B flavour tagging : comparing B-factories
and LHCb




Tagging : determination of the flavour of the B (B or B) at the production time

High pr . Lowpr
-

t W w
The charge of the lepton or of the K gives information on the b :

a high pr £~ or a K- probably come from a b quark (and thus a B meson)

a high pr £* or a K+ probably come from a b quark (and thus a B meson)



the fully reconstructed B meson
(egD™*m, J/JWKs ....)

the tagging B

1- |

+
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W w
b ) ¢ ) s )
— JK°
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This is opposite side tagging.
It can be performed both at B-factories and LHC, but fundamental differences due
to the production mechanism
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The B meson fully reconstructed
(egD™m, J/WKs ....)

The tagging B

» At B-factories : coherent B B® production

e At LHC if a BC is produced, at the same time one can have

at the sametime aB,,aB+,a A,

The B, oscillates many time before decaying and does not

keep track of its flavour at the production time : information is lost

In addition at LHC they are all the
fragmentation tracks and the tracks
from the other interaction(s)
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The fragmentation tracks can however helps the tagging : Same Side Tagging

S0 Search for a track attached to the primary
SNy S vertex (not to the B decay vertex), close to the

— K- B and not too slow

u

u

g P cannot be done at B-factories !

u

d

fragmen’roﬂon tracks

B, decay products

\<§

the fragmentation K ¢
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Tagging performances :

Q=¢(1 —2w)*=eD?
tagging efficiency ¢
mistag probability w (‘wrong’)

B-Factories typical performance
Q ~ 30%

QxN : equivalent number of
events perfectly tagged

Hadron colliders
Q ~ 2% (Tevatron)

LHCb reaches 6%

1000 events reconstructed are equivalent to

» 300 perfectly tagged at B-Factories
* 60 perfectly tagged at LHCb







Three types of CP violation

A:B—of
AiB—>f

A
Ncp= % N

In all cases:
two amplitudes (A = A; + A)) are
needed for the observation

Color meets

CP violation in decay (« direct CPy») :

F|a§}5‘e(294<{5]%98%8m§ﬂ\%arch 2024

A
B f Only one
_ existing for
5 r harged B
B A foc
CP violation in mixing :
B° B° f Not yet
observed for
BO BO f B mesons.
CP violation in the interference
between mixing and decay :
BO / f
Bo f
BO
First observation of CP
violation in B decays : B°
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Discovery of CP violation in the B system : measurement of the B angle

CP violation in the interference between mixing and decay

B0 cI)decoy > f
cI)d — (I)mix_2 cI)decoy
o _q)decay
Mix RO
Mixing Decay
b Vipb, W Vig d b Vcb E J/\ll
Eod t,c,u } - ] t,c,u Eod V < ¢
— . _ cs E -
d Vg Vi b d a
COlOT meets riavor school Bad Ronner mMarch 2022 54




P(B® - fep, At) x et (1 — (S sin AmAt — Cr cos AmAt)) Ba= Al =0
P(ﬁ — fCP,At) o eIt (1 + (Sf sin AmAt — Cf COS AmAt))

|2

:1_|/1f direct CPV ) q<f|H|EO>_qu
2 . _a4
1+|ﬂf| ' p<f|H|BO> p A

2|m[/1 ] CPV in the interference
= 'l between mixing and decay

f

f

114, [

B—>J/l/) KS Im )\J/@DKS — SIn 25

P(BO~fcpAt)—P(B°>fcpAt)
P(BO-fcp,At)+P(BO—fcp,At)
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ACP (At)= — Sin 218 sin At theoretically clean
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Why are B-Factories detectors slightly asymmetric ?

BABAR Detector

Instrumented Flux Return

) 1.5T Solenoid
Electromagnetic \

Calorimeter

DIRC
(Cerenkov)

Drift Chamber
Silicon Vertex Tracker
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Time evolution of an Y(4S) decay

t=0Y(4S) > BB

Neither B is a specific eigenstate but they evolve coherently (ie B
and B)

t=t, one of the two mesons (B,) decays
if B, is a flavour eigenstate, B, also

t=t, the other meson (B,) decays
it can decay as a B® or a B® (mixing can take place) or a CP
eigenstate
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Y(4s)

t=O BI
t=t1 BO

/\

K* n

t=t2

(B°)

BO

/\

J/v Ks
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P(BO->fcp,At)—P(B%—fcp,At)
P(BO>fcp,At)+P(BO>fcp,At)

Acp(At)= = sin 25 sin AmAt

how to measure t; and t, ?

We do not know where the Y(4S) has decayed

I/

BY(flav) 2

K* /(s\

M(Y(4S) = 10.58 GeV

= (B*, BY) are produced nearly at rest in the Y(4S)
center of mass (p* ~ 340 MeV ), ~ 30 um between
B, and B, decay vertices
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t=t1 BO

/\

K+

t=t2

Y(4s)

(B°)

BO

/\

J/y Ks
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Make the Y(45S) flies !

B Factory e~ beam energy e' beam energy Lorentz factor 2B separation

Pier Oddone (LBL) E_ (GeV) E+ (GeV) By
PEP-II 9.0 3.1 0.56 ~ 250 um
KEKB 8.0 3.5 0.425 ~ 200 um

PEP-I11
Rings ™

Positrons

Low Energy Ring Belle-Il lower boost 4 (e+) GeV vs 7 (e-) GeV

BABAR Detector

Electrons

High Energy Ring
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Why are B-Factories detectors slightly asymmetric ?

because we want to measure At
otherwise no sensitivity to B angle

+00
f sin 2 sin AmAt dAt = 0




_—) _— O—)
What do we expect to see ? Acp (At)zp(BO fepA)=P(B°>fcpAt) _ sin 28 sin AmAt

P(BO—fcp,At)+P(BO>fcpAL)
F(At)  F(At) Acp(At)

Everything perfect

B or B . Add tag mistakes
produced ?  pjjytion: D=1-2w

Add imperfect
At resolution

0

-8 0 8 -8 0 At 8
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At

(t) = ProbB(t) - f,) ~Prob(B°(t) > f,) = sjn(2P) sin(Am Af)
“"" Prob(B°(t) - f.,) + Prob(B°(t) - f.,)

B-factories

3

g

Phys. Rev. Lett. 115, 031601 (2015)

s T 0.4 e

LHCb
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Raw Asymmetry Events/ (04 ps) Raw Asymmetry Events/ (04 ps)

%
O
5 £
AF , , - g
00 2 I~ | E %
200 ) A B f % / \
100 " A N : > ,.L/ ; t
= L N E s S — ]
EOEIE . 8 i = W 5 -01F Ky =
04 —{— @3 2 ooE E
02F — “F 3
0 J[ /_b%* 1T 03F 3
02F W = F - L .
04f R 0.4 5 10 15
5 0 5 At (ps) { (pS)
sin23 = 0.687 +0.028 =0.012
r meets Flavor school Bad Honnef March 2024 63

BaBar Phys.Rev.D79:072009,2009


http://dx.doi.org/10.1103/PhysRevLett.115.031601

in(2p) = si (2¢ ) 2
fo— d 1.5 1T T T 1 T B T | T T 1 T 1

Sln( Sl 1 F':g’é'ﬁ:;ﬁgéey : excluded areL has CL > 0.95 ! %J :
BaBar ! 0.69 + 0.03 + 0.01 - N % ’
PRD 79 (2009)5072009 1.0 o AL & A a
BaBar y : . 0.69+0.52 +0.04 +0.07 - ¥ My m -
PRD 80 % 09%;112001 — B 28 .
BaBar J/y (hadronic) K ; 1,56 +0.42 +0.21 - -
PRD 69 (2004);052001 ' : 0.5 — A —
Belle 0.67 +0.02 + 0.01 - My A
PRL 108 (2012) 171802 i g m 2
ALEPH : Bt . 0.84'152+0.16 - 3
PLB 492, 259 (2000) e ! = o0f B Es-R=agE—tSSemlm - B |
OPAL ’ ; Tl 3.20 180+ 0.50,_ L - :
EPJ C5, 379 (1998) : I . :
CDF : : i, 0.79 *41 05 - B
PRD 61, 072005 (2000) ; ol ]
LHCb : 0.76 + 0.03 - |
JHEP 11 (2017) 170 - ; y
Belle5S : 0.57 + 0.58 + 0.06 1.0 5 ¢ M
PRL 108 (2012) 171801 ! , @ ; -
: — fitt ' sol. w/cos2B<0 —
ﬁ‘éﬁ&a e 0.70+0.02 . : (excl. at CL > 0.95)
* _1 .5 i L4l l il | | I I | L 1 1 1 | L 1 1 1 | | N I | i

2 -1 0 1 e 3 1.0 -0.5 0.0 0.5 1.0 15

p

3 % precision !
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We are now entering into a new precision era

LHCb-PAPER-2023-013

T
= [ +  B9-BO yield asymmetry uT,
) . ]
%@ [ portt BaBar 0.687 + 0.030 . =
0.5
! Belle 0.667 % 0.026
0.0} KHID? 0.716 £ 0.015 .
; Belle Il { ot
[ 0.720 + 0.064
_,.F LHCb |
Ry Average - 0.699+ 0.016 .
o [ IBIOIﬁlwl(fél*f’l)fl(gl(?flr*lﬂl’)l ] 066 067 068 069 0.70 0.71 0.72 0.73
0.0 2.5 5.0 75 100 125  15.0 SinZB
tlps| 2402.17260
S¢Ko = 0.717 + 0.013 (stat) 4= 0.008 (syst) 500 . . .
S = Belle 1l (Preliminar);) t B, (= +1)
. Q | [cdt=362fb! e ]
2.1% precision A e
9 \
300} Mo
g i
£ o} i | €ae = (37.40 & 0.43 4+ 0.36)%
S 4 &
S ¥ X
% 100 /9’ \fi ]
@) ’%¢ ¢\o‘o’
ok 5 , I §S= 0.724 £ 0.035 £ 0.014,
| '
=z e 5 29 e
0 ; i L 70 precision
i B
m
SAER | . |
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https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2023-013.html
https://arxiv.org/abs/2402.17260

Measurement of the y angle: direct CP violation

A
y = arg(vudvuﬂ;)
(R LD — , . =arg| s
Vu’:JVud i ‘/t \/td careb
Vc* Vcd ol Vc Vcd
Y B (
O @-22/2)p L

Value precisely predicted in the SM context from other triangle parameters

= it is important to measure it precisely
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fo = KK, nr

e alot of modes

but also Kr, K, nirt , ...  enough information to extract all th. parameters from data
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B —>D° —f ) ) A A(B‘—>[_)°(—>fCP)K‘)=Ae'(8B'7)

. < A(B" > D° (= F,)K*)= A, AB =D (= £, )K" )= A€l
Y : weak phase alters sign under CP
Op : strong phase : CP invariant A
r,=—*
2 A

[(B - f K )= ‘AC +A el

= A’ x (1 + I, +2r, cos(63 - y))

2

F(B* _)fCPK+):|AC+Auei(ae+r) :Afx(1+r:+2r8cos(63+}/))

3 unknows : rz 05 and Yy = additional information needed : other decay modes

(KK, e, Km, ...)
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S ENRN

Candidates / (4.0 MeV/c?)

Total

Data

B* — Dr*

B* - DK*

B* — (D* — Dr")h*
B" — (D*~ — Dr¥)h*

NI §

B* — (D* — Dvy)ht B Charmless
B — D*h*r [

B! s D*K*n¥
B = DK*7~
B* — Drtrta~
B — Dh*rm

Crossfeed
A) — Wchi
mmm ) > Dpr*
[ 1 Misidentification
[

Combinatorial

T
m([KTK~|pK™) [MeV/c?]

JHEP 04 (2021) 081

N
N

LHCb <300/

___________ 9ﬂfﬁ'""%E"'7""'""""""""""""

=

________________ _C?600*___________________

I
-]
<

DO
-
-

(e
W

Candidates / (4

CP
AK

0.136 = 0.009

- (0.001

COIOT TTIETLS TIdVOT SCTTOUT BaU TTOTITIET IVIAdTUIT ZUZS
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But there are other sources of asymmetries :
« different numbers of B* and B- produced : pp initial state = slightly less B- than B* : (-0.8 £ 0.7)% due
to the hadronization asymmetry

2 protons in the initial state
= higher probability to pick up a diquark than an anti-diquark

=
=16 ———
! # e S——
. 1
0.8 1
# LHCb Data !
« LHCb MC
-o- Perugia 0 LHCb
-»- Perugia NOCR \s=7TeV
2 2.5 3 3.5 4 4.5
Rapidity

= more b-baryons than anti-b-baryons
but same probability to have a b-quark than anti-b-quark = less B-(b anti-u) than B* (anti-b u)
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* detection asymmetries 1/2
* K- and K* have different interaction length (negligible for pions)

Opet(PK-)>0pet(PK+) bUt Opet(OPi-)~0Opet(PPi+)

' lIIllll' | - "'Illl LI LB L R

] L] ITIIT‘II LI IIII‘ L] L l'l'llll L] LELLEREAL

=3
ns

0
7|

K- p can have g gbar annihilation (but not K+)

e K+ K-
— Both Pi- p and Pi+ p have annihilation
u u u
8] (D)
d
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* detection asymmetries 2/2
* a part of the detector can have a lower efficiency : effect reduced by a flip in

magnet polarity | |
Polarity Up Polarity Down

Shicld ~ Magnet - ;s Shield ~ Magnet

o (kx)7)= Atfr A+ A,

meos((’(”) K)=A ((Kﬂ)DK)+Aro +2x A
{

> > >

. ((KK) K)=A

O

Color meets Flavor school Bad Honnef March 2024
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+ inputs from charm factories

More involved analyses : (CLEO-c, BES-III)

1) Use a CP mode for the DO :
(Very) small Branching

GLW (Gronau, London, Wyler) NejileX
CP+ and CP- modes

(K'K™,m"n") (Ksm®, ¢Ks,nKs, pKs, wKs)

CP- mostly for Belle-ll

2) Use CA(K1t*) mode for the V, decay and DCS(K-1t*) for
the Ve, decay T DO L Kot (Very) small Branching

. . 0 - +_0 Ratios
ADS (Atwood, Dunietz, Soni) 4 D" = K n'n

DOy K—mtm—mrt Strong phase between

the D° decays

3) Use the D® — K 11 1T decay

) Dalitz plot description
Dalitz BPGGSZ (Bondar, Poluetkoyv,

Giri, Grossman, Soffer, Zupan) More precise way to
measure y

3 body decay : 2D plane (Dalitz plot) analysis
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i i | | ]
LI) ! PDG 2021 |
180, — 08__ | GLW ]
140 I 0.6 ombined |
120?— i il
3 041 | 68 3%
"3 I 1 2.2 W NN\ .
60— 02 _
3 - 9%.5% .
20- e S i) N -
0006 2008 2010 2012 2014 0 100 150

yesr v [°]
a factor 2 improvement since 2015 Dominated by LHCb

Yy = (66.2 +3’4—3.6)°

D mixing to be taken into account
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Impressive improvement...

1.5|||l|||| 15

1.0 10F

0.5 05

I= 0.0 I= 00

05

"0 05 0.0 0.5 1.0 15 2.0 0 ] i y i i ! 1.0

...due to experiments and theoretical progresses.
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309 and what about o ?

(1-22/2)y

o°
In terms of p and n:
mm? +p(p — 1
o — 20 +p(p—1)]

7* + (1 —p)?[7* + p°]

a:am( :
Vu»;JVud ; ‘/t;‘/td
Vcbvcd o Vcbvcd
Y B [
0 @a-2/2)p

Since « is extracted from sin 2«, we are faced with a four-fold ambiguity: «,

%w — «. The ambiguity yields four distinct circles:
because for each value of a (:L’ Y ) — (l cot Oz)
there is a circle centred at e 27 2 ’
and of radius o L1
Ta — < — .
2 sIn o

See BaBar physics book for more details ;)
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NE
x(@ 9,\\6
or

B> ntn—/ p*p

But are we measuring really o ?

Assuming pure tree diagram:

Q| o
A
Q|

But penguins may be of the same order

OCthth OCA}L?’
W-
d + +
li I a P
d \ u + +

what is measured is NOT exactly a

Interference between mixing and decay

) ?
PB(t)=e""" -|A] %[1 ()Ccos(am,t) ssin(am,t) |

1-|4 23m(A)
— _ S=="7
1+|4 1+|4]

_ o2 . g2l = g%« ‘ C

=0

> |

.9
p

of magnitude as trees:

_—
e T +Pe"7€
T+Pe'"e"”
2

A=e

_ 1=
1+|ﬂ,|2

S =v1-C? sin(2a,, )

=0

78
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To extract a from o : Uuse SU(2)-isospin

Isospin triangles :

In order to bound |a-o.s | Needs

BABAR, background subtracted
0 and nonO ... &

K =2(a,—a)

154127 events
B0— 7070

sl

L4
T

)

7~
[
S

The 7P final state is pure penguin « 150

[
o
)

_'¥:I""I""I"-

lIIIIIII[IIIIIII

)

1

Events / (7.5 MeV/c
LA
O

! Al = Ai ’ P92 522 524 536 538
- mg, (GeV/c?)
7 " |UTg
non0 is too small for a isospin analysis and too s °'°6_‘3
Iarge to set a useful I(X-O(.effl limit... 2 [ 17 Combined
B oo
'8 T
o
= Use the B°-> p*p-mode which, by chance (!) has a o
small value for BR(B°—=> p%p?) -
Lt

0 50 100 150

= (93.8 £4.5)°
" = ) UTfit




What could we say about NP ? SO

S/,'Q,e
Let’s allow for NP in AF=2 transitions (UTFit style) : Ve
ANP \ CKMFitter
_ 2ids ASM L 2i¢)" _ q_ A2i(dg —dg) | pSM S2id,"
Aq—Cqu Aq e = 1+We Aq e

A .
UTFit g } M = (Mp)gy X (1 "‘@21@

&

> add some parameters to your CKM fit

AL =Im(T%/A,)

There is enough experimental redundant information so that the

_ SM
g, =C. CKM parameters are extracted with ~ the same precision

Al M ~sin2 (=B + )
ATYAmM, =Re(T%/A,|
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B s C
[ B r

- UTji o | F UTsit

ul summer23 E CBS VS q)BS summer23

NP fit 10F bt

3 st

e O

[ -5

E ]: Cs, = 1.10 £ 0.06

] : s, = (-0.1+ 0.5)°

- —15:—

B - | | - 1

5 209 0.5 1.5 2

+ SM

dark: 68%
light: 95%
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From UTFit collaboration at EPS 2023 (Maurizio Pierrini)

The ratio of NP/SM amplitudes is: dark: 68%
< 25% @68% prob. (35% @95%) in By mixing light: 95%
< 25% @68% prob. (30% @95%) in B, mixing SM: red cross
—
£
summer23 Z_e_w 60 summer23
NP fit 40 NP fit
20
20 dark: 68%
40 light: 95% BS
B q k| SM:red cross
1 | 1 1 1 e 1 1 1 | 1 1 1 | 1 1 1
0.4 0.6 0 0.2 0.4 0.6 T
NP/ A SM NP, A SM .
AYIAS A U Tgt




B dovides Shadok.

EN ESCAYANT CoNTINVELLEMENT

ON FINIT PAR. P EUSSIR . DONC:
PLUS G-A RATE, PLUS ON A

DECHANCES QUE ¢ & MARCHE .
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Which experiments ?

« Branching fractions of the order of 107 (B°—K"2¢) to 1019 (By—u 1)

« B-Factories : 100% efficiency

« LHCb few % efticiency (yields extrapolated from published values)

T

B-Factories 1 ab™!

B-Factories 50 ab-! 10000 - 10
LHCb 9 fb-' 5000 150 15
LHCb 50 fb-' / 300 fb-? 30000/180000 800 80

but at B-Factories : B—>Kv v
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(very) rare decays:

B.— £*¢-
| > <
b —p -
t Y AV,
5 —aL - L <"

Color meets Flavor sc

b—s £*2- transitions

Hb_) HS L*e-

hool Bad Honnef March 2024
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EFT for Heavy Flavours in a nutshell

neutron 3 decay

O——0 @
® : 0 > ®
—0 D>

Expansion in g2/My?:

W 1 %
coupling strength 3
€
id= (5 )2V* (P PLO) —— 9B (@, Pru) - i P 0)(d ¢
— \/Qsin 9W ud \VIYv 'L q2 — M[%V T e YulL 1A= vy PLE)(d’)"u,PL’U;) + O M_‘%V

2

€ g
2 =2
V2 ez = Ve,

>

0
0,
O
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Measurement of the effective coupling = constraints on g/M?

Assuming a coupling value one can say something on the scale of
1r Cnp the heavy particle involved without detailed knowledge of them ...
NP

Effective coupling: low energy interaction
Wilson coefficient non-perturbative QCD etc ...
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Weak Eftective Theory

Full theory Effective description
b - S b S W, Z, top, ...
integrated out
t @t
»
ZO 2+ 24_
¢ 4

~ Fermi’s description of neutron B decay

perturbative, contains the short

* I /! N ' , d t h ics. 2 d d '
Logr X GFthVtSE(CiOi + C; Oi) Ci() = CSM () + CiNP() Hl:a:i\/r}\/clslg ysics. g2 independen

i
non-perturbative, Lorentz

Oi() structure, long distance physics..
g? dependent.
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Which operators and Wilson coefficients ?

OV & (50, Pr(z)b) F*”

0} o (37, Pumyb)(Tyul)

O o (W Prw®)Tnm) |~
0y « (3PLgb)(11) A

\OS;) o (5 Py(r)b)(17sl) )

dipole (e.m. penguin)
bR(L] >NW\
SL(R)

nu

O = 2 (50, Pr(Ly)b) F**

V-A (EW penguin)
bi(r) R

A" _
09.10 -
SL(R) b r

0" = (ET',xPL[R)b)((_"f”(‘)
0 = (51 PLm, ) (64"

scalar, pbeudo scalar

br1)

(1)

0V, = X
SL(R)

Og”) = 5Ppyblt

Olgl) — gpﬂ(L)bg";'(,[

Primed operators and Wilson Coefficients:

P. — Pr and mp — m,
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Coupling b—osy b—sff B¢l
¢ I
cy -
Cio I

_

C) & C

A priori different
for £ = e and £=pu
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In the SM
07,9,10 (and 0;)

SM o
CM(us) = —0.29, Cs™ M) =41, Cip'(wp) = —4.3 Cr" () ~ —0.006

mg/my, suppression

py = O(mp)

if there is New Physics :

SM NP
/C Cl
real can{e imaginary * No need to specific a precise model

(Leptoquark, Z ", ...)

« Approach working for heavy New Physics (> M)
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