M

angular analysis

Weighted cands. / 0.05

—
S
S
S

3) Angular analysis to
disentable CP + and CP -

3500 ~———
3000

2500
2000
1500 F

500

———

- B

77 CPeven ~~_
4 X,
& N
/ &
_____ CP odd g

PO Ul i i kA L i B s el B Mialinbball IL TP
-0.5 0 0.5 1
cos 6,

N.Tuning - Genoa - 23 Nov 232



Ps

e LHCb 2011-2016
2012
LHCb 0.4fb '+ CDF 5.2fb "+ D@ 8fb ™"
TO.ZS_—!""l,','"I'~'\"'I'"'I""I""'l:
| - HFAG B
w0 B DO -
24 020 .
0 B R ' LHCb -
~ C /1 CDF ™~ P N
4 015_— i :‘-\lllqlll‘-‘--. -
1 d Lo -
: ] . Combined .
0.10__ : ! : —_:
: EIIIIIIIISIII : -—
005 ] "68% CL contours ]
- T (Alog £ =1.15) 1
0'|...|....|....|....|....|....|‘
-15 1.0 -0.5 0.0 0.5 1.0_ 1.5
¢5°° [rad]

il

Ll givo

2021

HFLAV

68% CL contours

(Alog £ =1.15)

DO 8 fb~1

=
 —

CMS 116.1 fb~!

=
=

CDF 9.6 fb~!

o
o

qullllilllﬁlllrlllliullll.

d*
LHCb 4.9 fb~1

by 1.77
0.0
ATLAS 99.7 fb~1
0.0 0.1 __03---7
¢<[rad]
¢ =-50=19 mrad (HFLAV)
¢ =-42=25 mrad (LHCD)
¢S =-37+1 mrad (SM) gﬁxﬁtrg/ D84, 033005 (2011),

updated with Summer 2019 results

N.Tuning - Genoa - 23 Nov 2(3®

https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG 2021/HFLAV_ phis inputs.pdf



https://hflav-eos.web.cern.ch/hflav-eos/osc/PDG_2021/HFLAV_phis_inputs.pdf

Measure y: B9 - D2K~+*:both A.and Ar

Niels Tuning (39)

In addition B, > DK+ : both A;and A+

NB:



Formalism: B/9—D*.K"

e Time-dependent decay rates:

dFBg—>f (t)
dt

1
= S+ g )e! [COSh (

+ Cf cos (Amgt) — Sysin (Amyt) ] )

dFEg—xf (t) ?

d¢

1
— —|A,|?
5147

p
q

— O cos (Am,t) + Sy sin (Am,t) ] ,

ATt

(14 [Af|*)e ! [cosh (

) + A?F sinh (

AT
St) + A?F sinh (

ATt

)

ATt

)

1— |\f]?
= — = —C_:
/ 1+ ‘>\f|2 /
_ 2Zm(Ay) Al _
! 1+ P\f’Q ’ !
_ 2Zm()\7) éF .
f 1+ |)\?|2 ’ f

1=\
1+ |)\?’2
—QRG(AJC)

L+ [Af]?
—2736()7)

1+ |)\?’2




Measure y: B, 2 DAK/*+ - first one f: D/ K-

b «—e
Vb
R)
* 3 * 3 iy
I/cbl/us oC ﬂ“ I/uvacs oC ﬂ’ €

e This time | Af|#|A¢|, so |A=1 !
(*’417; K+) _ (‘-"fub“"":;) (A‘z) \, 44y
/ T THRY S = A
Ap-g+ ViVus/ VA4 pAy

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

*‘L}D; Kt | AD; K+ | 65(55 —)

ADS— K+ |AD; K+ | Niels Tuning (41)




Measure y: B, > DJK/+

BO, > D4y K+ has phase difference (6 - y):

Ap-k+ .

Apri+] Li(6:=7)

Ap- it

AD;I(WL N

Need B9 - D,*K- to disentangle 6 and y:

)\ . ( q ) ( .4 DI K+ ) o ‘ftz "'t . ‘fub ‘2; 442 e i(—2;5'5 — 40 ))
Kt — - — 7O R Vs ’
D- K p/BONAp- ey ViV LV v A
\ B ( q ) ( Ap+g- ) ViV | | VasVeb || A1 i—28.—7—5.))
DIK—- — — _ oYk oY% €
] P/ B\ Apt - VisVis ! 1Ves Vi 11 A9

Niels Tuning (42)



Formalism

e Polar: 4] and v y\, _ @ Ag

. I 5 A
e Cartesian: A2 and S P Af
I—

-

£ [ LHCb

= 05

| e
0p) 0 AAF S)

—Aér S-)
—(y 2/5)

05| Comblnatlon °

5 -1 05 0 05 1
ALT ~ Re(A)

A note on conventions:
1)We use: Al =l"-I, >0
2)Opposite convention is equivalent if at the same time AAT — - AAT

Siegen - 31 May 2022 (2)



B.—D*_K* Analysis

e Obtain B?signal sample: 3D fit to (mg, mps, PID)

o BJor ESO : Flavour Tagging
e Decay time: Resolution & acceptance
e Result: Decay time fit
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B.—D*_K* Analysis: mass fit

e Need to (statistically) separate signal from background

e Backgrounds:
- Combinatorial
- Partially reconstructed background (B.,°—D*.K* , etc)
- Misidentified background (B,>—D*.n* )

1200 N(Bso_’DisK’T) = 5955 +90| | Comb. vs true Dg: |
LHCb —+ Duw
1000+ Total fit 12 40

------- Signal B — D;K*
\:l B "s) D(*)+ K( )+ |
B 5> D) ()
B B, — D (K* %)

200

Candidates / (0.85 MeV/c?)

Wi Wi it f ]
frm W iy }If%‘ gl T{PH fIET T 1

0 ()~
[ ] Ab — D{"p 1940 1960 1980 2000

NOI\J

m(K*K =, wt =, K g N~vien D.n vs D.K:

400 I A — A (Kor) ]

I Combinatorial

Candidates / ( 5.00 MeV/c?)
o
S
=

200 Z
2 } t :
28 i S e B0 il LDl *
Sl ! {T i {f tt T Hf TTH# 11 {{ TT{ {ﬁ | it | Uy > fﬁf}“m‘}ﬂr &, p{#%n}ﬁ{}}%*}Hﬁ}%f*f#{%{**{ﬁﬁf;%”{fm&;&hIM”“{

2 3 4 5

5300 5400 5500 5600 5700 5800 o
m(D”K*) [MeV/c?] e s vy cu K



B.—D*_K* Analysis: Flavour Tagging

e To B.ornotto BJY:

[ /P

V

\ Same
\p’ §|: ]

SS Pion

on

SS Kaon NNet

SS Proton

%. ot

SS Pion BDT

o

Side

Opposite Side

T
OS Vertex Charge
0S Charm
e Use B.—D*_1 to calibrate!
BY— D_wt Etag | J0] Eot | 0]
OS only 1294 £0.11 1.41 £0.11
SS only 39.70 £ 0.16 1.29 +0.13
Both OS and SS 24.21 £0.14 3.1040.18
Total 76.85 £0.24 5.80 £0.25

Signal Decay

/‘). 0S Kaon
@ OS K. NNet

0S Muon
OS Electron

sketch: Julian Wishahi
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B.9—D*_K* Analysis: Decay time

Use B.—D*.1 to calibrate!

eResolution

eAcceptance

o [fs]

- Measured

Candidates / ( 0.10 ps)

100

90
80
70

60 F
50 F
40 F
30
20 E

= ‘ ‘ ‘ ‘ —
- LHCb L

F —— Prompt D; data ‘
- (] B! — DK data.”

N
o)
=)
=)

3000

2000}

—_
]
S
=]

FT T ~J T T T
~
| -~

N O
o

10 ; .,:ZZ':"/

0 —
0 50 100

= Estimated o, [fs]

LHCb
- - - Acceptance

— Data

— Fit to decay time -

2 4 6 8 10 12 14

t(B{— Dy ) [ps]
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B.9—D*_K* Analysis: Result from fit

Decay time fit:

— Fix some parameters

dFBgﬁf (t>
dt

drﬁgaf (f)
dt

1 N ATt /ALt
= 5\Af|2(1 4 [Ap[P)e Tt {cosh ( 5 ) + A7 sinh <T>

+ Cycos (Amgt) — Sy sin (Amyt) ]7

1 2
= §\A/|2 ‘B (14 [Ag[P)e Tt {cosh (
q

— Cfcos (Amyt) + Sy sin (Amyt) ],

Agﬁ) + A?F sinh <

ATt

2

)

Parameter Value
Cy 0.730 £ 0.142 + 0.045
A?F 0.387 £ 0.277 £ 0.153
A%F 0.308 + 0.275 + 0.152
Sy —0.519 4+ 0.202 4+ 0.070
S7 —0.489 £ 0.196 £ 0.068

Candidates / ( 0.10 ps)

Amg, = (17.757 £ 0.021) ps ',
I, =(

0.6643 + 0.0020) ps~ !,

AT, = (0.083 4 0.006) ps~*,

p(Ts, AT,) = —0.239

Aproq = (1.1 £ 2.7)%,
Adct — (]. :l: 1)%

T T

LHCb

- - - Acceptance
— Fit to decay time
—+ Data

e ~ -
----------------------
- -

| . . | Lo Ll I |

—e—1
et
R
=
4
—a
.
—eo— ]
——
——
K
-
——
de—

10 12 14

t(B) — D; K*) [ps]



B.9—D*_K* Analysis: Result

e FromA, S, Ctoy,0,r

—
QA _
~ [ LHCb
* o5k
= i \/1 C2
I(C§| AAF S ) f
v = (128 +17)O s ° (A%, S.)
E— e L
_if) ’ —(y 2/»’)
5 — (358 T )O , 05| o Combmatlon °
_ +o 10 B
TDK_OS? —0.09> | |-_I-k| |
-1 -15 -1 0.5 0 0.5 1

Re (245 /(1+1A#5)]
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B.—D* _K*rntrn- Analysis:

e Obtain B?signal sample: Fit to mg

o BJlorB: Flavour Tagging

e Decay time: Resolution & acceptance
e Result: Decay time fit

e + Amplitude analysis

Siegen - 31 May 2022 (2)



B.9—D*_K*n*n Analysis: mass fit

e Need to (statistically) separate signal from background

e Backgrounds:
- Combinatorial
- Partially reconstructed background (B.,’—D*.K* , etc)
- Misidentified background (B,9—D=* i+ )

N(B.o—D* K1+ ) = 7500 = 100

§ B T [ ]
C 1400 LHCb E
 1200F ; ¢ Data =
g - é — Fit .
£ sof | ST 3
= - ;; ------ Comb. bkg. .
S 600[R. _ lg\ Bl Part. reco. bkg.
O Lo é B2 MisID bkeg. =
200 / -
2 N O

s = WD WV, O W\ s, Wi s s WA m e

5200 5300 5400 5500 5600 5700
m(D;T'Kiﬂ'i'jz"_L) [MeV] Siegen - 31 May 2022 (2)



B.—D* _K*rntrn- Analysis:

(b) Run 2 data.

™ i €tag| /0] {w)[%] €eft[ V0]
Flavou r Tagg I ng Only OS 11.91 £ 0.04 37.33 =041 1.11 £+ 0.05
Only SS 40.95 4+ 0.08 42.41 4+ 0.29 1.81 +0.10
Both OS-SS 28.96 & 0.12 35.51 & 0.32 3.61 & 0.13
Combined 81.82 + 0.15 39.23 £ 0.32 6.52 £ 0.17
e Decay time acceptance 2000 T T
— 6000 LOHCb =
() C — b e — 7]
< 5000F E-bmima 2
S 4000 3
e 3000k =
1000F- 3
o | ]
2 4 6 8 10
t [ps]
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B.9—D*_K*n*n- Analysis: Result

. . ~ 800F T | | | =
o . a - =
S 600 B’—»DIK*rnint 3
-~ o -
= 500F =
Fit parameter Value ;':) 400 E
Cy 0.631 + 0.096 4+ 0.032 - 3
300 =
AST —0.334 £ 0.232 =+ 0.097 J: N E
A?F —0.695 £+ 0.215 £ 0.081 E """""""""""""""" g
S; 0424 + 0.135 + 0.033 100k E

S5 —0.463 + 0.134 £ 0.031 2 4 3 3 10

Parameter Model-independent

+0.08 +0.02
r 0.477 08 ~0.03
+0.12+0.04
K 0.887 619 ~ 007
o +10 +2
6 [°] —6 T 7

7_265 [O] 42 i_}g ——HZS
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B.—D*_K*n*n- Analysis: Amplitude analysis

BY>DIK (1270) g
4 i . Z F + g
o Let's take it one step further: | Bk 1400y s
. . . I B D7k 1410y E
) - )
Time-dependent amplitude fit B oo 7 |
Decay chamnel F%) FE%] e Others T I S ¥ S R
BY — DF (K,(1270)F — K*(892)% %)  13.0£24+27+34  41£22+ 29 £26 P -
B" = DF (K,(1270)* — K* p(770)°) 160+£14+18+21  51£22+ 3.5 £2.0 % 1000f %
B® - DT (K{(1270)* = K;(1430)° %) 34405410404 11405+ 0.6 0.5 3 soof g
B® = DF (K,(1400)* — K*(892)° %)  63.9451+744+135 193+52+ 8.3 +£7.8 g <
B" s DF (K*(1410)* — K*(892)°7%)  12.840.8+154+32 126+2.0+ 2.6 +4.1 2 so00f 2
B" = DF (K*(1410)* — K* p(770)°) 56404406407 56+1.0+ 1.2 +1.8 :
B® - DF (K(1460)* — K*(892)" 7%) 1194254+ 29 +3.1 s
BY — (DF 7%)p K*(892)° 1024+£1.6+1.8+45 284456+ 64 £15.3 0
BY — (DF K%)p p(770)° 0.9404+05+1.0 _ .
Sum 1257464469199 88.1+7.0+10.0+20.9 z 3z
Neg o = o 250F
g E g 2005—
s S s
=2 1 > 100E
: ; ‘ E sof-
TS R " 3 4 B
m(DF ") [GeV) m(DF %) [GeV]
Parameter Model-independent Model-dependent
r 0.47 008 T o0a 0.56 +0.05 + 0.04 + 0.07
K 0.88% 015 T 007 0.7240.04 £ 0.06 £ 0.04 Gain in precision
5 [°] —6 T19 *+2 —14+ 10 £ 4 +5
v—28, 7] 42 1§ £6 42+ 10 £ 4 +5
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Comparison: B—D*.K*n*tn vs B.9—D*_K*

Quantum oscillations of neutral particles with the beauty quark /

Veronesi, Michele CERN-THESIS-2021-193

e Illustration of weak and strong phase:

— 1.0 : : 1.0 : :
3 — BV D;K* <E — Dyk*
308 _ B D7kt
= o 0.5F —
ST 1 B~ DIk~
o6ty BY— DyK~ 1 6=0, Y=0
0.0F —
0.4 —
U —0.35 f
0.2 v 1
0123 475 180 01 0.2 03
t [ps] t modulo 27/ Am [ps]

(a) Effect of interference forr = 0.4, =0,y = 0.

~ 1.0 : : : 1.0 : :
3 — BV DyK* ] é —_ DjK*
3 ol _ Bopxr]l I\ D{K~
3 o 1 05
g o B > Dik |
0.6 [\ ,,,,,,,, BY— DK~ 5=20, Y=0
0.0

Al

012 3 4 5 o 01 02 03
t [ps] t modulo 27t /Amy [ps]

=20, y=70

8. T 02 03
tlps] tmodulo 27/ Ams [ps] Siegen - 31 May 2022 (2)

(c) Effect of the weak phase difference r = 0.4, § = 20°, y = 70°.


https://cds.cern.ch/record/2790773?ln=en
https://cds.cern.ch/search?f=author&p=Veronesi,%20Michele&ln=en

Comparison: B—D*.K*n*tn vs B.9—D*_K*

Confirmed results with identical code...

Amix
coo oo
—_ N W B W

D.Knn

LHCb

— =D K'nn"

= IIII|IIII|IIII|IIII|IIII|IIII|II I|IIII|IIII|IIII

0
0.1
0.2
0.3
05 o0z 03
t modulo (21t/Am,) [ps]
Parameter Model-independent
+0.08 +0.02
r 0.47 508 2003
+0.12 +0.04
K 0.88% 519 007
+10 +2
o [°] —6 T15 I}
+19 +6
v —28s [°] 42 793 Ty

R T N SR
0.1 0.2 03
#(BY— D; K*) modulo (27z/Amy) [ps]

v = (128%5))°,
§ = (358 T13)°,

_ 4+0.10
rpx = 0.37 509
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y from BS—D*_K*ntn- and B.0—D*_K*

N a1
e Contribution to y average O
— 0.8
0.6
04
021
Measurement x> No. of obs. i
B* — Dh*,D — h*1/F 2.71 8 0
B* — Dh*, D — h*aFntr 7.36 8 50 60 70 & 9%
B* — Dh*, D — h*h'F7° 7.14 11 v 7]
B* — Dh*, D — K2hTh~ 4.67 6 B -+ DFK* B’ DFK*n*n"
S | B* = Dh* D — KYK*n* 7.57 7 . :
e ) : S| LHCb LHCDH
g | B = D*h*, D — hER'T 7.31 16 >
2| B* - DK**,D — h*1'F(rtn™)  3.71 12 5 s
z | B—= DK D — h*h/F(ztn™) 945 12 - 4 o
& 0 *0 0p+7— 2 -
2 | B DK™ D — Kh"h 3.26 4 D D
B* o Dhirta D — hERF 1.34 11 :
BY — DFK* 5.71 5 D O )
B — DFK*rtm- 2.88 5 c ! c
T o
BY — DFr 0.00 2 P UL = P b gonp a P |
-2 0 2 -2 2
Pull Pull

LHCb Coll., arXiv:2110.02350
"Simultaneous determination of CKM angle y
and charm mixing parameters”

JHEP 12 (2021) 141
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http://arxiv.org/abs/2110.02350

Detecting CP violation with B decays

1) CP violation: CKM and the SM
2) Detecting: Detector requirements
3) B-decays: sin2pB, ¢, B,—D K-

Niels Tuning (58)



