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What do we know about heavy
qguark flavour physics as of today?
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CKM Matrix : parametrizations

* Many different possible choices of 4 parameters
 PDG: 3 mixing angles and 1 phase

PRL 53 (1984) 1802
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 Apparent hierarchy: s> ~ 0.2, s25 ~ 0.04, s13 ~ 0.004

- Wolfenstein parametrization (expansion parameter A ~ sin 6. ~ 0.22)

| — _LAE A _ L-:!'LH [ 0 — -"J'In'jl PRL 51 (1983) 1945
AN(L — p—in) —AN 1

 Other choices, eg. based on CP violating phases

PLB 680 (2009) 328
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Hierarchy in quark mixing

L — A A AN p —in)
I = —A — )2 AN + O (XY
AN —p—in) —AMN 1
5]
Very suggestive pattern
No known underlying reason
B Situation for leptons (vs) is
completely different
g ]
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CKM matrix to O(A°)

imaginary part at O(A\°)

1 — =& — =& A
|"r 2 8 { | .
| 2,5 i - 3 2 4 442 2 |
TP 2o it A L LA — et il /1 — 424
AXI[1 =101 - 3 Ve 4inlD <\:--‘l"'.+2 AMN1 -2 |~,-.:-+.:/'!ﬁ|l> | > A ’J

imaginary part at O(A3)

~ imaginary part at O(%%)

Remember — only relative phases are observable



Unitarity Tests

 The CKM matrix must be unitary

VCKMVZKM =1

_|_
VCKM V CKM

* Provides numerous tests of constraints
between independent observables, such as

2

Vi H| V[ +Ve =1
VudV::b_I_Vch:b_'_thv:l; =0
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CKM Matrix — Magnitudes

semileptonic / leptonic kaon decays PDG 2024

hadronic tau decays _ _ _
superallowed 0* - 0* 3 decays semileptonic / leptonic B decays

N i .

0.97367 £0.00032 0.22431+0.00085 (3.82+0.20)x10°

0.221+0.004 0.975+0.006 (41.1+£1.2)x10"°
(8.6+0.2)x10° (41.5+0.9)x10° 1.010+0.027
semileptonic charm decays \
charm production in neutrino beams semileptonic B decays

semileptonic / leptonic charm decays
Bq oscillations

e single top production
Bs oscillations

theory inputs (eg., lattice calculations) required
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First row unitarity

* The eagle eyed may have spotted:
PDG 2024

semileptonic / leptonic kaon decays

hadronic tau decays _ _ _
superallowed 0" - 0* B decays l semileptonic / leptonic B decays

R .

0.97367+0.00032 0.22431+0.00085 (3.82+0.20)x 10 °|

‘Vud‘Q + ‘Vus‘z -+ ‘Vub‘z — 0.998%6) gl)

Figure from 0227 Uncertainty from |Vyd|
arXiv:2207.10492 0226} :
(slightly different Uncertalnty from |Vus|
values to 022 o o
PDG2024) 2oz} (contribution from |V| negligible)
0223}
0222t super- ] "“250- “tenSion"
Tim Gershon 0221k allowed o
0.960 0.965 0.970 0.975 0.950
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The Unitarity Triangle

ViVt VeVt VgV, =

imaginar}'(ﬁ) _ :
| Vig Vi, Vg Vg WV
1:1=E|Ig—tdﬂf ﬁ=arg_m:h y=arg |- ud "ub
.................... C | "'ru.j'*"ub_ Vid Vip vl:dl"'r-:b_.
' Three complex numbers add to - i g
I LT LY e L
- Zero | | | H”_‘v' V‘i L= v'v‘l
= triangle in Argand plane - e el Ten
Axes are p and n where \
_ o= Vv
= T !
ch > reg| (p)
(0,0) (1.0
| V1 — A2\ (5 + i)
p+in = — r
V1= A2[1 — A2\ (7 + i7)]
Tim Gershon
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Predictive nature of KM mechanism

In the Standard Model the A

KM phase is the sole
origin of CP violation

EPJC 41 (2005) 1

_ / v,
Hence: 05 | e/, , Koomoy
Il m rements must f % 25
all measuremet f[s y A Y A ,!_Eﬁ//,,. N
agree on the position of the o -
. . . B —7 VV
apex of the Unitarity Triangle : ; ]
0.5 B |
(Ilustration shown assumes no Al sz
experimental or theoretical E
. . 15 - :
uncertainties) *
ol L. | ‘ \ ‘ Ll
-2 1.5 1 0.5 0 0.5 1 1.5 2
P
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Time-Dependent CP Violation in the
B°—B° System
 For a B meson known to be 1) B° or 2) B%at time t=0,

then at later time t:

(B, 2 fep(t) ce (1—(Ssin(Amt)—C cos(Amt)))

phys
[(B), = fcp(t)) oc e[ 1+(Ssin (A mt)—C cos(Amt))]

BO here assume Al negligible — will see full expressions later

AN - 2 —
q AH%H — 2 \S(ACP) C = 1_‘/1013‘ A = ﬂé
p T~ 1+ ‘)Lép‘ 1 +‘)L2P‘ “ pA

fep
5’0 For B® - J/Y Ks, S =sin(2[3), C=0
Tim Gershon NPB 193 (1981) 85
|. Bigi and A. Sanda 12
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Categories of CP violation

* Consider decay of B
neutral particle to a CP 4
eigenstate A A

q — =
|p|7& 1 [@PWiolation in mixing \
A -
L4 ~ B~ t . \\\
|A |21 [EPWiolation in decay
~ ﬂé 20 CH v]% in interferenc
n A petween mixing and deca
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Asymmetric B factory principle

To measure t require B meson to be moving
- e*e™ at threshold with asymmetric collisions (P. Oddone)

Other possibilities considered

- fixed target production? L
— hadron collider? W
— e*e” at high energy? t=0 t=|t/r

| | T
electron | \
(8GeV) | | T
— P «——

Dositron?& _—-->W DO _
(3.5GeV) |
AZ~200um
Tim Gershon
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Asymmetric B Factories

PEPIlI at SLAC KEKB at KEK
9.0 GeV e on 3.1 GeV e” 8.0 GeV e on 3.5 GeV e”

{3‘\ TSUKUBA Area (Belle)
& | e
& e I
W | (%
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* N
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r e
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o | 1
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B factories

As of 2008/04/09 00:00
':; _ i
> | BaBar
-g 500— PEP Il Delivered LUMINOSItY: 553.48/)  w-vreevesssreeeosssssmocsssss s
£ - BaBar Recorded Luminosity: 531.43/fb —
£ - BaBar Recorded Y(4s): 432.89/fb _
= L BaBar Recorded Y(3s): 30.23/fb _
- N BaBar Recorded Y(2s): 14.45/fb |
E 4001 — Off Peak Luminosity: 53.85/f —
1] - .
:'; — Delivered Luminosity —
15 B Resorded Luminosty Y(4s .
— [ Recorded Lum\nos!ty Y{_Ss) -
300/— gfc'c;;c;id buminesity ¥U28) oA L, —
200 __ ................................................................................................................................................ __
D00 s ]
Nilll (LT T CATTCTELA AT

Q‘bc

N N Q
S S N
> DY > ©

o
$§
P

~ 433/fb on Y(4S)

H o A o
N N ) )
P Y © 0
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Offline+Online Luminosity (pb‘i) (/day)

Integrated Luminosity (pb“r)

Offline+Online Luminosity (pb'f) (/day)
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World record luminosities (2) ..

& HL-LHC
~10% . | | | |
- " Peak Luminosity trends in last 40 years KEKB :
o o o
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BaBar Detector

1.5 T solenoid

DIRC (PID)
144 quartz bars
11000 PMs

Instrumented Flux Return

iron / RPCs (muon / neutral hadrons)
2/6 replaced by LST in 2004
Rest of replacement in 2006

Tim Gershon

Flavour physics
& CP violation

EMC
6580 CsI(TI) crystals

Drift Chamber
40 stereo layers

Silicon Vertex Tracker
5 layers, double sided strips

18




Belle Detector

Aerogel Cherenkov cnt.
n=1.015~1.030

SC solenoid
1.5T

CsI(TI) el : *
S L N _ “. f — S F > o> eV é
16X, (o . /

TOF counter

| —

\w_\ 11 cell +He/C,H,

-3 1lyr. DSSD n / K, detection
- 4 lyr. since summer 2003 14/15 lyr. RPC+Fe

Tim Gershon
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Particle ID with Cherenkov radiation

BaBar DIRC: quartz radiator (n = 1.473)

S
[

2
o

DIRC Cherenkov angle 6,
o
=

=
(V)
T

e

0

Particle travelling above speed of light in
medium (with refractive index n) emits light
in cone with opening angle given by Thresholds also provide separation

cos 6_= 1/(Bn)

p (GeV/c)

Tim Gershon
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Particle ID with Cherenkov radiation

BaBar DIRC: quartz radiator (n = 1.473)

- i, -

Quartz A Detector L og-
\ ny 7 Surface <
[ "h _I,-'" >
n o
SR 7 s

TS |

4 Qs \@’-’ o °
g =
Side View
2 0.2—

Particle travelling above speed of light in
medium (with refractive index n) emits light
in cone with opening angle given by Thresholds also provide separation
cos 0_= 1/(n)

p (GeV/c)

Tim Gershon
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Results for the golden mode

BY J/?IL‘KD

BABAR BELLE

PRD 79 (2009) 072009 PRL 108 (2012) 171802

2 | e 8 400} 8
3 400}~ Ny = — [ < 350} \2 250
% 200 [ = :‘“:. 300} E 200
e ] S 250¢ g
5 04f (byJ 150}
E 02 = i 100}
AN o 100} 5
< - I = s
E 02 \-{:_i_jj?‘z‘ = 50 E ¢

04F = Of 0E*
%:300 = ' -'_r_ ' ©7 % tn ) % 0.6}
+ F 3
gZOOE— A o o —|—l E _1:f E‘O'q'
‘5 100 |~ - 2 0.2} 2 0.2}
£ 33_ %Q_ v 0.2} 0.2
g 02 Y S
Z of + 1= 0.4} + 0.4
502 TR 0.6} 0.6

04 — L L L L 1 1 L L L L 1
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oscillations diluted by

Tim Gershon cillations d
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o nf S1N (2 /3) ’ C - O tagging and resolution 22

Flavour physics
& CP violation

ACP (t) p— S Sjn ( A m l—)_ C’ COS (A m t) Experimentally,
S =



Compilation of results

PRELIMINARY

sin(2B) =

sin(20,) FEZ2

‘BaBar Jiy K 0.657 + 0.036 + 0.0]12
Results on PRD 79 (2009) 072009 S ;
. BaBar Jiy K 0.694 + 0.061 + 0.081
previous PRD 79 (2009) 072008 N }
" BaBar y(2S) Kq 0.897 + 0.100 + 0.036
S“de PRD 72 (2009) 072009 h B
A Belle Jiy K 0.670 + 0.029 + 0.013
PRL 108 (2012) 171802 P :
Belle Jiy K 0.642 + 0.047 + 0.021
PRL 108 (2012) 171802 " * ' :
Belle y(2S) Kq )l 0.718 + 0.090 + 0.081
PRD 77 (2008) 091103(R) ;
Note LHCDb _I"IOW . LHCb JAy Ko J 0.724 +0.014
World-leadlng PRL 132 (2024) 021801 ‘ i
LHCb Run 1 (2S) Kg ,_0.840+0.100 +0.010
JHEP 11 (2017) 170 5 ' ;
LHCb Run 2 w(2S) K 0.649 + 0.053 + 0.018
PRL 132 (2024) 021801 " > I".
World Average H_ 0.709 + 0.01
HFLAV 5 :
0.4 0.5 0.6 0.7 0.8 0.9 1

Tim Gershon
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LHCDb results on sin(2[3)

/-—\\ 1 - 0 L Ll | L] I L | L | I L} L | L ] L} L 1 L I L | L L| I I L} Ll L] I
+ - -
= ! + B9-BO yield asymmetry A

— Total fit

SWK{;’ = 0.717 + 0.013(stat) + 0.008(syst),

C,xo = 0.008  0.012(stat) = 0.003(syst).

a

15.0

0.0f

" LHCDb

- 6fb— 1

" B0 ap(— £ )KY (— )
| | ' T T |

0.0 25 50 75 100

—(.9

/

12.5

Asymmetry shown here t [pS]
corrected for imperfect

_ flavour-tagging
Tim Gershon
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Measurement of a

» Similar analysis using b — uud decays (e.g. B - TT*TT)
probes —([3+y) = a

- but b - duu penguin transitions contribute to same final
states = “penguin pollution”

- C#0 = CP violation in decay can occur
- S # +nce SIN(20)
* Two approaches (optimal approach combines both)

- try to use modes with small penguin contribution
— correct for penguin effect (isospin analysis)

PRL 65 (1990) 3381

Tim Gershon
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Cep

Experimental situation for o

+ -
T T SCPVS CCP

Maoriond 2021

PRELIMINARY
T T I . :
0 [ BaBar
7 Belle
LHCb Run 1
LHCb Ruh 2
| 77 Average |
0.4 F )
0.6 F )
large CP violation
large penguin effect
0.8 - -
1 1 | | i
0.8 0.6 -0.4 0.2 0
s

Tim Gershon
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Contours give -2A(ln L) = -_".xa =1, corresponding to 39.3% CL for 2 dof

cP

P p Scp Vs C

Ccp
CGF’
T T T T T
. BaBar
0.4 7 Belle
©Z  Average
0.2 :
0 g e R .
NS
-0.2 .
04 small CP violation ]
small penguin effect
| 1 i 1 |
04 02 0 0.2 0.4

Contours give -2A(ln L) = -_".xa =1, corresponding to 39.3% CL for 2 dof

Improved measurements needed!

Summer 2016

CcP
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p-value

Tim Gershon
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Measurement of o

% -~ B—pp data (WA) [ Combined

Summer 23 = B%TCTC data (WA) e CKM f|t
--------- B’ (pn)’ Dalitz data (WA)
1.0 .I | | | I I | | I::_-I | | I I |’ I!!I “I I I |"‘I ;Il I'lll | | I'l|l I;_

0.8

a = (86.2 *3945)°

= e | = 'I-"-L"_l

60 80

o (deg)

20 40

Is there any physical significance in the fact that a = 90°?

| I~

e e i
TN L

U Ueod NI NOILVTOIA 4O 103dI1d 40
NOILVALISdO Ad 1NO d31Nd SNOILNT10S d4SdHL
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The UT sides

imaginary
& - - .
Vig W, VgV Vgl
u=arg_tdﬂ: B=arg‘— cd l::'l.'r ¥ = ang _'ud u'b
| Vg Vub | ‘ Vid Vie Ved Vet
R = Vud”n:h _ "rtd U'1£
u G N
= Ved Yeb Vea Veb
Ry Ry
1 p
real
(0,0 (1.0)

Tim Gershon
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1.5 711 [T T 11 | T T\ Ay T T 1 T T 1
] : excluded area has CL > 0.95 | 7“’% :
| i ]
1.0 - \ —
| B Amy & Amg ]
- sin2f .
0.5 — _|
- Amg -
e : g
IS 0.0 - e —
B : N
£ Vubi o 9
-0.5 — 2
1.0 — Y €
B % sol. w/cos 2 <0
~ Summer 23 . (excl. at CL > 0.95) —
1.5 N I | AN I SN AN B A RN AR
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

p
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th V tb

R: side from B°—B° mixing

&

e
!:

s Val Vil 2z

0422 4 (44 HL.024 e
0A0 1 045 10T p
0452 10,039 10,044 &
0493 0,042 £0.027 g

.ﬂ ?’F’Id 6 Fﬂ w n b S ( ) "TIB fg Dmmm?g%%; 0499 £ 053 HLOLS pat
VaVa ' TR oo
(9L

0.5

D 4 OPAJ:I‘&ngﬁE 0444 120 T
- OFAL DU jet 01539 10,060 H1L024
[90?%) 003 Pf
OFALD 11 0567 10080 Y o
[5-5)
OFAL & Lt 0497 1024 HILGLS g
D 3 (91- U .07 A1
. 0ATL T +0,034 p
0.503 1,064 H0.071
D‘ 2 0500 10 052 H1.043 e
- 0 cl
0516 40,090 407 1o
DoTlwosT 0.506 10,020 H.0L6
12 !
O' 1 EAEAR Bﬁcfun%.lmxgm 0516 1001 6 H0.0L0 e
- BABARLI’)I 0493 10012 HL009 e
EAEAR T 1\%1%\11\1 0492 10 018 HIL0L3 e
sl
EABARTY lvE[Bs.r%ﬂ 0511 +0.007 £0.007 pa

(OF-SF)/(OF+SF)

sources of theory uncertainty 85

P(At) =

(1+xcos(AmAL))e-lat/2t

+

_+_

LHCb B,{iﬂﬂﬂ?!oslT
LECH Bd[ﬁﬂl)"OS"{ 85
LHGh Dy.rosi"r,.sshT
LHCH If Iu.rcns;;r

Average of 32 above

0531 40,025 £0.007 pg*
0458 10,046 £.032 1
0A3T 1043 HLO4 ps"
047210049 10,053 pa

+0m o1
04304004393 o

Hex -l

0511 £0.005 £0.006 e
0.509 10,007 £0.020 p&™
0503 +0.008 0,000 g
0499 1,032 H.003 p
0516 0,005 10,003 e
0503 40,0011 £0.013 &

05050 £0.0021 £0.0000 ps'l

05065 £0.0019 pa’

PRD 71, 072003 (2005) R— -

Heavy Flavour
Averaging Group

- |Io|-Exiriaa i IMH EHHﬂI

l . . .
0335 04 045 0.5 055 0.6 0.65

Am, ps™)

6 8
Tim Gershon |At|(ps)
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0.2
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(OF-SF)/(OF+SF)
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R, side from B°—B° mixing

VaVe
Vch:b
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8] 2 12 14

6 8
|At](ps)

Amq = (0.5064 + 0.0019) ps-!

‘th / Vts
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&

A ;
v 7 2
Am, My fi By |V,
- 2 A 2
— BY - D;nt =— B%— B? —» D;nt — Untagged

t [ps]
Am; = (17.7683 + 0.0051 + 0.0032) ps-*

Nature Physics 18 (2022) 1

0.207 £ O.OTOl + O.OTOB

theoretical
uncertainty 30

experimental
uncertainty



Ru side from semileptonic decays

4

Vcdvcb I}:ubﬂp:ﬁ\

Parton level 4 Hadron level |
ES
R _ Vud Vub W 1‘7 P — T
u b B B%¢ . “-‘:%:'

u,c

e Approaches:
— exclusive semileptonic B decays, eg. B® - 1 e*v
* require knowledge of form factors
— can be calculated in lattice QCD at kinematical limit
— Inclusive semileptonic B decays, eg. B - X, e*v
* clean theory, based on Operator Product Expansion

* experimentally challenging:

* need to reject b - ¢ background
Tim Gershon
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e cuts re-introduce theoretical uncertainties

<l
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V| from exclusive semileptonic decays

Current best measurements use B° - 1t It v
(recent competitive measurement from LHCb with Ay - puv)

BaBar experiment
PRD 83 (2011) 052011
PRD 83 (2011) 032007

=y x
& i
> 16}
S |
N 145
A
r:%_ 12
a 10 -
= :
E T FNAL/MILC %
6 —— HPQCD _
al —— BGL fitto data \},
; BK fit to data
. * data
O =% o 15 20 25
Unfolded q° jeeh
| 3.09+0.08 0.12
Tim Gershon
Flavour physics
& CP violation

BY 11V

lattice uncertainty

= = M
o o

AB(q?) / 2 GeV?/c?
L*1]

=i
=]
T

Belle experiment
PRD 83 (2011) 071101(R)

=i =i
P B
TT AT T I T

o @
T T T

4
2
- 10 15 20

Unfolded g° (GeV?/c?)

(3.43+0.33)x10°°



|Vu| from inclusive semileptonic decays

* Main difficulty to measure inclusive B - X, " v
- background from B - X" v

* Approaches

- cut on E, (Iepton endpoint), g (Iv invariant mass squared),
M(X.), or some combination thereof

 Example: endpoint analysis

non BB background subtracted

Nhbmber of Eledtrons / (30 MeV/c)
=
2

Xc I* v background subtracted

Tim Gershon
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IVuw| average

* Averages on |Vy| from both exclusive and inclusive
approaches

- exclusive: |Vw|=(3.67 £+0.09 +£0.12) x 103
- inclusive: |Vw|=(4.13+£0.12 ¥4, £0.18) x 1073
- slight tension between these results

— In both cases theoretical errors are dominant
* but some “theory” errors can be improved with more data

- PDG2014 does naive average rescaling due to
inconsistency to obtain |Vu| = (3.82 £ 0.20) x 10°°

Tim Gershon
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Inclusive vs. exclusive : |Vuw| and [V

p-value

0.0060 [T T LA O B I T I PO B T T ] 1.

B Voo SL,excl : Voo 1S|_,inc| (dashed)
0.0055 [ — 0:
: . 8

0.0050 —. —
C 7 10.7

0.0045 [—-----------onneoooooooo oo SR —
_ i 0.6

__Q B T
=0.0040 - 0.5
0.0035 — — 04
£ 1 ™03

0.0030 [— —
E ‘Vubwvcb‘ ] 0.2

0025 — _
0.002 v BN 0.1

o (S _ excluded area has CL > 0.95 | -
0_0020 L1 1 | L1 1 | L1 1 | ] ] | “ T | | L1 1 | L1 1 0.0

0.032 0.034 0.036 0.038 0.040 0.042 0.044 0.046 0.048
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Flavour physics at hadron colliders

e e — Y (4S) — BB pp — bbX pp — bbX
(Vs =2TeV) (/s =14TeV)

PEP-1I, KEKB Tevatron LHC

Production cross-section 1 nb ~ 100 ub ~ 500 ub
Typical bb rate 10Hz ~ 100kHz ~ 500kHz
Pile-up 0 1.7 0.5-20
b hadron mixture BB (50%), B"B" (50%) B' (40%), B’ (40%), B) (10%),

A} (10%), others (< 1%)
b hadron boost small (fy ~ 0.5) large (By~ 100)
Underlying event BB pair alone Many additional particles
Production vertex Not reconstructed Reconstructed from many tracks
B"-B" pair production  Coherent (from 1°(45) decay) Incoherent
Flavour tagging power eD? ~ 30% eD? ~ 5%

Tim Gershon Huge production rate: can we exploit it?
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Geometry

* In high energy collisions, bb pairs produced
predominantly in forward or backward directions

 LHCDb Is a forward spectrometer

The LHCb Detector / /
JINST 3 (2008) S08005 /
Here discussing the

detector used in

Runs 1+2.
Upgrades will be
discussed tomorrow

Tim Gershon
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LHCDb detector features

* Tracking and calorimetry
- basic essentials of any collider experiment!
- muon ChamberS \E,r(mResolutionVs 1IpT|

E\s=7TeV

° VELO :: “s— 2011 Data

—— Simulation

70F

- reconstruct displaced vertices -
e RICH \1“;_

- particle ID (K/mt separatlon) 2011 Ditac s = 93,5+ BATE,
100 Slmulatlon c=11.2+21. in pm
. TI’I g ger & °° ! s 2 1Ip [c/GeV]
- fast and efficient 4
LHCb data RICH 1 LHCb data
(preliminary) (preliminary) )
) . —_ Kaon ring - Kaon ring. ‘
Tim Gershon o \ant /0", L A .
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100 T T T T T

o Vs =8 TeV ]
4| 2012 Data .
V I I O -=— Simulation E
70 = =
T 6oL =
= E =
~¢ 50F =
o F E
T Y E
30F -

= LHCb VELO Preliminary

2 ;,-?'z 2012 Data: 6 = 11.6 + 23.4/p_

'“g Simulation: ¢ = 11.6 + 22.6/p_

00 — I[].5 I — 1 I 1.5 2

2.5 3
1Jp1_ [c/GeV]

Material imaged used beam gas collisions

LHCb VELO Preliminary
= 50—

af

30E
20
10F

ok

10E -

Sign(Vertex x) * Vertex r (mm

L L L L ]
-500 0 500

1000
Vertex z (mm)

LHCb VELO Preliminary
— 20

Tim Gershon
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Vertexing kills background

Comparison of (left) Belle and (right) LHCb signals for B° - D-1t*
Which is the “low background” environment?

6000
4000

2000 -

I
—_
O
~

92-015-01-005 0 005 01 0.15 0.2

AE(GeV)

Tim Gershon
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T - decay decay

pp collision

Tim Gershon
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Photon
Detectors

Magnetic
Shield 3
250 W
Aerogel - Spherica|
Mirror
gl /|| _Beam pipe
= N r————*
\
VELO = | Track
exit window j
\Carbon Fiber
Exit Window

Plane
Mirror

Tim Gershon
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Particle ID kills other backgrounds

Comparison of (left) Belle and (right) LHCb signals for B° - tt-1t*

300F

LHCb

I:l B —>ntn-
. Bl

B'—>K*m-

* Comb. bkg.
L [haiy i

S
o - - -
s 2% < 2500
o 200k Q -
o S N
i - ~ ~
c ~ |
o 100 £ 1500
I s = -
50 . o B
B o) L
2. j § 1000
'c—%g g— JFH JrJrJr'TJr:r“"TJ-r? Jr Jri_ 500
(o LTI
Zo -0201501005000501015 () — :
AE (GeV) 5 5.2
Tim Gershon
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Luminosity levelling in LHCDb

-l
o
Fu

LHC Fill 2651 | luminosity

| \ levelling at
' : ATLAS & cms | @around

Instantaneous Luminosity [10™ cnr? 57

4x1032 cm2s
10+ via
transverse
LHCh .
o e N0 separation
| Beam 2 P T R (with tilted
seem crossing angle)
- T+ N T T )

Fill duration [h]

from C. Gaspar, via. F. Zimmerman
Tim Gershon
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Run 1+2 data taking

2018 (6.5 TeV): 2.19 /b : 2—01 B
. 2017 (6.5+2.51 TeV): 1.71 /fb + 0.10 /b 201 2

2018 {5.5 TEU}: 167 b .................................... ..............................
2015 (6.5 TeV): 0.33 /b : :

2012 (4.0 TeV): 2.08 /b
2011 (3.5 TeV): 1.11 /b
2010 (3.5 TeV): 0.04 /b

TR E— S— S—

0.9 _,_ ................................... ....................................... ...........

no
[ du]
-

N\
.

—
)]

~
|

0.7 g 4 : |
| E— e T 28 R— 2015.....

Integrated Recorded Luminosity (1/fb)

0.2 f AT

IR —
R/Ia May Jul Sep Nov

Month of year

1fbrt@Vs=7TeV, 2fb* @ Vs=8TeV,6fb* @ Vs = 13 TeV

) considerin collisions onl
Tim Gershon ( . )
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Heavy flavour production @ LHCDb

“Prompt charm production in pp “Measurement of J/{ production in
collisions at Vs = 7 TeV” pp collisions at Vs = 7 TeV”
Nucl. Phys B 871 (2013) 1 Eur Phys J C 71 (2011) 1645
gl sk % e —_=*§—:E Pnompt J’flp' \!_s—‘,’ TeV LHCb_;
L Bls ==t |
" 107 © IOE_ A 20<y<25 :i:—v—f!:__ _E‘

F m25<y<30 T e i 3

10°F L Hcb data | e 30<y<35 ' |

= E v 35<y<40 E

107 T GMVFNS intr. charm F040<y<4s .
T T T Y

P [GeV/e] 0 10 15

"Measurement of o(pp - be) at Vs =7 TeV in the forward region"  p,[Gevid
Physics Letters B 694 (2010) 209

50
-~ MCFM
aot
— FONLL
do 30
dn
(ub) 20
Tim Gershon o Ty
LHCb
Flavour physics 0 . . . 46
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What does [Ldt = 1 fb~* mean?

 Measured cross-section, in LHCb acceptance (orvs=71ev)
o(pp — bbX) = (75.3 £+5.4 + 13.0) ub
PLB 694 (2010) 209

 So, number of bb pairs produced in 1 fb*
10> x 75.3 10° ~ 10

* Compare to combined data sample of e'e” “B
factories” BaBar and Belle of ~ 10° BB pairs

for any channel where the (trigger, reconstruction, stripping, offline)
efficiency is not too small, LHCb has world's largest data sample®

e p.s.: for charm, o(pp — ccX) = (6.10 + 0.93) mb
LHCb-CONF-2010-013

Tim Gershon .
) ATLAS+CMS have larger numbers produced, but tend to have lower efficiencies 47

Flavour physics
& CP violation



The all important trigger

JINST 8 (2013) P04022

(:ha”engels 40 MHz bunch crossing rate

* to efficiently select most
Interesting B decays
o\NhHernannanﬂng L0 Hardware Trigger : 1 MHZ

manageable data rates readout, high Er/Pr signatures

Main backgrounds

* “‘minimum bias” inelastic - :
pp scattering ‘D ‘U' ‘U'

 Software High Level Trigger
* Other Charm and beaUty Introduce tracking/PID information,
decayS find displaced tracks/vertices

Offline reconstruction tuned to
Hand'es trigger time constraints

* high pr signals (muons)

selection algorithms
- displaced vertices ch W

Mixture of exclusive and inclusive

5 kHZ Rate to storage

2 kH
. 2 kHz — - y 1 kHz
Tim GerShon Inclusive Et;:ccll:.lsslivvee Muon and
Flavour physics Topological DiMuon 48
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Spectroscopy

* |'ve talked about the headline items of flavour physics
— CP violation, searches for new physics
- what we tell the funding agencies, and the press

* But, much of the physics performed by flavour experiments
IS the study of properties of hadronic states

- lifetimes, masses, decay channels, quantum numbers
— and the discoveries of new ones |

a) dota

300 i
PRL 91 (2003) 262001 i

Most highly cited paper (>2500 citations)

from BaBar or Belle 200

Citations per year

. X(3872)

Events/0.010 GeV

Tim Gershon
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Discovery of the lightest bb state — 2008

|Ed Selected for a Viewpoint in Physics

PRL 101, 07 LA0] ¢ 20085 PHYSICAL REVIEW LETTERS

week endit
L5 ALGUST %E\S

5

Observation of the Bottomonium Ground State in the Decay Y(35)— vy,

Misserand.' J. Gamra Tico,

B. Auben,’ M. Boma,! Y. 1
2 bhrams ¥ M. Rattaelia

* Thé BaBar Cbllabo'ration’

Only recoil y Is reconstructed

m(n,(1S)) = (9388.9 *>:+2.7)MeV/c’

T (35)

hadrons

T (25) -

hadrons

m(Y (1S))—m(n,(1S)) = (71.4 '5;+2.7)MeV /¢’
B(Y(3S)—yn,(1S)) = (4.8+0.5+1.2)x10"°

) Q -
2 m— = ;00
3 subtract 3.
E smoothly % I
varying {

... background ”M |

Tim Gershon By (GeV) o '
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Why wasn't the n, discovered at a
hadronic experiment?

* Remember: Y(1S) discovered at FNAL in 1977

- fixed target experiment: p on Be PRL 39 (1977) 252

* Nv IS lighter

* e*e collisions produce only vector mesons
- i.e. =1, same as y*

* but pp or pp collisions produce hadrons with all
guantum numbers

* So why couldn't the n, be discovered, e.g., at the
Tevatron?

Tim Gershon

Flavour physics
& CP violation
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Why wasn't the n, discovered at a
hadronic experiment?

* Remember: Y(1S) discovered at FNAL in 1977

! . PRL 39 (1977) 252
- fixed target experiment: p on Be (o7

* No IS lighter

* So why couldn't the n, be discovered, e.g., at the
Tevatron?

 |t's all about the trigger!

- need clean signature for trigger and reconstruction
- CDF search used n, — J/YJ/P decay, with predicted BF ~ O!

CDF note 8448

Tim Gershon

Flavour physics
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The ingredients for precision flavour

Enormous production cross-section of
beauty and charm

Large boost

Ability to identify displaced vertices ...
with capability to exploit this online

Detection and separation of different
final state particles

 charged: e, M, 4, K, p

* neutral: vy, 1°

* missing: v, K., n Ams = (17.7683 + 0.0051 + 0.0032) ps
Nature Physics 18 (2022) 1

Tim Gershon
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Same Ingredients enable spectroscopy

11.5 1 1 1 1 I I I I I I I 1 1
11.0 - 75 new hadrons at the LHC ® bb ® ccdd m bgq
7 cfcé
Xs(3P) : yo2(3P) ® bt_? ® & aq
10.5 2 O (of which, 67 at LHCD) .x_._,] 3P ® cc ® o B cqgqg b
cclgq) ® <qqq
7.5 e
7.0 1 25y E; [253* Teec:(B200) L
o™ ®:.(05 - Tezez(6600)
. (6152 Cofe 330 _ o L
6.5 %6227 ﬁﬁ:[EHEF =(6227)° w832 p—
6.0 4 (59451 A, (5020)° _;.[59553‘ Bi5970)° [ | u l—a[ﬁwm— W :.(6087)° L
. N\ (5312)° = (5835) .E (5840)+° I (B0OT)" Ny [BOTOF B, (61 14)7°
C = L(6097)" 8. (6063)°
I“\{-‘J‘ .
% 5.0 i
o XeoldT00) Xa(4685)
— P.-(4450) X=0(4500) P.:(4457) w4630 .
@ 437 (4140) . xa(4274) Pee( 4440) Teal220) @ o hetd3om T
Sy e T..(3875)" X(3960) )
35 7] ﬂ:[332?:|':' L
. {3119)° .
e D/(2860) N &{3”9“}3 =.(2939)° T..,(2900)° v
3.0 0,(3000)° @ 51 Ac(2860)° 100130667 e ex1 @ To:(2000) i
g (2760)"g o o @ G303 =.(2923)° T..,(2870)° 712900}
2.5 D[%Egggj. Ds (2760) ® p.,(2590) i
2.9 T T T T T T T T T T T T T
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
patrick koppenburg@cern.ch 2024-09-27 Date 'Df ﬂr:{iv EmeiSSiUn
Tim Gershon
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One example: charmonium pentaquark

PRL 115 (2015) 072001

Reconstruct A, - J/YPpK- decays (LHCb’s most cited paper)
Clear exotic J/Yp structure seen in Dalitz plot and invariant mass projection

[GeV?]
>

nNo
N

2
Jyp

L l L 1 1 L I L L

21'“311”4”'5 62
my, [GeV7]

A resonance in J/p has minimal quark content ccuud

Tim Gershon Not a conventional 3 quark baryon — “pentaquark”
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One example: charmonium pentaquark

PRL 115 (2015) 072001

Reconstruct A, - J/YPpK- decays (LHCb’s most cited paper)
Clear exotic J/Yp structure seen in Dalitz plot and invariant mass projection

_0
ZiD 304 s L

C\I.I— i L L L L L L e e '_ g C
> = — -
o 26f 1 =120k
o} - ] % [ —data LHCb
o 24+ — @ - —total fit
C\,]:i_ E E %1000: — backgrou;nd
22 1 8 goof
i {1 S 800
L - 2 [
20 § 600
: M T
18 ] 400 w w
16 -_l 'R SN TR T (NN TN TR NN TR NN AN TN S SH N T S T S N I_- 200-— | ;‘:
2 3 4 5 6 L Al
pr [GeV ] 4%00 4250 4300 4350 4400 4450 4500 4550 4600
Mo [MeV]
With more data, later resolved into multiple resonances
Tim Gershon PRL 122 (2019) 222001 -
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In case you forget importance of
vertexing and particle identification

PRL 115 (2015) 072001 ATLAS-CONF-2019-048
>00F 2 |[arias Prelminay Eu» ;
= - LHCDb ” 2 1200|'5=7, 8 TeV; 4.9, 20.6 f’ ] /\E—»J/\vpK refl.
< 6000 o I [_] Combinatorial BG_|
= E 1000 [ B Jd/yKn
@ 5000 @of —
§ [ 800 : I B, —Jiynx
11 4000 "

3000 600: Wt
2000 - ' a00- T
1000 J 200f
OM L L . : o — ! 0: _ mE i A
5500 5600 5.4 5.5 5.6 5.7 5.8 5.9
mJ,pr [MeV] My, p, K) [GeV]
Tim Gershon
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Tomorrow

* More key observables

— CP violation in decay: the CKM angle y

- CP violation in the B_ and D systems

- Rare decays: B - p'u-, B~ K®I'l-, B K®yy
* Future flavour physics experiments

- Belle |l
- LHCb upgrades

Tim Gershon
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