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| et’s see how Flavour Physics can help us go Beyond the SM 7
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Disclaimer

Flavour Physics is packed with Jargon (K, T, D*, K*, ADS, C9, OS etc. )
However the underlying physics is fascinating
Rich phenomenology and experimental technigues
Exciting implications !

Please bare with me



A nhitchhiker guide to flavour physics
Questionnaire de Proust

What is the olbservable?
A branching ratio? An angle?

What is the process”? A penguin” A tree?
What are we testing/measuring”? NP? SM?
What is the statistics”? Rare decay”? Normalisation 7
What is the topology of the decay”

Are we ever going to see it?

What about the systematics?

Do we really care about it”?

f you are lost go back to these questions



[ASLI 21828

Oldie but goodie - an indirect road to discoveries and high scales

Observable



Examples of Flavored Discoveries

The smallness of I'(K; — u*u™)/T(K* - utv) The strength of flavour

— Predicting the charm quark
The size of Amy

— M,

physics and indirect searches

PLB 192 (1987)

l
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tigation of B° meson pairs, lepton pairs an
meson-lepton events on the Y (4S) leads to the con- b M, C ) L d
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Emphasis the complementarity of direct vs indirect searches



Structure of these lectures

Examples of historical/recent measurements.
What makes them experimentally challenging”? Blood sweat & tears.

How do we loop back to the underlying phenomenology




You can’t make an omelette without breaking a few eggs

Need a collider

Need excellent:
Vertexing
Tracking

PID
Calorimetry
Versatile triggers

Often we can’t have
everything at the same time
...decisions decisions...
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Have a look at all the TDRs



But also ...

On the other side of the Ocean

CMX Mini skirt

Silicon tracking

Muon Chambers

Barrel Toroid

Inner Detector

Electromagnetic Calorimeters

Solenoid
Forward Calorimeters

End Cap Toroid

Hadronic Calorimeters

15m

Run IT D@ Detector

Calorimeters Silicon and Fiber Trackers

spiffars
7 RN
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S Muon
System
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I Q\V .

protons [ E mest—— ' Anti-protons
— i S e 1) ¢

Beamline

Shielding

ECAL
IRON YOKE

Muon System

Endcap
(CSC+RPC)

TRACKER

On the other side of the ring
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L eptons or Hadrons

@Y (4S) focus on B+, BO All specifies are created B .4.s.c baryons etc.

Naturally there are different challenges/advantages to each 2



We will start by discussing these angles

: : _ A 1 KO

Unitarity sin(2) = Im(g v

Can construct many triangles B:arg(_ A2
Vtﬂt(:th
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1995 to 2021
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Overall, we see a very consistent picture...this could be the end of the lecture 7
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Let’s start with sin2beta With the “golden” mode BO — J/W (—=p+ut) Ks (rT1T)

Event Topology

Coherent BB pair

At~ A%
<Py>c
4P() — (B0 = 0K —T(BA) > K)o on o
R L | =
xperimental dilution factors L —

Flavor
P o Tagging
L ’ =
- \ K~

—|

Az

Starf the Clock

Shahram Rahatlou

M
N u

- Tag vertex
reconstruction
+
N 0

S Tc+
; Tc_

v

Exclusive B Meson and Vertex
Reconstruction

8

Time dependent analysis — requires flavour tagging 16



sin 23 aka the raison d’étre of B-factories - 2001

BaBar, PRL 87 (2001) 091801

sin23 = 0.59 =

- (0.14 (stat)

At (ps)
0.05 (syst).

Belle, PRL 97 (2001) 091802

: <4 q&=+1
0.20} 3
z |
=
% -
z 0.10¢
0.00 . g
. (b) (COKs (&= 1)
1 s
1N 2=l ~.
8 4 5 4 8
At (ps)
sin 2¢1 = 0.99 4 0.14(stat) £ 0.06(syst).

Different conventions on each side of the pacific
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L egacy from B-Factories

171802
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Flavour Tagging @ LHCDb

PV
SV

SS pion
SS proton
SS kaon (for B?)

same side

opposite side

.y s ....--7‘ OS kaon
b— c —
b— X1~ \‘

OS vertex charge
OS Charm

OS muon
OS electron




Candidates / (2 MeV/c?)
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L)
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Text book like result !
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— Full fit
LHCb - B — Jhh(— pp) K

preliminary /' B" = $(28)(— pp)KY -
S B" — JhH(— ee)KY
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B Partial BG

100 =———a .1"'-’;11;..1111.'\. .................
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m(YKQ) [MeV/c?

L —

Flavour tagging

Importance of efficient reconstruction

Understanding tiny effects

Trigger wise dilepton decays are a day at the beach

Combination of a few decay channels

owf + R
0.503—
0.255— -
0.00: -
_025] \ :
_0‘50? LHCDb preliminary )
0I5 B0y (s LK 7t-) '
B T e B T v
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Summary plot s there room for NP in this corner ?

sin(2B) = sin(20,) HELAY

PRELIMINARY

‘BaBar J/y K 4 0.657 +0.036 + 0.012 0).2

PRD 79 (2009) 072009 Belle Il 2023

BaBar JAy K, 0.694 +0.061 + o.o:n

PRD 79 (2009) 072009 y| : @ BaBar 2009

BaBar y(2S) Kq . 0.897,+0.100 + o.o;‘;s ® Belle 2012

PRD 79 (2009) 072009 ;

Belle Jiy Kq | 0.670 + 0.029 + 0.013 0.1-1% LHCb Run 1

PRL 108 (2012) 171802 ® LHCbRun?2 -

Belle J/y K, —a 0.642 + 0.047 + 0.021 22 >

PRL 108 (2012) 171802 * | : =

Belle y(2S) Kq 3 - 0.718 + 0.090 + 0.081 &)

PRD 77 (2008) 091103(R) " i : o)

LHCb Run 1 J/y Kq I 0.750 + 0.040

JHEP 11 (2017) 170 ' :

LHCb Run 1 y(2S) K¢ Fl 4 0.840+0.100 + 0.010

JHEP 11 (2017) 170 1 ' ;

LHCb Run 2 JAy Kq e 0.720 + 0.014 + 0.007 contours hold 39%, 87% CL

LHCb-PAPER-2023-013 : —(0).4l | | |

LHCb Run 2 y(2S) K 0.647 +0.053 + 0.018

LHCb-PAPER-2023-013 " * " , 0.6 07/ 0.8

World Average 0.708 + 0.01 1 0

HFLAV * : SyK
0.4 0.5 0.6 0.7 0.8 0.9 1

A nice read https://cerncourier.com/a/Incb-sets-record-precision-on-cp-violation/
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t’s interesting to see what a “just” a difference Iin the spectator quark can do

51-0 5% 0.1, 5, o U L O e L Y L O WL S
WV A
0.8 |‘ O L —O =
","n A Bs Bs
oL I
oeH! 1] |1 =
I N "l| ’r\
: 1R A s pS1
E TAW g
0.4_' ! ’I\\
Lo
02HI v i} 1
Ity B,
AIEHTAY o ‘
L IV ARV EVR VAULVAYAVAVAVAYAVAY:
B 08 16 5 00 e 5
decay-time [ps] decay-time [ps]

An other fascinating topic is simple lifetime measurements.
f you are interested in this Google my dear colleague Alex Lenz
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A few lines about the mixing formalism
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A few lines about the mixing formalism

/“hl Nass &'Wqﬁq =

1By Ap | P.»%?-&- 1'@1?

8 & plhey- 4 (K

/“N HIN. 'UIMI.%:
N L S IR
\ BHIL ({'.)'7 = £ € |%H/L>
Mmsg-= QH- ",\.!.' r = p" Tt Cn = ﬁ_
4 - ) G " -

CERN-THESIS-2014-361 a very pedagogical reference.



Types of CP violation

Candidates / (4.0 MeV/c?)

—_ — ()
Al o [ ()
o (o] )

o
=

Candidates / (4.0 MeV/c?)

o/ TR }
5200 5400 . L 5000 5200 5400 .
m([K*m~|pK~) [MeV/c m([K~7|pK™) [MeV/c?
® 77 T Standard Modal | L | E
I”gla —
0] , -
-1F l | E
20 | -
=\ ! 7]
C o3 LHCb D®Muvx - i
- Q DO D®uvX L A
=3 o BaBar D*lv ; .
A BaBar ! —_——
B Belle /I -—
_4 1 L l L 1 L L l L ‘ l L L
-3 -2 -1 0 1
ad [%]
BO_'D+D— 3 fb—l LHCb
[ S 68% CL contours
0.131
0.11
SM no pe
0.09 | BO-sJ/yKK 9 fb~?
Combined LHCbh
0.071
0.0%5 -0.3 -0.1 0.1 0.3
¢s [rad]

O Vidokin i Doy

P Vidskion m\u‘xiv&& q/p

| +4

As Al oo f

f Vabon 45 He T fpo ot g ond domp

I o (4 Mg
T (A Twn((,’;)#

cyl—}(ﬂ

M = /Immmhf el W‘Q\"y

o vieldkion

cf
PRELARE "

25



Detector effects
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Candidates/(3.30 MeV ¢?)

An other text book result

- Untagged

A counting experiment

—0
N(B? - D;z*,t)— N(B; - D;z",1)

—
n
Q.
A(r) = S
(1) = — : O
s+, 1)+ N AN) =)
N(B? - D;z+,t)+ N(B, - D, n*,t o
—
w
>
T
O
()
~+ Data [ 1 Combinatorial 1 _Ag —>7; xt 1 Bg_>D§Ki D
------ B D' = -0 B 50"
N
(&)
S 10*
10* ~
N~
10
S
3 2 3
10 £ 10
o
©
102— | . | | | -] | | o A
5300 5400 5500 5600 5700 5,800 1,940 1,960 1,980 2,000

m(D; z*) (MeV ¢

Importance of

o

m(K*K z*, n*z"7*) (MeV ¢?)

D, proper time resolution, flavour tagging

Decay mode Data sample Am;s ps™!
B)— D; m* 2011 17.768 4 0.023 =+ 0.006
B — D m— 2011-2018 17.757 £ 0.007 £ 0.008
B — D; =* 2015-2018  17.7683 £ 0.0051 4= 0.0032
Average 17.7666 =+ 0.0057
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L oop back to the models

G? m?
SM  Amg = 6 > MB, My f( )UQCDBB qu|
m? W
(a) e IHHIHHMD_Iml
0.01000 § .
= br — 0.00100 .
/ o Yy
4 ATLAS excl (central)
0.00010 (-20) -
ER Non perturbative
bL 5L Bs m|xmg excl
0.00001 ST T I
o 1 72 35 .4 5 ©

Mz/TeV

Allanach, Butterworth and Corbett 2019

(b)

|9sp

b Vig|?

0.1 ¢

0.01

" ATLAS excl (central)

Bmlxmgexcl
IIIIIIIII.| IIIIIIII |IIII|IIII|

Allanach, Butterworth and Corbett 2019

0

e 272 35 4 5 0
Mz:/TeV

arXiv:1904.10954 one example out of the billion out there.
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| et’s us add complexity - Bs—=J/W (= putpt) © (K+K-)

Mixture of CP odd and CP even eigenstates
/H e None negligible difference between the
5 — heavy and the light state of your the Bs mesons Al's

diT(BY — J/yK+YK™) . ,
() fx(€2).
\ / | dt df) ) kz::l o
bot J ‘ h+h

hi(t) = Nye ' [a; cosh (%AFSt) + by, sinh (%Afst)
+ cg cos(Amt) + di sin(Amgt)],
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Fermilalb paved the path of Bs physics

—1 —1
CDF Run |l Preliminary Lumi = 258:15 pb” — g2 +DB 28 —= .
5_103 = B, —> Jiy o -+ all data - o
3 | M L ' é
@ | Prompt B Heavy e 99.7% CL — ;
o . 0.2 )
w 10 <] .
Q B
+— - i
© - . .
5 | 1, e S . a
: ' (
10 | : :
= E 0.2 _
i | / pvalue =0.031
i 3 \ 2.26 tfromSM /
0.4l - o
1 E @ |
.E 1 | I T s
-0.1 0.0 0.1 0.2 0.3 3 -2 -1 0 1 2 3
ct, cm 7% = —287/%¢ [rad]

Time dependent angular analysis

We will come back to the to angular analyses in the second lecture



t’s just a counting experiment

[(B® — J/YKK) —T(B? — J/9KK)

i o obs _:
F(BO = J/6KK) + T(BS — JjpKK) " 5" %s sin(Am;t)

Acp(t) =

® CP eigenvalue of the final state nr = (—1)*

® A mixture of CP-even & CP-odd components — angular analysis

Yy

B? vertex

pPBo, Mmpo, TBo
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68% CL contours
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0.13

CMS 116.1 fb~?

Very similar experimental technigues o
between the LHC three collaborations 2,
<]

SM no penguins
CDF 9.6 fb~!

M LHCb 9 fb~?

0.07
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SN ZB & Ps

Typically dominated by a
few “Golden modes”

Y measurements have somewhat of a
‘commune spirit ”
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ow to measure Y 7
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< Beautiful Mont-Blanc analogy >

1-CL

d 11 | I

-

60 70 80

LHCb-CONF-2022-003

I |
LHCbD -
Preliminary -
October 2022 —

I | [ 1 1 I [ 1 1

35

There Is a myriad of techniques
to measure this angle

B decay D decay

B* — Dh* D — hth~

B* — Dh* D — htr—wtn~
B* — Dh* D — K*nFptqn~
B* — Dh* D — hth— 7Y
B* — Dh* D — KJh*th™
B* — Dh* D — K{K*r¥
B* — D*p* D — hth™

B* — DK** D — hth™

B* - DK** D— htn—ntn™
B* - Dhtgtn- D— hth™

B - DK*Y D — hth-

B - DK*0 D— htr—ntn~
B’ - DK*° D — Kdntm™
B® — DFgp* Dt -5 K—ntgt
B® - DFK* D¥ — hthnt

B? » DFK*n*tn™

Df — hth—nt

ADS, GLW,

BPGGS/Z, etc.



S

K_
u
Favoured B~ — D°K™ CKM+colour suppressed B~ — DOK ™

DOK—

B—/ T
\

fDK_

DOK—
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We can write down the amplitudes

A(B~) = Ag(Apo + rg €% =) A 5)
ABT) = Ag(Ag + rg e %8 +7) Ap0)

8 rb : m/hw(ght’mcl.ﬂ. og, w\l- mlﬂ?mwao
% p: S\w»} Fﬂam_ Lf'@mm oLk ‘%h, P RISV @d)g(’m&..
(—. ﬂquwkgﬂwg/gwa,psﬂww



Events / 10 MeV

B_ — DsupK_ B+ . DsupK+
6 6 -
® 4 ®
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0 0 L '
B-- DsupT[_
15
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o
5L 1
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Here, both B—=Dh peak at O when correctly identified
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| HCb. JHEP 04 (2021) 081 Just drawing a line does not do justice to this work
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Putting everything together
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An other example of a direct CP violation measurement
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Part of the Kmt puzzle expressed via this sum rule
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An important quantity to control is detector asymmetries

- PE?S)—# (t) + FB&)"J” L cosh (Ard(s) t)

Analyses that explore U spin symmetry
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This constitutes the first observation of time-dependent CP violation in decays of the Bs meson.
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MiXing In charm lanao
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| warned you there is a lot of Jargon
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Charm Mixing 2007
BaBar, PRL 98 (2007) 211802
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Today ... first observation of nonzero mass difference of D° meson mass eigenstates!
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CP violation (CPV) in D°— D° mixing is described in terms of the dispersive and absorptive ‘weak
phases’ ¢?’1 and ¢§. They parametrize CPV originating from the interference of D° decays with and
without dispersive mixing, and with and without absorptive mixing, respectively, for CP conjugate
hadronic final states f, f. These are distinct and separately measurable effects. For CP eigenstate
final states, indirect CPV only depends on ¢}’ (dispersive CPV), whereas ¢} (absorptive CPV)
can only be probed with non-CP eigenstate final states. Measurements of the final state dependent
phases d)?’f , d)? determine the intrinsic dispersive and absorptive mixing phases ¢3’ and ¢5. The
latter are the arguments of the dispersive and absorptive mixing amplitudes M2 and I'y2, relative
to their dominant (AU = 2) U-spin components. The intrinsic phases are experimentally accessible
due to approzimate universality: in the SM, and in extensions with negligible new CPV phases in

Cabibbo favored/doubly Cabibbo suppressed (CF/DCS) decays, the deviation of d)f”r from ¢3""
is negligible in CF/DCS decays D° — K* X, and below 10% in CF/DCS decays D° — K5 1. X (up
to precisely known O(ex) corrections). In Singly Clabibbo Suppressed (SCS) decays, QCD pollution
enters at O(e) in U-spin breaking and can be significant, but is O(e?) in the average over f = KT K,
ntn~. SM estimates yield ¢37,¢5 = 0(0.2%). A fit to current data allows O(10) larger phases
at 20, from new physics. A fit based on naively extrapolated experimental precision suggests that

sensitivity to ¢3' and ¢5 in the SM may be achieved at the LHCb Phase II upgrade.

I. INTRODUCTION

In the Standard Model (SM), CP violation
(CPV) enters D° — D° mixing and D decays at
O(VepVus/VesVius) ~ 1073, due to the weak phase .
Consequently, all three types of CPV [1] are realized:
(i) direct CPV, (ii) CPV in pure mixing (CPVMIX),
which is due to interference of the dispersive and
absorptive mixing amplitudes, and (iii) CPV due to
the interference of decay amplitudes with and without
mixing (CPVINT). In this work, we are particularly
interested in the latter two, which result from D° — D°
mixing, and which we collectively refer to as “indirect
CPV”. We would like to answer the following questions:
How large are the indirect CPV asymmetries in the
SM? What is the minimal parametrization appropriate
for the LHCb/Belle-II precision era? How large is the
current window for new physics (NP)? Can this window
be closed by LHCb and Belle-I1?7

In order to address these questions we first develop the
description of indirect CPV in terms of the CP violating
(CP-odd) and final state dependent dispersive and ab-
sorptive “weak phases”. These phases, which we denote
as qb}" and d)?, respectively, for CP conjugate final states

f and f, parametrize CPVINT contributions originat-
ing from the interference of D° decays with and without
dispersive (absorptive) mixing, respectively. These are
distinct measurable effects, as we will see below. Their
difference equals the CPVMIX weak phase.

*kaganalexander@ucmail.uc.edu
tuca.silvestrini@romal.infn.it

An immediate consequence of our approach is that it
yields simplified expressions for the indirect CP asym-
metries, which have a transparent physical interpretation
(unlike the more familiar description in terms of the mix-
ing parameter |g/p|, and the weak phase ¢,,). In par-
ticular, the requirement that the underlying interfering
amplitudes possess non-trivial CP-even “strong-phase”
differences is manifest, and accounts for the differences
between the q&?’*’ and qblf‘ dependence of the CP asymme-
tries. For example, we will see that the time-dependent
CPVINT asymmetries in decays to CP eigenstate final
states are purely dispersive, i.e. they only depend on q‘)y
(apart from subleading direct CPV effects).

In the SM, the dispersive and absorptive D° — D° mix-
ing amplitudes are due to the long distance exchanges of
all off-shell and on-shell intermediate states, respectively
(short distance dispersive mixing is negligible). The
CPVINT asymmetries are due to the CP-odd contribu-
tions of the subleading AC' = 1 transitions to the mixing
amplitudes (via intermediate states) and the decay am-
plitudes (via final states). The combined effects of these
two CPV contributions can be expressed in terms of the
underlying final state dependent phases ¢?I’F, as noted
above. Unfortunately, due to their non-perturbative na-
ture, these phases can not currently be calculated from
first principles QCD. However, we will be able to make
meaningful statements using SU(3) p flavor symmetry ar-
guments.

In order to estimate the magnitudes and final state
dependence of ¢;’I’P in the different classes of decays,
we compare them to a theoretical pair of dispersive and
absorptive phases. The latter are intrinsic to the mix-
ing amplitudes, and follow from their U-spin decomposi-

tion. In general, they are defined as the arguments of the

A very nice reference for the
charm mixing formalism
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To conclude

CP violation is a fascinating topic, we are still learning a lot.

f you have guestions yasmine.sara.amhis@cern.ch
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A colouring book for children will soon be available at the CERN Science Gateway
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