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Historical record of indirect discoveries

GIM mechanism in KO—pp

CP violation, K °—nn

BO& >BO mixing

Weak Interactions with Lepton-Hadron Symmetry*

S. L. Grasuow, J. Iniorouros, aNp L. Marantf
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuseits 02139
(Received 5 March 1970)
We propose a model of weak interactions in which the currents are constructed out of four basic quark
fields and interact with a charged massive vector boson. We show, to all orders in perturbation theory,
that the leading divergences do not violate any strong-interaction symmetry and the next to the leading

divergences respect all observed weak-interaction selection rules. The model features a remarkable symmetry
between leptons and quarks. The extension of our model to a complete Yang-Milis theory is discussed.

splitting, beginning at order G(GA2), as well as con-
tributions to such unobserved decay modes as K;—
wr4u—, K+*— a1+, etc., involving neutral lepton

We wish to propose a simple model in which the
divergences are properly ordered. Our mndel ic fanndad
in a quark model, but one involving four, not three,
fundamental fermions; the weak interactions are medi-

new quantum number @ for charm.

q q
AJ(;—‘;‘
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27 JuLy 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

J. H. Christenson, J. W, Cronin,I V. L. Fitch,I and R. Turlay§
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

This Letter reports the results of experimental
studies designed to search for the 27 decay of the
K, meson. Several previous experiments have

DESY 87-029
April 1987

OBSERVATION OF B'. ﬁo MIXING
The ARGUS Collaboration

In summary, the combined evidence of the investigation of BY meson pairs, lepton pairs

. =
and B meson-lepton events on the Y(45) leads to the conclusion that B%-F mixing has

been observed and is substantial,

Parameters Comments

Progress of Theoretical Physics, Vol. 49, No. 2, February 1973

CP-Vijolation in the Renormalizable Theory
of Weak Interaction

Makoto KOBAYASHI and Toshihide MASKAWA

Department of Physics, Kyoto University, Kyoto

(Received September 1, 1972)

doublet with the same charge assignment. This is because all phases of elements
of a 3x3 unitary matrix cannot be absorbed into the phase convention of six

fields. This vossibilitv of CP.violation will be discussed later on.

a1y wsLtusscu.

r > 009 90%C L

x> 044

Bify = fy < 160 MeV
my < 5GeV /¢

n< 14107

[Vigl < 0018

nocn < 0.86

m > 50GeV /¢! |

This experiment

This experiment

B meson (= pion} decay constant
b-quark mass

B meson lifetime

Kobayashi-Maskawa matrix element
QCD correction factor 17]
t quark tmass

Glashow, Iliopoulos, Maiani,
Phys.Rev. D2 (1970) 1285

“Discovery” of charm

Christenson, Cronin, Fitch, Turlay,
Phys.Rev.Lett. 13 (1964) 138
Kobayashi, Maskawa,

Prog.Theor. Phys. 49 (1973) 652

“Discovery” of beauty

ARGUS Coll.
Phys.Lett.B192 (1987) 245

“Discovery” of top

N.Tuning - Genoa - 23 Nov 2022 2




Historical record of indirect discoveries

V B decay Fermi 1932 Reactor v-CC  Cowan, Reines 1956
W B decay Fermi 1932 W—ev UA1, UA2 1983
C KO—pp GIM 1970 J/w Richter, Ting 1974
b CPV K°—nn  CKM, 39 gen 1964/72 |Y Ledermann 1977
7 v-NC Gargamelle 1973 Z—ete UA1 1983
t B mixing ARGUS 1987 t—>Wb DO, CDF 1995
H = e EW fit, LEP 2000 H—4u/yy CMS, ATLAS 2012
? What's next ? ? ?
Uu 1% €_|_
d 7_< e~ v 4{ (\'
Ve S u— D b Z




Outline

e CKM elements
- sin2PB

- Y

e Flavour Anomalies

- b—>crtv

- b—->séy

e Prospects
- Upgrade
— Upgrade II
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(CKM: a quick reminder )

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

|d') Via Vs V| [ld)
ul || ] = [V Ve Vo |Is)]- u
W |t/ Via Vis Vio] |Ib) W
______1 _____ \7 <
q
dI
Weak eigenstates Mass eigenstates d,S,b
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(CKM: a quick reminder )

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

d') Via Vaus V| [|d)
ul $) ] = Voo | |18)
\YY ) V| LIb)
NG e V
d! -
Weak eigenstates Mass eigenstates
2) Matrix has complex phases: Vd| Ve
- ‘ Ved | Ve |
Ve —13 T Ve
Vigle™  —|Vi Vil
3) Matrix is unitary: ) )
V*ud V*cd V*td Vie Vs Vs 100 Vusud %
=V, Ve V[V Ve Y ={0 1o Vet VoV o
\V*ub V*cb V*tb) Va Vi Vo \0 0 1
* * * — 0,0 1,0
ViVa Y VasVea +VieVia =0 (0:0) (1,0)




CKM: (1995) LHCb Letter-of-Intent LHCNB

e |HC-B Letter-of-Intent 1995

1
& My, = 174 GeV/c?
0.8
0.6
0.4

02 [

0 -1;|||L11141{11{J||1[|41 81 TN FENE EEE!
-t -08 -06 -04 ~0.2 0 02 04 0.6 0B pT

Figure 2.1: Limits on the CKM parameters (1) p
and 7 for m; = 174 GeV. The annular region cen-
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CKM: (1995) LHCDb Letter-of-Intent

e |HC-B Letter-of-Intent 1995

1 e E
L :: Wow
08 0.8 E
: 07 b 0 o o
06 - 06 £
os n 05 E &
“E 0.4 £ ((1=p) +n")
02 03 & (o +%)
C 02 F
o -l | I Lt 5 lJJ l{ L1 /J 11t ! LL 1 i L1 4 1 L1 I LI O 1 E._ x
-1 -0’8-0‘6-0'4.—0‘2 Y 0.2 0.4 o‘e 0.8 ! .0 §|1d111]|1111L111L4 lllLllllLlllllBlll
P -1 —08-06-04-02 0 02 0.4 06 08 |
p
Figure 2.1: Limits on the CKM parameters (1) p Fi 9 9: The Unitarity Trianel
and 7 for m; = 174 GeV. The annular region cen- tpure <.4: Lhe Lantanty Jrang.e

(0,0) (1,0)
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CKM: recent results

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

[
o

Global fits:
CKMfitter:

UTFit:

1 | 1 ] 1 1
T | !
o 1
— |3 |
b | A !
b !
L. O !
» 1
e 1 .
o X
— © 1
- 9 I
— O -
- (0] 1
_-g ) |
- -5 1
_— > 1
= 1
e 1
— 1
— 1
— 1
— 1
f— 1
- |
el 1
Eifity 1
o |
Lo 1
— 1
it 1
B (x 1
1 1 1 I 1 1 1
4 -0.2
http://ckmfitter.in2p3.fr/

http://www.utfit.org/Utfit/

| fitter

Spring 21

sol. w/.cos 2B <0
(excl. at CL > 0.95)



http://ckmfitter.in2p3.fr/
http://www.utfit.org/UTfit/

Outline

e CKM elements
- sin2PB
— 7
- Amg
- Vb
e Flavour Anomalies

- b—>crtv

- b->sé

e Prospects

- Upgrade Disclaimer:

- Upgrade II Physics programme of LHCb is much broader!

o Exotic Hadrons: tetra- and pentaquarks
o Heavy Ion and Fixed Target physics
o Electroweak: Z-production & W-mass
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sin2f3

SiﬂZB 0,95 i

0,9 -

0,85
0,8 |
e CP violation: 075

0,7 T T iﬁ _
0,65 S N NN Bl
0,6 T T T 1

2000 2005 2010 2015 2020

- Two interfering amplitudes

— Two relative phases

— Different amplitude under CP conjugation

e BO—J/yK : The golden mode!
— Relative phase: arg(Vi?)=2B (and n/2)

/ T T | X
b < 3 A3 (s — 9y,
— B% 8% <
F(BO—>J/I//KOS )= b Ve E; Y @ —
d—>—3> 4 Ks d I
\/rd vrb v(b
¢=8
Ve _®=8 2
— b < b a
i s s
rB—J/yKos )= | . RN
N BT R e =
W Vo Ve
p=5

24203

_.7z/2-2,8/
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Candidates / (1 MeV /c?)

sin23

3500
3000
2500
2000
1500
1000

500

Al (t)

~ cosh(AT'#/2) + Aar sinh(AT ¢/2)

Flavour tagging essential

— Which B° was a B0 ?

P(BY(t) = [ce] K3) — T'(B(t) = [ce] KY)

[(BO(t) — [cc] K9) + T'(BO(t) — [cc] K?)
Ssin(Amt) — C cos(Amt)

~ Ssin(Amt)

B
=
= 102
~~—
B
= 10
3
as
=
=
E ¥ g
0._1_._..r1’...|...|\.-..|.‘ o o 1
5240 5260 5280 5300 5320 5 10
m (MeV /c?) Decay time [ps]
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Signal yield asymmetry

sin23

I'(B°(t)—

2] K§)

—T'(B(t)—

2] K5)

Al (t)

[(BO(t) —
Ssin(Amt)

— C'cos(Amt)

[cc] K9) + T'(BO(t) —

e K3)
~ Ssin(Amt)

~ cosh(AT'#/2) + Aar sinh(AT ¢/2)

Flavour tagging esse

ntial

- Wrong tag fraction w~35%

- D=(1-2w)~0.3

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

o4 —————o—ob6——r——++—+7"—-71 0.4 - T
: 1o [
0.3 F ~Dsin2p LHCD 1e |0 B Jf (it ) KY
0.2 ;— —; g 0.2 HEZD Combination -~
01 ﬁ‘\ /\_E ;N: i LHCb I
!  Sp—ra I = =
= — — = 0
—0.1F K%i/ 38 g
—0.2F -
3 -0.2 —
_03 - = I~ CL for the ilnner (outer) Colntour is 39% (8|7%) |
—0.4 & — L 05 06 07 08 09 1
5 10 15 sin2B= S

B decay time

(ps)

LHCb, JHEP 11 (2017) 170
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sin2f3

sin(2B) = sin(2¢,)

BaBar Jhy K;

=)

0.657 + 0.036 + 0.012

BaBar: Sin 2/3 =0.691+0.031 PRD 79 (2009) 072009 '_*_" :
BaBar JAy K, 0.694 + 0.061 + .031

PRD 79 (2009) 072009 g
BaBar y(2S) Kq 0.897 + 0.100 + 0,036

. PRD 79 (2009) 072009 h P
Belle: S1n 2/3) = 0667 x 0026 Belle JAy Kq ._*__. 0.670 +0.029 + 0.013

PRL 108 (2012) 171802
Eg:_li (.)Jé\l(’2|g%2) 71802 ! . * 0.642 +0.047 + 05.021
LHCb: sin2 =0.760=0.034 D 7+ (2008) 301103(R) AR
\IIIr_-IiE(iDb{i/\(;; (+)<187 170 I 0.750 + di.o4o
LHCb y(28) Kg . 0.840+0,100 +G.010

. . JHEP 11 (2017) 170 h )
AVg' Sin 2/)) = 0699 + OO 1 7 World Average H__ 0.699 + 0.017

HFLAV . :

04 0.5 0.6 0.7 0.8 0.9 1

» Large B production competes o (S(/WKY) now  50ab~!
with good tagging: Belle/Il 0.020 0.005
now 50fb~' 300fb~"
LHCb 0.035 0.006 0.003

N.Tuning - Genoa - 23 Nov 2022
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Constraints on angle y

e Different yields for B+ and B~ decays

- two amplitudes contribute with different relative phase: V,, = |V,,|e”"

N.Tuning - Genoa - 23 Nov 2022 15



Constraints on angle y - with B*—-D®K=* and D/—h*h+*
B-—D™K- B+*—D™K+

LHCb B+_DO*K- LHCb

B+—DOK+

(0]
o
o
co
o
o

D
o
o

.
o
o
B
(=)
()

AP = 0136 4£0.009 +0.001
ASP = —0.008  +0.002 =+ 0.002
AK™ = 0,011 +0.003 4 0.002

DO
o
o
DO
o
o

Candidates / (4.0 MeV/c?)
Candidates / (4.0 MeV/c?)

RCF = 0950 =+0.009 =+0.010 0 5000 5200 5400 0 5000 5200 5400
RET = 00796 +0.0003 +0.0013 m([K*K~-]pK~) [MeV/c m([K*K-]pK™") [MeV/c?

R = 0.0095 40.0005 + 0.0003

RS = 0.00415 + 0.00008 + 0.00004 )
RTE = 0.0252 +£0.0008 = 0.0004 F(Bi — [CP]Dhi) x 1+ (’r ) -+ 2’]“B COS 5Dh(

R™ = 0.00320 4 0.00007 4 0.00004
ATPY = 0123 +0.054 +0.031
ASP™ = 0115 40.019  +0.009
=-0.004 £0.014 +0.003
ARmT — 0,020 +0.007 +0.003
ROPY= 0952 +£0.062 =0.065
ROP™ — 1051 40.022 40.028
RETY™ = 0.0851 £0.0012 +0.0048
R7 = 00117 £0.0215 +0.0313

REET— 0,002 400035 £0.0023 e Full run-2 ADS/GLW analysis, many final states

R = 00292 £0.0214 +0.0312

Ky
Ak

RES™ = 0.0033 +£0.0035 =+ 0.0022 - B*—DOK* ’ B*—DOn* ’ B* -D0*K=* ’ B*—-D0*n*
ACPY = 0.000 40.014 +0.006

ASP™ = 0,013 £0.007  +0.003 - D0—>K+K', D0—>K+IT, Do—ntmr

AT = 0,004 £0.004 +£0.001

ActT = 0000 000 00 e \Very precise input for gamma

RT7 = 0.00472 % 0.00092 % 0.00118
R = 0.00405 + 0.00056 % 0.00059
RS = 0.00403 = 0.00091 = 0.00114
RT™ = 0.00536 £ 0.00056 £ 0.00058 | LHCb, arXiv:2012.09903, JHEP 04(2021) 081 N.Tuning - Genoa - 23 Nov 2022 16




Constraints on angle y - with B=

—DO%h* and D—h*h*n°

Different yields for B+ and B~ decays

- two amplitudes contribute with different relative phase: V,, = |V, b|e

LHCb, arXiv:2112.10617 JHEP 07 (2022) 099

20

Ut

5000 5225 5450 5675 5000

1201

—_
]
o

o0
o

=
o

Candidates / (10.0 MeV/c?)
D
o

Do
)

5000

(large asymmetry) ADS
BE*—-D(n*K*n’)K*

LHCb £L=9 fh!

PrFll ]lnfari/

m([K~ntn% ph~)/MeV/c?

5450 ! o
m([Ktn~ 7% ph*)/]

Total

Combinatoric

B - [rTK*np KF (%)

B — DX low-mass part. reco
B¥ — [#FK*n"|pKF

LHCb £L=9 fh!
e .

(large event yield) GLW

B-_/-_)DO(E-_I-ﬂi-EO)Ki-

LHCb £L=9 fb!
Prelim+inary

m([r~ 7t 7% ph™)/MeV /c?

5225 5450 5675 5000

Total r B _

B¥ - |

Combinatoric

Charmless

Part. reco. D

Mis-ID low-mass part. reco.
B — DX low-mass part. reco

BT - [nFrtnd p K7

LHCb £=9 fh!

} Prellmlnary
S i

5450 5675 17
m([r* 77 ph*)/MeV/c?


http://arxiv.org/abs/2112.10617

Constraints on angle y - with B*—-Do%K* and D°—K*n*n=n*

e Different yields for B+ and B~ decays

- two amplitudes contribute with different relative phase: V,;, = |Vub|e'iy

NeW

LHCb, arXiv:2209.03692

250 T T T T
N, }
= H LHCb LHCb
< 200 + B- 9fb~" ——+ B+ 9fb~!
S {f, B- - DK- M B* - DK
< i e H + Data —
z } W B+ — DK+
= M Bt - Drt
= BY - DK*+X |
=S W B - DK'X
= BB - DrtX
O m A) — Dpr~
Crossfeed ]
Combinatorial
= *+t’%N~‘” NN Y TRVTVRENTUORY L S = %ﬂn+4+ﬁ+ N TR 0 ! SO S S 1
5.6 5.8 5.2 5.4 5.6 5.8

mpk- [ GeV/c? mpx+ [ GeV/c?

yaN
FBi%D[K%riﬂiﬁﬂKi X T%{37r + (Tg)Q + ZT’KgﬂTgRKgﬂ COS((Sg + 5}@,@}/)
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Constraints on angle y - with B*—-Do%K* and D°—K*n*n=n*

e Different yields for B+ and B~ decays

- two amplitudes contribute with different relative phase: V,;, = |Vub|e'iy

NeW

LHCb, arXiv:2209.03692

mpk- [ GeV/c?

[ I
< |
= LHCb LHCh
ﬁ 9fh! __}L B + 9fb~!
S B- - DK- M B* - DK
< - H + Data —
z ]l | W B - DK*
= M Bt — Drt
= B - DK*X |
=S W5 - DK'X
= BB - DrtX
O m A) — Dpr~
Crossfeed ]
Combinatorial
*wff’fﬂ"” WESPUR O PO VERUOORy: . S Py t—”ﬂjﬂyﬁ dadailett tatibe, ot 4
5.6 5.8 5.2 5.4 5.6

mpx+ [ GeV/c?

.\

FBi%D[K%riﬂiﬁﬂKi X T%{37r + (Tg)Q + ZTKgﬂTgRKgﬂ COS((Sg + 5]@,@}/)

v=(54.8T%

+0.

0.6 +
0.6 —

6.0 6 6.7)0
5.8 6 —4.3

5

(Split in 4 regions of
K¥n*n*n* Dalitz space: )

AL = —0.469 £ 0.088 4 0.009
A2 = —0.852 £ 0.077 £ 0.012
A3 = —0.284 £ 0.080 + 0.009

4 = +0.107 £ 0.083 % 0.009

D

19



CKM angle y: Combination

o Different yields for B and anti-B decays

- two amplitudes contribute with different relative phase: V,;, = |Vub|e'iy

many D), final states:

DY — K*nFrtn

(@® +9%)/4

Run 1

As before

N B decay D decay Ref. Dataset Status since
Ref. [14]
B* — Dh* D — hth Run 1&2 As before
B* — Dh* D — htn ntrn Run 1 As before
B* — Dh* D — K*nFata~ Run 1&2 New
B* — Dh* D — hth7° Run 1&2 Updated
B* — Dh* D — K3h*h~ Run 1&2 As before
B* - Dh* D — K{K*n7 Run 1&2 As before
B* — D*h* D — h*th™ Run 1&2 As before
B* — DK** D — h*h™ Run 1&2(*)  As before
B* - DK** D — htartn Run 1&2(*)  As before
B* — Dhtrtr~ D — h*h~ Run 1 As before
BY — DK*° D — h™h~ Run 1&2(*)  As before
B° — DK** D— htrntn™ Run 1&2(*)  As before
B® — DK*° D — Kdrtn~ Run 1 As before
B° — D¥x* Dt — K-ntrxt Run 1 As before
BY — DFK* Df — hthort Run 1 As before
B — D¥K*r*r Df — hthrt Run 1&2 As before
D decay Observable(s) Dataset Status since
Ref. [14]

D — hth™ AAcp [24,40,41] Run 1&2 As before
D' — KK~ Acp(KTK™) [16,24,25] Run 2 New
D° — hth- yor — Y& ™ [42] Run 1 As before
D — h*h Yor — Y& [15] Run 2 New
D — h*h AY [43-46] Run 1&2 As before
D — K*r~ (Single Tag)  R*, (2/%)2, y'* [4 Run 1 As before
D" — K*r~ (Double Tag) R*, (z/%)2, y* [ Run 1&2(*)  As before

|

[

[

[

]
|
|
0] Run 1
]
]
]

D’ — Kdrtn~ z,y 5 As before

D° — Krtm~ yep, Az, Ay [51 Run 1 As before

D° — Krtr~ yep, Az, Ay [52 Run 2 As before
0 > Kontn~ (u” tag) aop. uop. Ax. Ay [17] Run 2 New

LHCb-CONF-2022-002, Oct 2022
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CKM angle y

Different yields for B and anti-B decays

- two amplitudes contribute with different relative phase: V,;, = |Vub|e'iy

many D), final states:

B decay D decay Ref. Dataset Status since
Ref. [14]
B* — Dh* D — hth™ [29] Run 1&2 As before
B* — Dh* D — htr-rtas (30 Run 1 As before
B* — Dh* D — K*n¥ntr~ (18] Run 1&2 New
B* — Dh* D — hth~n° [19] Run 1&2 Updated
B* — Dh* D — K3h*h~ [31] Run 1&2 As before
B* - Dh* D — K{K*n7 [32] Run 1&2 As before
B* — D*h* D — h*h™ [29] Run 1&2 As before
B* - DK** D — h*th™ [33] Run 1&2(*)  As before
B* — DK** D — htr—rtn™  [33] Run 1&2(*)  As before
B* — Dh*rtn~ D — hth™ [34] Run 1 As before
B® = DK* D= hth- 35) Run 1&2(*)  As before
B — DK*° D — htartn  [35] Run 1&2(*)  As before
B — DK*° D — Kdrtn~ [36] Run 1 As before
B° — D¥x* Dt — K-ntrxt [37] Run 1 As before
BY — DFK* Df — hthort [38] Run 1 As before
B — D¥K*rtn~ Df — hthoot [39] Run 1&2 As before
D decay Observable(s) Ref. Dataset Status since
Ref. [14]
D° — hth™ AAcp [24,40,41] Run 1&2 As before
DY~ KYK- Acp(KHK™) [16,24,25] Run 2 New
D — h*h~ yor — ybp ™ [42] Run 1 As before
DO = hth- yer — i [15) Run 2 New
D" — hth~ AY [43-46] Run 1&2 As before
D" — K*r~ (Single Tag) R, (2/F)2, y* [47] Run 1 As before
D" — K*r~ (Double Tag) R*, (z/%)2, y* [48] Run 1&2(*)  As before
DY — K*r¥rtp- (2® +y%)/4 [49] Run 1 As before
D" — Kdntn~ .y [50] Run 1 As before
DY — Kdrtn~ zep, yop, Az, Ay [51] Run 1 As before
D’ — Kdrtn~ zep, yop, Az, Ay [52] Run 2 As before
0 - Kdnfn™ (i~ tag) aep ucp. Az Ay [17] Run 2 New

LHCb
CKMfitter
UTFit

Y (°)

63.8+3'5_3_7°

65.6+11
65.8+22,

.7

.2

I-CL

0.8

50

60

70

80

I T
LHCb -
Preliminary -
October 2022 —

90
y [°]

LHCb-CONF-2022-002, Oct 2022
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Candidates / (3.3MeV/c?)

Precision Am, with B%.— D_*r1-

Legacy “textbook” run-2 measurement

Flavour specific : final state reveals flavour of the decaying B

Precision: 3 x 104

“Standard candle”

Analysis

[J Combinatorial
3 B) - D¥rt

A - A7t
B B, — Dt

for run-3

B B? —» DK+

Dst mass

LHCbH |
6 b1

B’ mass — -~

LHCh | % |

10* 67" z 1
=
D~
0
S

103 E Z 108
1 3
. 'M‘"‘“’MWQ §
02 BEELLAL AL A LA L L =
5300 5400 5500 5600 5700 5800 'g
@)

m(D;7t) [MeV/c?]

1940

(AL LAALA AT
1960 1980 2000
m(KTK—7% 777~ 7%) [MeV/c?]

LHCb, arXiv:2104.04421 Nature Physics 18, (2022) 1-5

o [fs]

120

2D mass fit on B, and D.* mass, followed by decay time fit

Detailed study of tagging, decay time resolution and bias

L LHCb
100f

80F
60f

40

2018

20[

Decay time i

—Prompt D; =
— Calibration ~ -
- Systematic  —

Uncertainty E
[IB{» Dim* —

!

50 100
6 [fs]

N.Tuning - Genoa - 23 Nov 2022

0.2
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15000
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12000
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Precision Am, with B%.— D_*r1-

e Legacy “textbook” run-2 measurement

e Flavour specific : final state reveals flavour of the

e Precision: 3 x 104

e "“Standard candle” for run-3

decaying B

>} T T T T T T T T T T T T
= jerage - . L
*a’é 0.3 —+ Data : Yl combination
a 8? — Fit —g D;w*(jﬂf]‘ BOS_>DS+/T ——
4 ’ 1 Doetetronlr BOS—>D5+ITI7+IT —3=
< 0.0 14
0.1 E_ _E Dt ity
—02F LHCb 1 ertk-w't
TE 6fh L ]
—0.3F o o KR
0.0 0.2 0.3 1764 1766 1768 17.70 1772 1074 1776 1778
t modulo 27/ Am, [ps] A ps”]
0 +- ) ) arXiv: : ature Physics 18, -
B S_)Ds r 17.7683 0.0051 Xiv:2104.04421 Nat Physics 18, (2022) 1-5
0 +rm--1- arXiv:2011.12041 JHEP 03(2021)137
B0 —D_tnnn 17.757 0.007

Combination

17.7656 0.0057

arXiv:2104.04421 Nature Physics 18, (2022) 1-5

LHCb, arXiv:2104.04421
Nature Physics 18, (2022) 1-5
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Events/ (40 MeV/c?)

Measurement |V ,/IV

from B(B.L—K u*v)

g2 < 7 GeV? g2 > 7 GeV? LHCb, arXiv:2012.05143 PRL126(2021)8, 081804
: : —
LHCb preliminary
Ty Bl =K u*v, LCSR: =
I ';;Sﬁg_’KX)“X i using LCSR, ¢ < 7 GeV/ct
Combinatorial B! -k utv, Lattice: ——
—+— Total using LQCD, g >7GeV2/c4
Ay =puw Vu ——
using LQCD, ¢ > 15 GeV?/ ¢t
& + Jr++ 4 i +++{+H+++ T LTS ++ T +i++ Thaifit +++_ £ § e +ﬂ ﬂ+ m ¢*+++ +u. -I-+TT+J.+J.+1-|-+1+TJ-TJ.+-I-J-TT++ +TL+1 ++u++T +++ ) Vol /I Vel (PDG) ||
4 1 ) L L )
3000 4000 5000 3000 4000 5000 0 005 0.1
Meorr (MeV/c?) me,,, (MeV/c?) Vo /[ Voo
Rpr = B(B; — Kuv)/B(By = Do) = 5522 x B(D; — KK7)
B(B, — Kuv) = (1.06 + 0.05(stat)) =+ 0.04(syst) = 0.06(ext) + 0.04(FF)) x 10~
e First observation of B.,0—K-u*v

Rpp = |Vub|2/|‘/cb’2 X FFK/FFDS

[Vas|/ | Veo| (low)
V| /|Ves| (high)

O 0607
O 0946

0.0015(s
0.0030(s

-I-O 0024
—0.0025

) 4 0.0013(syst) = 0.0008(D,
(syst) & 0.0013(Dy)

0.0030(F' F
0.0068(F'F).

e Interesting input to |V, | ! (and form factor calculations)
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http://arxiv.org/abs/2012.05143

CKM: recent results

HFLAV, 2021

— 48— ] T 71—
= E Exclusive [V_| Ay = 1.0 contours B
_ 461 - fV ¢ Inclusive =
Y= Exclusive [V | Wcaou
. = an ; VIV, IV,,: global fit j
'4 E I:l HFLAV Average 3
38E =
3.6 /. =
34F ~ -
32F =
3 HFLAV &=
E 202 | §
2.8 POO=-89%
E 1 | 1 1 (-
36 38 40 44 R
v, [10°]
Belfatto, Berezhiani, arXiv:2103.05549
A+B C
Marciano'06- QR o Cu
Czarnecki'19  p-decays | meeeeeceeee @t C;
Seng'18F N BN | =eeeseccesgececeee--- Cy
FLAG 17 ... - o N2+
Ku2
FLAG 19 ——8B
FLAG7 | s e N2+
KI3
FLAG 19 ——A
+MILC 19
0.222 0.224 0.226 0.228 0.230
Vis

07 pr——T ] T g T
E i . e
0.6 M : K Spring 21 ]
= l =
05 —g 9 | —
- © : sol. w/.cos 28 <0 —
— 8 : (excl. at CL > 0.95) .
04 -3 : —]
) : -
= 1 a —
03 — : ~, —
: S Lo Ya :
0.2 [~ e: =
01 5 ; \
0-0 __- 1 1 q I 1 1 1 | I I 1 1 I ] L 1 L :
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
p
e So far so good, but stay vigilant...

V, and Vg :

incl. and excl. measurements differ...

V <: too small for unitarity (Cabibbo angle anomaly)

Kr puzzle: CP asymmetries should be related
through isospin symmetry...

BR(B — Dh): Factorisation?

Fleischer, Jaarsma, Malami, Vos, arXiv:1806.08783

- e

Skidmore, 2 Jun 2022, Siegen Workshop

B(B® — DYK™)
(Belle 2111.04978)

B(BY — DYK~)
B(BY — D**K~)

B(B? — Dir)

B(BY - D)
B(B° = D*r) -
B(BY - D7) -

B(BY = DfK ) -
T T T T
2 3 4 5

Branching fraction

(Units of 1072 for b — cud and 10~ for b — cis decays)



https://arxiv.org/abs/2103.05549
https://arxiv.org/abs/1806.08783

Outline

e Flavour Anomalies
- b—o>cartv

- b->sé

e Prospects
- Upgrade
— Upgrade II
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CC and FCNC

S
W
=
v/Z
ut

Semileptonic
CC
b — clv

“Semileptonic”
FCNC EWP Penguin
b — sltl
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New measurement of R(D*) vs R(D) !

e Signal
- B — D*[v > (D**tu) sample
- Bt— DOy - (D%) sample

e Main backgrounds:
- B — DDX

- B — D¥*yv

Candidates / ( 75 MeV )

: : : g §

—e— Data

I B - D*v

B B - D'H, (= X)X

I B - D*lv

I B - D*uv
Combinatoric

I Misidentified p

Courtesy: PRL 115 (2015) 111803

P.Hamilton, Impl.Workshop, 19 Oct 2022
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New measurement of R(D*) vs R(D) !

e Simultaneous 3D-fit (Myiss, E,, G2) to 2x4 samples

Signal - ISO

J0 THCB prel y THCB prel; y THCB prel; y
TICD prelimmary g THCh prefiminary £ 20 TTICh prelimimary fys prefimindey Iys prefiminary s preliminery
3 ’ 3y I : : - :

1000 2000 0 5 1000 2000 H
Missing mass’ (GeV / ¢*)’ E, (MeV Missing mass” (GeV / %) E, (MeV
THCD preliminary THCH preliminary THCD prefiminary
3! K 3!

0 " o
THCD preliminary e THCD preliminary THCD preliminary E —
3t 3 3! 3!

2000
Missing mass’ (GeV / ¢?)’ E, (MeV)

2000
E, (MeV)

EEB->Duv
EEB D uv

Comb. + Fake . .
EEB D uv b-PAPER-2022-039 supplementary (in preparation)

B—->D°DX
| Comb+Fake | g 707\ D@y + K(X){ DDX enriched
A\ Template stats

= LTICD prelimmary =
3!

= LHCD preliminary E " LHCD preliminary THCD preliminary
KA 3 3!

THCD preliminary THCD prelimimary
3! 3!

%,

wf ity

et

o e 4 = 2T
S iy

E 10 . 1000 5 0 H 10 1000
Missing mass® (GeV / ¢') /) 2 (GeV / P Missing mass’ (GeV / ¢) E, (MeV)
THCE prefiminiry Zsow T LHCE prélimimary = LHCD prelminary oo LHICH prelimmnary J o CHCEprlimatuary .
3 ok 3 b = 3! 3 I 4 Fowf 3W 3
= G, o o }g::::: = 20 3

- = Srom) - L E "

= 6000 o L, E 12000 = E
3 so00 ey IR e b E
- 4000 - 8000 Eyen - =
3 3000) E 000 . E
= 2000 7 4000 E
= 1000] - - 200 E

Pull

1000 2000
Missing mass’ (GeV / c2) g Missing mass® (GeV / ¢?)? E, (MeV) ¢ (GeV /Y

10/19/2022 P.M. HAMILTON J‘ 29

Courtesy: P.Hamilton, Impl.Workshop, 19 Oct 2022, LHCb-PAPER-2022-039, in preparation




Courtesy:
P.Hamilton, Impl.Workshop, 19 Oct 2022
LHCb-PAPER-2022-039, in preparation

New measurement of R(D*) vs R(D) !
e Fit was checked on specific subsamples:

20+ LHCP preliminin 4506 10 2 <935 Gevict LHCD prelimminires 035 <q < 12,6 Gev?ies LHCp prelimints 285 Gev e LHCD preliminiry 040 < " < 2.85 GeV7*LHCp preliminiy 300040 < < 2.85 Gevlc LHCp prefimintrs]
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b I 200 ﬁ»

150F
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* . <255 GV I THCP PRmnr] 500 E 040 <qt <255 Gev T LHO Pt 10000 040 <q? <255 Gev e LCP prefminin] i s I L T s [ O e
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New measurement of R(D*) vs R(D) !

e World average 3.3c to 3.2¢

&-.\ 1 I I 1 1 1 I 1 1 1 I I 1 1 I I I I 1
e, i sz = 1.0 contours
~ 0.4 2021 _
[ LHCb15 _
I BaBarl2 i
I I =
L LHCb18 |
0.3 = =1
[ > 1
— L ] —
0.25 |— 4+ Bellelg == Bellel5 N
L Bellel7 o {231‘7; o World Average B
02 + HFLAV SM Prediction JHEP 1712 (2017) 060 R(D)=0.339+0.026 £0.014 ]
e i R(D) = 0.298 +0.004 PLB 795 (2019) 386 R(D*) =0.295%+0.010%+0.010 |

== PRL 123 (2019) 091801 g

= R(D*) = 0.254 £0.005 EPJC 80 (2020) 2, 74 g( 2)0338"/ 1
= PRD 105 (2022) 034503 X ¢ =

1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 1 1 1

0.2 0.3 0.4 0.5
R(D)
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New measurement of R(D*)

vs R(D) !

e World average 3.3c to 3.2¢

? 1 ] I L} 1 1 1 I L] L} 1 1 I L] 1 ] L] 1 I 1] 1 ] ]
B 2
Q B Ay~ = 1.0 contours
& 0.4 Prelim. 2022
. BaBarl2
0.35 [~ Bellel5
L LHCbHIS - --- 2
03— '
- Y [LHCb22
.4 ©
— s
0.25 o Relle]9 -
[ Bellel7 o e e World Average 8
02 = '*'HFI,AV SM Prediction  JHEP 1712 (2017) 060 R(D ) = ().T\ES_: ‘().(]25 :‘().(.)]2 v
be iy R(D) = 0.298 + 0.004 ::\'{* “'\'::1::‘ |:.:\>’1v\w R(D "):( 0.285 £ 0.010 £ 0.008 i
B ROT=0254 10005 oasras muans e p=-0.29 -~
& RO 8 o & 0 P(x%) = 32% 7]
1 | 1 1 1 L | IMJ' i F i Kk | L 1 1 1 | 1 1 1
0.2 0.3 0.4 0.5

https://hflav-eos.web.cern.ch/hflav-eos/semi/fall22/html/RDsDsstar/RDRDs.html

R(D)
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CC and FCNC

S
W
=
v/Z
ut

Semileptonic
CC
b — clv

“Semileptonic”
FCNC EWP Penguin
b — sltl
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BP—utyr

e Purely leptonic b—sl*tl- /
]

W
v/Z°

+ B.9—e*e" (LHeb, arxivi2003.03999 )

L4
=

b [
7)5\'\<

ut

+ B.9—T*T (LHCb, arxiv:1703.02508)
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https://arxiv.org/abs/2003.03999
https://arxiv.org/abs/1703.02508

LHCDb —e— Data

1 Total
oo — Bl-u'u
BDT >0.5

B—u*u~ (LHCDb)

N
(e}
IIIIII

— B'—sutu

— Bisutuy

ceee- B—sh'h"
Xy,=huv,
BO(+)—>]7:O(+)M+M_

----- Combinatorial

[\
e

Candidates / ( 27.5 MeV/c?)
(OS]
S

p—
()

[
[

-
T
1H T
E
1

C—1 . . . . I . . . . ]
5000 5500 6000
M [MeV/c?]

LHCb Coll. arXiv:2108.09284

Theory :
BB = w'w)=(3.66x0.14)x10" | B(BY — ptp~) = (3.097345+543) x 1079

BB’ = u'u)=(1.03£0.05)x107" B(BO% M+M_) < 926 % 10-10
B(Bg — :u+:u_7)muu>4.9 GeV/c? < 2.0x107"

Beneke, Bobeth, Szafron, arXiv:1908.07011
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http://arxiv.org/abs/2108.09284

Bs)°— Mt (2020)

" ATLAS CMS LHCb Summer 2020

[ Prehmmary ]
05F 2011-2016 data 3

e Including BO:

ATLAS, CMS, LHCb Coll, Aug. 2020 https://inspirehep.net/literature/1810424 N.Tuning - Genoa - 23 Nov 2022 36


https://inspirehep.net/literature/1810424

Bs)?— -

e Including BO:

e NB: new result
from CMS at ICHEP

not included here

e Relative production of Bs? wrt B9 mesons, fJ/f; :

B Summer 2021 L.HCb __

- 44fb7" A
- —9fp!

| x107

6
B(B;— u*u)

Fo/fa (TTeV) = 0.2390 + 0.0076
fo/fa(8TeV) = 0.2385+ 0.0075
£/ fa(13TeV) = 0.2539 +0.0079

(Integrated, pt [0.5,40] GeV/c, n [2.6,4] )

LHCb Coll. arXiv:2108.09284

fs/fd
fs/fd
fs/fd

(pr, TTeV) = (0.244 4 0.008) + ((—10.3 +2.7) x 107%) - pp
(pr,8TeV) = (0.240 £0.008) + ((— 3.4£2.3) x 107 - py
(pr,13TeV) = (0.263 £ 0.008) + ((—17.6 =£2.1) x 1074 - pr

LHCb Coll, arXiv:2103.06810
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http://arxiv.org/abs/2108.09284
http://arxiv.org/abs/2103.06810

BP—utyr

Summer 2022

gpl\lfg -006 : B + 3.83 t%_ﬂ
Il;FIz-ll_?zlg (2022) 041801 : " : 3.09 t%.ﬁ
- 26032
ﬁlll\znpsm (2020) 188 : - 2.94 t%.:szs

JAH-IIE-I!’_ (ﬁ?zmg) 098 : - : 2.8 t?)'.i;
geﬂkifeteg,iﬂlisg?o (2019) 232 . 3.66 = 0.14
-

B(B? — ww) [107]

Courtesy: D.Kovalskyi (CMS), ICHEP, 9 July 2022, [CMS-PAS-BPH-21-006] N.Tuning - Genoa - 23 Nov 2022 38



Decay rates

e Study same process with

different hadrons:

W K-
S
1
v/ Z°
'LLS
W o)
S
1
v/ Z°
14

S
W
b o
v/\vZ\‘L<
Tas
d
K*
d s
BO % w
b wo
7/\’Z\q<
ut
ud ud
AY W A°
b S
1
v/Z°
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b—sltl-

Rich laboratory:

dI'/dg?

2) Decay rates

3) Angular asymmetries

4) Ratio of decay rates

T.Blake et al. arXiv:1606.00916

Photon pole
&~ enhancement (from C7)

CKM suppressed
¢ light-quark resonances

Broad charmonium
resonances (above the
open charm threshold)

Sensitivity to

Cg and Cl()

Sensitive to C7—Cy phasespace
interference suppression
T B T o
0 5 10 15 20
<« increasing hadronic recoil q2 [ GeVZ]

increasing dimuon mass =»
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Decay rates

e Decay rate with muons in final state consistently low:

EN].CSR Lattice —e-Data EN].CSR Lattice —e-Data 20 -LCSR . ILattice': T.TDat.a. .
JHEPO6 (2b1%) 133, arXiv:1203.804% ' ] THEP06 (2014) 133, érXiv';lzioé.sbozth' '(; RE C; JHEPO6 (2014) 133, arXiv:1403.8044 N
B'— K'utu B=Kuwu 1 7o B'— K "utu
LHCb 4 LHCb Q LHCb
2011+2012: 3 fb! . 2011+2012: 3 fb' ] ; 2011+2012: 3 fb! ]
] ] _+_ ~ d
+t 3 = ]
[\ N o —
S . + i
9 ] 5 ]
%0............1....]..: AP B BT R m .--l...l..—
0 5 10 15 202 0 5 10 15 202 = 15 20
q* [GeV7/ct] q* [GeV7/ct] ¢ [GeV?/c4
—_ .ISX1-U-V — et PRL127 (2021) 151801 arXiv:2105,14007 e
“‘>0 [ arXiv:1606.04731 Err: THEP 1704 (2017) 14 e 1 © T T T T T 3 [ach oo " "JHEPO6 (2015) 115, arXiv:1503.07138 H—
) BOSK 0y & LHCb 3 fb"! 4y - dB 107 Gev? [
% RPN SM (LCSR+Lattice) 1.2 W s ++
i 3 2011;2012. 3fb : w@ O sM (LCSR) B dg |
g % 8 i :9 SM (Lattice) | 1 |
\O. - (\\.'/ - . "
© 20 S v w(es) E 201142012: 3 =y
Il ~ —4— >~ —— R
= 2 ] B s
(?, 3 1 + L
N % - old et al, arXiv:1602.01399
10 15 O 15 2
P [GeVYc] X 10 5o [GeV?)
3 q* [GeV%c!]
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https://doi.org/10.1103/PhysRevLett.127.151801
http://arxiv.org/abs/2105.14007

Decay rates

e Decay rate with muons in final state consistently low:

New LQCD calc: Parrot, Bouchard, Davies, [HPQCD], arXiv:2207.13371 20 -LCISR . 'Léllttﬁc? T.TD,at.a. ————
_ - X JHEPO6 (2014) 133, arXiv:1403.8044 1
A CDF1I | 0.6 CDF11 * _
= Belle'19 o e LHCH 12A % B*—K +u+u ]
e LHCH'12B LHCb ' 14A O LHCb -
e LHCH'1A | i b .
s T o LHCH 1C © 2011+2012: 3 fp! |
I3 - e LHCh 21 X i
I 0 S 4
—&—| : .
1 - ]
- @ ]
\ vi25) 4y ]
T T T T % PRI (RPN J1 .,
0 10 15 20 120 , 15 20 15 20
FlGeV ¢[GeV?) ¢* [GeV¥/cH]
—0.15 91V — PRL127 (2021) 151801 arXijv:2105.14007 o
pe L arXiv:1606:04731 Err: JHEP 1704 (2017) 14 LHCb ] o 14 LHGhe "T—3— LHCb 9 fb™! " [TTHEPOG (2015) 115, arXiv:1503.07138
o I This work o b > actorization 1 t 1
O , Experimental J /3 veto 0 %0 _ N 3 0 his work ~— LHCb 3 fb =T re21
ﬁ.\b H F 2011+go?21{. 3lulu o % 12 1| Bs’ 9}{%&1{ nental J/1 veto SM (LCSR+Lattice) 10 dq:. ll(] C(.\\ |
= 0. ] o :3 /b0 &) ‘ [ 1 SM (LCSR) )
= = E ] T: SM (Lattice) xx L
% () © 1 5 - 0. A0 DAuu L
° “ __- 5 ¥ Y(29) E 2011+2012: 3 g
A|\ + £ ._*_._ > ,':i:! i—i—' ]
S § i ! s
g ~ 1 * ]
A T 3 old et al, arXiv:1602.01399
10 is T A = 2
¢?[GeVi/cY] B 10 15 . GeV?)
3 q* [GeV%c!]

Non-local FF: Gubernari, van Dyk, Reboud, Virto, arXiv:2206.03797
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Angular asymmetries

Ps"~ (N-N)/(N + N)

2
]
° Forward & upward K-
X X
ST ST
) s n
(] (0]
S g s g
S 3 S 3
B O B O
QT QT
Counting Ss: blue minus red 43




Angular asymmetries: eg. Ps’

e Compilation:

” W T | T T T T | .
. 1 o ATLAS ]
Vv Belle ] 5
0.5F ® LHCb -
- —_— SM 1 s
oF T 13
B |—l—| i E
~0.51- E AIT? é
_1 B | | | | | | | | | | H ”
0 10 15
g2 [GeV?/c*
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Angular asymmetries

e Interesting to compare angular asymmetries for g and e

" SM from DHMV 13
L ® LHCb Run 1 analysis 13
0.5 0 Belle ¢*e” arXiv:1612.05014 ] =
= =i 0 Belle ptp arXiv:1612.05014 ] &
B t—&-—a i g

0 )

lullllll

t

<]> 1

1
s
—+

OHIIS llOIIIIISI
g* [GeV?%/c*]
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BO_)KO*H-FH- .

more than just Ps’

e Many measurements:

¢* [GeV¥ ¢4

[ T T T T T 1 T T T T T T T . E T T T T T T T | T T 1 T T T T T T T “
r LHCb Run 1 + 2016 0.5 LHCb Run 1 + 201
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LHCb Coll, arXiv:2003.04831
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Intermezzo: Effective couplings

Historical example

e Both are correct, depending on the energy scale you consider
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Intermezzo: Effective couplings

e Historical example

Ve

u
d > / (& —
<
Ve

e Analog: Flavour-changing neutral current

S

T

b [
7)2\'\<

ut
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Intermezzo: Effective couplings

Effective coupling can be of various “kinds”
— Vector coupling: Co
— Axial coupling: Cio
- Left-handed coupling (V-A): Co-Cqg
- Right-handed (to quarks): Cq’, Cio/, ...

S
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http://arxiv.org/abs/hep-ph/9704376

Intermezzo: Effective couplings

C, (photon), Cq (vector) and C;o (axial) couplings hide everywhere:
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Coherent pattern

arXiv:2003.04831: BO— K*Opy*p-
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http://arxiv.org/abs/2012.13241
http://arxiv.org/abs/2107.13428
http://arxiv.org/abs/2003.04831
https://indico.cern.ch/event/1055780/

Coherent pattern

Model independent fits:

e Co\P deviates from 0 by >40
e Independent fits by many groups favour:

C9NP='1 or

CoNP=-C;oNP

»All measurements (175) agree with a single (simple?) shift...

NP
Cio

Cbsuu

20

1.5 1

1.0 1

0.5 1

—0.5

-1.0

Bs — pp lo
—— Rk & Rk~ 1o, 20
***** = b— spup lo, 20

rare B decays lo, 20

—-2.0 71.5 fi.O f(l).5 v

bspp
Cy

NB: p-value SM hypothesis ~0.5%

0LEET E0TZ AIXIR ‘D]BURIS B JBJ0ySULRWI|Y

Wilson coefficient

all rare B decays

best fit pull

bspp
C'9

—0.821011 620

bspp
Cio

1bs i
C(9

1bs g
Cio

bspp _ ~bsup
Cy " = Cyg

+0.567015  4.90
—0.097075  0.70
+0.015050  0.10

—0.06:011 050

bspp __ bspp
Cy " =—Cyy

—0.435007 620

Similar improvement of fit
for both scenario’s




Coherent pattern

e Charm loop effects could also cause a shift in Cq

B — K*Olufr,u_ — 3.30 ——]
BT — K**utpu~ | 310 F—e—ro
B, = gy 195 e

. -3 —2 —1 1
From: Martino Borsato, Flavour Anomaly Workshop,
20 Oct 2021, https://indico.cern.ch/event/1055780/ Re(Cy — C9SM)

O R ——
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https://indico.cern.ch/event/1055780/

Ratio of decay rates

B(BT — Ktutup™)

B(BT — KTete™)

Rk

Theoretically “clean”

Experimentally
- Signal yields
- Backgrounds
- Electron reconstruction
- Efficiencies cancel in ratio
- Belle II:

- LHCb: large B sample

~ B(BY = Kt J/g(ut )

good electron reconstruction

B(BT — KtJ/i¢(etTe™))

a2
S0 LHCb
% 200 B | —— Data 9 fb!
= 180 e — Total fit
3 [ I I B*— K ete™
Z Bl B — Jiy(efe)K*
% B Part. Reco.
= Combinatorial
3
o
[
<
@)

m(K*ete™) [MeV/c?]
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Ratio of decay rates

@ Ry [Nat. Phys. 18, 277282 (2022)]
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Analyses — where are we?

B(sy —HH v v v
BO—K%*pup (ang) v v

B/ K**/ppp v v v
(ang)

Rk v v v
Rk (Ry) v

Rpk v v

Ris, ricx+ v v v
Rq),Knn,n,A

R(D*) v

R(D) v

R(Ac) v v v
+ many others

e We are working on a unified analysis of B*—K*/*[-and B—K*0/*|- decay ratios
with electron and muon final states

- Final Run-1 and 2 results on these key b—sll LFNU observables
- Important checks in the absence of competitive results from other experiments

o Will lead to a deeper understanding of our LFNU measurements and will be
reflected in our final results
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Outline

e Prospects
- Upgrade
— Upgrade II
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Future Plans

2021 2022 2023 2024 2025

2026 2027 2028 2029 2030 2031

2032 2033 2034 2035+

Run III Run IV Run V
LHCb 40 MHz L=2x10% LHCb L=2x10% LHCb L=1-2x10
UPGRADE 1 Consolidate 5()fb" UPGRADE 11 300ﬂ)‘1
ATLAS ATLAS HL-LHC HL-LHC
Phase I Upgr L — 2x ]034 Phase II UPGRADE L — 5x ]034 L — 5x1034
CMS 300 fb-! CMS 3000 fb!
Phase I Upgr Phase II UPGRADE
Belle II L=3x10% 7 ab! L=6x10% 50 ab!

You are here!

LHC schedule:
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https://lhc-commissioning.web.cern.ch/schedule/LHC-long-term.htm

Where do we go from here?

first muon station, preshower and
scintillating pad detectors removed

New scintillator R
New silicon fibre tracker .
FHCAL
trackers ECA[.
M3
Magnet SciFi RICH?2 f. M2
Tracker
| /ﬁl/&: =
© © =
!
,,/' | = . ~ ! \ \\\\\ J{
% o T X0/
(9 )
\ I ./
N
\/
C Op alld /

upgrade
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Calorimeter & Muon detector

New CALO MUON Station 2

frontend and Hit map
control boards

Hz/cm

[Tla0
130
20
1.0
03
0.1
0.03
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... and beyond!

2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035+
Run III Run IV Run V

LHCb 40 MHz L=2x10% LHCb L=2x10% = LHCb L=1-2x10%*
UPGRADE 1 Consolidate 50fb" = UPGRADE II 300ﬂ)‘1
ATLAS ATLAS HL-LHC . HL-LHC
Phase I Upgr I =0y 105 Phase II UPGRADE =5y 0% . L = 5x10%
CMS 300 fb-! CMS . 3000 b
Phase I Upgr Phase II UPGRADE .

L
Belle II L=3x10% 7 ab-! L=6%10% 50 ab’!
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Planning for Upgrade II: many analyses stat. limited

LHCb, arXiv:1808.08865 ; CERN-LHCC-2018-027

Observable Current LHCb Upgrade I
(up to 9fb~1) | (23fb~Y)  (50fb71)
CKM tests
v (B = DK, etc.) 4° 19,10] 1.5° 1°
¢s (B? — Jhpo) 49mrad |8 14 mrad 10 mrad
[Vl /|Veo| (A8 = pp= ) 6% (30 3% —
al (B —» D~utv,) 36 x 10~ (34 8x 107> Halp™
a’, (B® - D ptv,) 33x1074[35] | 10x10™* 7x 10~
Charm
AAcp (D° - K*K~-,ntn~) 29 x 1075 [5) 17 x 1075 -
Ar (D° - KtK~,ntn™) 13 x107° (38] | 4.3 x 107° —
Az (D° - Kot n~) 18 x 1075 37] 6.3x 1075 4.1 x 1075
Rare Decays o
B(BY — ptp~)/B(BY — ptp~) 1% [40,41] 34% -
Suu (B = ptp) — y — —
AP (BO — K*oeter) 0.10 [52] 0.060 0.043
A (B - K*%te™) 0.10 [52 0.060 0.043
ASY(BY = ¢) i l51] 0.124 0.083
S4y(BY = ) 0.32 [51] 0.093 0.062
ay (A0 = Ay) o 53] 0.148 0.097
Lepton Universality Tests
Ry (BT — K*ete-) 0.044 [12 0.025 0.017
R+ (B® = K*0¢te™) 0.10 [61 0.031 0.021
R(D*) (B® - D*~ ) 0.026 [62,64]|  0.007 —

Genoa

- 23 Nov 2022
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Planning for Upgrade II

e Increase instantaneous luminosity to 1.5 x 1034 cm-2s-1

e Increase integrated luminosity to 300 fb-!

Q b e Run 5 Run 6] o~ v
16 [ 2
= =
o - e o o e o 300 'E.
~ - - /]
8 14— : o
=P - o — 250 E
p12r a 4 1 3
7] e £ o)
Erof |0 g
E _F 1 o
a3 8 — 150 £
8 s =
s 6 2
E — 100
4| o
2 [Run 1 Run 2 =
0 :’ ’—g 1 1 l l 1 1 1 I 1 1 l:
2010 2015 2020 2025 2030 2035

Year
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Planning for Upgrade II: Physics Reach

LHCb, arXiv:1808.08865 ; CERN-LHCC-2018-027

Observable Current LHCb Upgrade I Upgrade II
(up to 9fb~1)  (23fb~Y)  (50fb~1) | (300fb~1)
CKM tests }
v (B = DK, etc.) 4° 19,10] 1.5° 1° 0.35°
¢s (B? — Jhpo) 49mrad |8 14 mrad 10 mrad 4 mrad
[Vl /|Veo| (A8 = pp= ) 6% (30 3% = 1%
al (B —» D—utv,) 36 x 1074 34l 8x 10~ Bl | 2% 107
a’, (B® - Dy ptv,) 33x1074[35] 10x107* 7x107*]| 3x10°*
Charm
AAcp (D° - KtK~-,nt7~) 29 x 1075 [5] 17 x 10~° - 3.0 x 1075
Ar (D° - KtK~,7ntn™) 13x107° [38]  4.3x107° - 1.0 x 107°
Az (D° - Kot n~) 18 x 1075 [37] 6.3x 1075 4.1x1075] 1.6 x107°
Rare Decays o
B(BY — ptp~)/B(BY — ptp~) 1% [40,41] 34% — 10%
Suu (B = ptp~) — 7 — — 0.2
AP (BO » K*oeter) 0.10 [52] 0.060 0.043 0.016
AP (B® - K*%te™) 0.10 [52 0.060 0.043 0.016
ASY(BY = ¢) i l51] 0.124 0.083 0.033
S4y(BY = ) 0.32 [51] 0.093 0.062 0.025
ay (A0 = Ay) ot 53] 0.148 0.097 0.038
Lepton Universality Tests
Ry (BT — K*ete-) 0.044 (12 0.025 0.017 0.007
R+ (B® = K*0¢t¢7) 0.10 [61 0.031 0.021 0.008
R(D*) (B® - D*~ ;) 0.026 [62,64]  0.007 — 0.002
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Planning for Upgrade II: Physics Reach

Observable Current LHCb Upgrade I Upgrade II
(up to 9fb~1)  (23fb~1)  (50fb~1) | (300fb~1)
CKM tests / ‘
v (B = DK, etc.) 4° [9,10] 1.5° { 0.35°
Vbl /|Ves| (A3 = pp=7,) 6% (30 3% — 1%
Rare Decays _
BB = putu™)/B(BY — utu~) 1% 40, 41] 34% — 10%
Lepton Universality Tests
Ry (Bt - Ktete™) 0.044 [12 0.025 0.017 0.007
R+ (B® = K*0¢t¢7) 0.10 [61 0.031 0.021 0.008
R(D*) (B° - D*£*v,) 0.026 [62,64] 0.007 — 0.002

LHCb, arXiv:1808.08865 ; CERN-LHCC-2018-027
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Planning for Upgrade II: started in 2017

Expression of Interest Physics Case Accelerator Study Luminosity Scenarios

LHCC-2017-003 LHCC-2018-027 CERN-ACC-2018-038 LHCb-PUB-2019-001

e |HCC and CERN Research Board (Sep 2019)

— "The recommendation to prepare a framework TDR for the LHCb
Upgrade-II was endorsed, noting that LHCb is expected to run
throughout the HL-LHC era.”

e European Strategy Update (Jun 2020)

— "The flavour physics programme made possible with the proton
collisions delivered by the LHC is very rich, and will be enhanced
with the ongoing and proposed future upgrade of the LHCb
detector."”

— "The full potential of the LHC and the HL-LHC, including the study
of flavour physics, should be exploited”
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https://cds.cern.ch/record/2244311?ln=it
https://cds.cern.ch/record/2636441
https://cds.cern.ch/record/2319258?ln=it
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwik2_2xp73rAhWNxYUKHRPgBssQFjAAegQIBRAB&url=https://cds.cern.ch/record/2653011/files/LHCb-PUB-2019-001.pdf&usg=AOvVaw2f7AN-sqFwM3fqulaURT7c

Planning for Upgrade II: Tracking

VELO pixel UT pixel
. Add Timing - MAPS, radiation tolerant

« New RF-foil
3D, LGADs, 28nm

Magnet Station new

SciFi

Track

Mighty Tracker
« MAPS pixel and Scintillating fibers

|3

1s

upgrade




Planning for Upgrade II: PID detectors

RICH1 and RICH 2

* Reduced pixel size

e Add timing informati
e SiPM, MCP

TORCH new
«TOF — quartz

ccccc

Muon
*  u—RWELL for inner regions
«  MWPC for outer regions (recycles)

Space & time segmentation
SPACAL with rad hard crystals
Timing layer with MCP or Si

W-Si sampling
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Planning for Upgrade II: Testbeam

e Activities for RICH, VELO, ECAL, MUON

o Lots of opportunities for R&D in coming decade!

B

] \\;7 5\ - .
N = 4
d! [\
B
W

Timepix4 te
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Conclusions

Precision measurements to scrutinize the Standard Model

Precision measurements reach very high mass scales

Precision measurements are not yet precise enough

Lots of opportunities to contribute to R&D
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M

ore results: CPV

o

arxiv:2012.05319: First TD CPV in B

0.08
0.06
0.04
0.02

Asymmetry

—0.02
—0.04
—0.06
—0.08

—0.1

(@)

-

TTprrprerpreeyeT
N»—ﬂ
+
&
:
§=
¢)

HCb

P T S S R I
0.2 0.3
(t-t,) mod (27/Amy) [ps]

ol
0.1

arxiv:2012.12789: Acp(K*n0%) & Kn

A4()db]2l€'l""l"' """ It

(@\]
2
% 3500
= 3000
(@)
2500
S~
%2000
S 1500
=
£ 1000
© 500
0

—4— Data
— Signal
- .= Combinatorial

------- Partial Reco.
Peaking Partial Reco.
- B* >

IIIIIII'IIIIIIIIIIIIIIIIIIIl“l“IIIIIII

R aTIOPR

PR
5000 5500 6000
m(K 1) [MeV/c?]

arXiv:2105.14738 : ¢ with ete~

T HHH‘ “J T \‘H\H‘«

Candidates / ( 0.274 [ps] )
o

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
Time integrated CP violation

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

B*,B,0: Beauty particles
Time integrated CP violation
LHCb

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

DO: charm particles
CP violation in D° decays
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
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Bosi Beauty particles
Time dependent CP violation

LHCb
JHEP 03 (2021) 075
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