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Quick survey of the room

A lot of material taken from previous lectures of mine but also from
Mark Williams, Tim Gershon, Gerhard Raven, Andreas Hocker,
Gino Isidori, Yosef Nir and others | probably forgot.



Disclaimer

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

Please bare with me



What is the observable?
A branching ratio? A phase?

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

Are we ever going to see it?

What about the systematics?

Do we really care about 17

If you are lost go back to these questions



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 ?




The Standard Model

A very powerful predictive theory which has resisted many decades of experimentalist trying to “break it”.
Yet, given that the SM can not explain...
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What is Flavour Physics?

Flavour (particle physics)

In particle physics, flavour or flavor refers to the species of an 0.511 MeV/c? il [105.7 MeV/c? il | 1.777 GeV/c?
: : -1 -1 -1
.. elementary p.artlcle. The Standard Model counts six flavours of » e » IJ » T
N : quarks and six flavours of leptons. They are conventionally electron muon tau
I parameterized with flavour quantum numbers that are assigned to
W all subatomic particles. They can also be described by some of the ;2'2 evic: <015'5 Hevic
I K I P E D IA family symmetries proposed for the quark-lepton generations. %Ve %VT
The Fr ce EHCYCIOPedla ‘ :Lﬁtrggg neutrino ne&tﬁno

Manmdamia AL

Coined by Gell-mann and Fritsch on visit to ice cream parlour (Pasadena, 1971)
“Just as ice cream has both color and flavor so do quarks.”







What do we have within the Standard Model ?

3 gaug€ COupllngS Standard Model of Elementary Particles and Gravity
three_generatio.ns of matt_er interactions_l force carriers

2 Higgs parameters

6 quark masses

3 quark mixing angles + 1 phase

3 (+3) lepton masses

(3 lepton mixing angles + 1 phase)
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TENSOR BOSONS

GAUGE BOSONS
VECTOR BOSONS

( ) = with Dirac neutrino masses




What do we have within the Standard Model ?

, Flavour Physics
3 gauge couplings

2 Higgs parameters
6 quark masses
3 quark mixing angles + 1 phase

3 (+3) lepton masses
(3 lepton mixing angles + 1 phase) PMNS

CKM

( ) = with Dirac neutrino masses

12



| One fundamental particle was discovered
Hadrons ! at the LHC so far...but also 75 new hadrons at the LHC

From Wikipedia, the free encyclopedia

. . . . : : H (Redirected from Hadrons)
diquark-diquark— diquark—diquark— diquark—diantiquark .
3 nti q uar k d lq ua rk In particle physics, a hadron (/haedron/ €) “; from Ancient Greek adpo6g

(hadrés) 'stout, thick') is a composite subatomic particle made of two or more Boso adro rmions
quarks held together by the strong interaction. They are analogous to molecules, W,P{,‘;m;(; Mesons Baryons \  Leptons

(d) | | h b d | b " which are held together by the electric force. Most of the mass of ordinary matter Sig'g:“’ oesu VI mal Wil

mo ecu e y n g ueba comes from two hadrons: the proton and the neutron, while most of the mass of ok oy of Qo
g the protons and neutrons is in turn due to the binding energy of their constituent A hadron is a composite subatomic particle. Every &

quarks, due to the strong force. hadron must fall into one of the two fundamentall

classes of particle, bosons and fermions

°
N.. ) @ A

R\ IRARAL Oy
g

Hadrons are categorized into two broad families: baryons, made of an odd

number of quarks (usually three quarks) and mesons, made of an even number of quarks (usually two quarks: one quark and one
antiquark).['! Protons and neutrons (which make the majority of the mass of an atom) are examples of baryons; pions are an example
of a meson. "Exotic" hadrons, containing more than three valence quarks, have been discovered in recent years. A tetraquark state
(an exotic meson), named the Z(4430)~, was discovered in 2007 by the Belle Collaboration[?! and confirmed as a resonance in 2014
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by the LHCb collaboration.®] Two pentaquark states (exotic baryons), named P;'(4380) and P:(4450), were discovered in 2015 by the

n n
LHCb collaboration.[*] There are several more exotic hadron candidates and other colour-singlet quark combinations that may also
I S I y = exist.
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Trees vs penguins

Flavour Changing Charged Currents Flavour Changing Neutral Currents
d
P
[— kJ

/\

Rule of thumb: you can’t access all the parameters at once
you have to pick your battles
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Discrete Symmetries

Discrete symmetry transformations lead to multiplicative conservation laws
The following discrete transformations are fundamental in particle physics:

+t Parity P ("handedness”):

reflection of space around an arbitrary center;

In particle physics:

the time arrow is reversed in the equations;
T invariance - if a movement is allowed by a the physics law, the movement in C ‘ 7[0
the opposite direction is also allowed

P invariance > physics does not distinguish right and left . .
Ple;) =lez)
. : : : : P 7'[0> = — 7[0>
# Particle-antiparticle transformation C :
change of all additive quantum numbers (for example the i |n> il n>
electrical charge) in its opposite (“charge conjugation”) CleL-> ! eL+>
I Clu)=|u)
 Time reversal T : i
Cld)=|d)
)=+|7

CERN Summer Student Lectures 2005 A. Hocker: The Violation of Symmetry between Matter and Antimatter

19
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Flavour Physics as probe

) Complementarity

z:m\\/rmﬁlme

Multiscale probes

m

Inspired by M. Vally C

Nacn

Many observables & techniques are available
17




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

1910.11775

&
o

Can we use Flavour Physics to probe higher scale?
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Examples of Flavored Discoveries
The strength of flavour

The smallness of I'(K;, » u*u™)/T(Kt - utv) physics and indirect searches
—> Predicting the charm quark

The size of Amy e

OBSERVATION OF B’-B’ MIXING

ﬁ m C ARGUS Collaboration

In summary, the combined evidence of the inves

Th e Size Of AmB tigation of B° meson pairs, lepton pairs and B‘-’

meson-lepton events on the T (4S) leads to the con-
clusion that B’-B° mixing has been observed and is

ﬁ mt substantial. |
The measurement of eg A

nnnnnnnnnnnnnn

—> Third generation M phme o
5 o T N, o (- 5) 2 (vavd) vyl Eni nl)
The measurement of v flavor transitions )

= my # 0 Y. Nir T

Emphasis the complementarity of direct vs indirect searches



The GIM mechanism

e K" >y, & JzO//tJrI/M sowhynot K —» utu~ & 7% u=2
o GIM (Glashow, lliopoulous, Maiani) mechanism (1970)
® No free level flavour changing neutral currents

e Suppression of FNCN via loops

® Requires that quarks come in pairs (predicting charm)

A-’— Vus V:é X"(%)-k \/L;\/J"f(ﬂ——(\

mw

XL Un-'huiu

Vus VU\J -\—\/cs Vg = O

Kaon mixing — predict m
My, Mc dmw ,{B)NJ(&) AnO g p ¢
MVJ M\h/



Towards Baryogenesis

‘ 'l.' ‘ '_,'/;: .
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Sakharov conditions |edit;

Art & History Museum in Geneva
In 1967, Andrei Sakharov proposed[“] a set of three necessary conditions that a baryon-generating interaction must satisfy to

produce matter and antimatter at different rates. These conditions were inspired by the recent discoveries of the cosmic microwave
background!'?! and CP-violation in the neutral kaon system.!'®! The three necessary "Sakharov conditions" are:

e Baryon number B yigiation.
e C-symmetry anc CP-symmetry violation.

e Interactions out of thermeal.eauilibrium.

Baryon number violation is a necessary condition to produce an excess of baryons over anti-baryons. But C-symmetry violation is also
needed so that the interactions which produce more baryons than anti-baryons will not be counterbalanced by interactions which
produce more anti-baryons than baryons. CP-symmetry violation is similarly required because otherwise equal numbers of left-
handed baryons and right-handed anti-baryons would be produced, as well as equal numbers of left-handed anti-baryons and right-
handed baryons. (5] Finally, the last condition, known as the out-of-equilibrium decay scenario, states that the rate of a reaction which
generates baryon-asymmetry must be less than the rate of expansion of the universe. This ensures the particles and their
corresponding antiparticles do not achieve thermal equilibrium due to rapid expansion decreasing the occurrence of pair-annihilation.
The interactions must be out of thermal equilibrium at the time of the baryon-number and C/CP symmetry violating decay occurs to

generate the asymmetry.°/:48



CKM Matrix

e W-mediated interactions are the only ones that are not diagonal

o All flavor changing processes depend on the CKM parameters
e 4 CKM parameters & » 4 measured FC processes

e Stringent tests of the CKM mechanism for FC processes



VoV, \/1 CKM Matrix

94 _ . +v
i”v‘f = A Wy e

Freedom to permute the various generations:
Order by masses: (u;,c,t;) = (u,c,t);(d,, sy, b;) = (d, s, b)

Vg Vas Vi
Lo ek w [
JToS
\Je' rL Lt L \/¢J \/cf Vi XV W s |+he
Vid Ve .
Freedom to redefine the phases of the quark fields, m, remain real, but the phase structure

of V changes. We end up with 3, + 1, terms.



CKM - matrix

Let’s consider this current

J(s)

Vaony

24
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CKM - matrix

Building the unitarity triangles



I h e Ot h e r trl an IeS The unitarity of the CKM matrix, (VV1);; = (V1V);; = d;j, leads to twelve distinct complex
relations among the matrix elements. The six relations with ¢ # j can be represented geometrically

as triangles in the complex plane. Two of these,

ViaVab + VeaVep + VgV = 0, (13.35a)
ViaVua + VisVas + Ve Vi = 0, (13.35b)
ds uc .
S V dVL;i
VUdVU\ Ub L vu V.k
sb ct § .
VisVib V. VE 0= 0y = arg (_ Vi tS) - arg (_1 p- m) |
/. - vcavcsb ViV p+ i
V.. Vuh
VC_\/C* us Yub vV v 1
s Yc¢b VbVlb ﬁzwlzarg _cd cf :arg( .),
ViaVip 1—p—in
— — Vud Jb '
Y= p3= arg| -l | arg (p +1n) .
bd V bvﬁ tu Vl Vu* cd” cb
C C S S
VubVud thfol ViaVad VibVub

http://www.scholarpedia.org/article/Experimental_determination_of_the_ CKM_matrix
26



CP Violation through the History ot CP Violation is a Family History of Quarks
Particle Physics %

B GIM-Mechanism (Glashow, llliopolous, Maiani) (1970)
B CPV phase requires 3 families (Kobayashi-Maskawa) (1973)
: . e J/y resonance: ¢ quarks (Ting, Richter 1974
B DISCOVGI'y of strange partlcles (Rochester, Butler) ¥ ! i ) ( )
: ® Discovery of zlepton: 3 family (Perl et al. 1975
E  Neutral kaons can mix (Gell-Mann, Pais) o . I ) >
_ E Y resonance: b quarks (Lederman et al.) (1977)
K discovery (Lederman et al.)
. ] _ ¥ Broad Y(4S) (CLEO) (1980)
P violation: possible explanation (Lee, Yang) _
. . E B mesons live long (|V,, small) (MAC, MARK II) (1983)
»  Pviolation found in B decay (Wu et al.) ;
later: maximum P and C violation, but CP invariance B mesons oscillate (ARGUS) (1987)
= Cabibbo-Theory (1963) ¥ t-quark discovery (CDF) (1995)
=p CP violation (CPV) discovered (Cronin, Fitch et al.) _(1964) ® gle#0 (NA31, NA48, KTeV) (1999)
VVVVVVV fj] e Start of B Factories: BABAR (PEP Il), Belle (KEKB) (1999)
[P, L =% CPV in B system : sin(23) # O (BABAR, Belle) (2001)
S SRS + Direct CPV in B system : A ,(K*n-) # 0 (BABAR, Belle) (2004)
. CERN Summer Student Lectures 2005 A. Hocker: The Violation of Symmetry between Matter and Antimatter

CERN Summer Student Lectures 2005 A. Hocker: The Violation of Symmetry between Matter and Antimatter 2

Twenty years later where are we?

27



CPV violation timeline

28



All the phases...in 2009
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2412.19624v1
1-CL

1.0

0.8

0.6

Belle 11 preliminar_y

All the phases...loday

¢ = 92.6715]°

B—pp ( WA + Belle II (2024))

S [ LHCb

| | Preliminary
— 0.8F Summer 2024

I I | I I 1 I I
W B - DFK*ntn— -

I B - DFK*
! B* 5 DK**
) B* - D*h*
8 B° - DK*°
i} B* - Dh*
I All Modes

60 80

1 l 1 L 1 l 1 L 1
100 120 140 160

b2 °]

0.4f

0.2+
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0.0
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L DO 8 fb~! %
O | 68% CL contours
?' 0.11 (Alog £ = 1.15)
O+ CDF 9.6 fb~1!
O 4

Z = 0.09

M., |

Ny < LHCb 9 fb~?
S 0.071 C:;ombined*

N "Al's errors scaled by 1.6

I |
o
o ATLAS 99.7 fb~1 /
B 0033 0.1 ) 0.1

s“[rad]

6€98 L L Lve-AIXie


https://arxiv.org/abs/2411.18639

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

Need a collider

Need a detector

1‘ % A Often we can’t have
\/6’0 /V(gck“’ﬁ ’\'(a(l"‘% Caloriatas everything at the same time

| HCh ...decisions decisions...
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L eptons or Hadrons

Naturally there are different challenges/advantages to each o



Belle

BaBar EMC -
: 6580 CsI(T1) crystal . —— Aer ] Cherenk nt.
1.5 T solenoid sI(TI) crystals SC solenoid e 1 €rogc ngl.gl SCNI.(()EVOC t
1.5T y N\ — [ |
DIRC (PID) |
144 quartz bars e C§I6§(I‘l)
11000 PMs 0
TOF counter
Drift Chamber . ,
40 stereo layers 8 GeV ‘

Instrumented Flux Return Silicon Vertex Tracker Si vtx. det t »p
iron / RPCs (muon / neutral hadrons) 5 layers, double sided strips 1 ViX. det. 1l K. detection
2/6 replaced by LST in 2004 - 3 Iyr. DSSD 14/1 5L1 RPCAF
Rest of replacement in 2006 - 4 lyr. since summer 2003 YL © 4

Belle || Detector

L H C b & Deal with higher background (10-20x), radiation damage, higher occupancy,
higher event rates (LI trigg. 0.5—30 kHz)

its U pg rades Improved performance and hermeticity

Belle Il TDR, arXiv:1011.0352 KL and muon detector
Resistive Plate Counter (barrel outer layers)

Scintillator + WLSF + MPPC (end-caps , inner 2

\ubartel layers
-A_.-‘!L

A A A A

S Rt Wy -‘ . -
‘ " - U e EM Calorimeter
\ > CsI(Tl), waveform sampling electrc
<4 . s Pure Csl + waveform sampling :
t side view ECAL HCAL — .
| M4 M5 s O > W :
: : m2 M3 —_— : Particle Identification
Tracking system S electrons (7GeV) ~ Time-of-Propagation counter (barrel)
[ | ’ o . . f Prox A ing Aerogel RICH (forward)
\ A - ) — ra
T iy ‘ » e J TS - .

>2 x lower than in Belle
Vertex Detector
2 layers Si Pixels (DEPFET) +

4 layers Si double sided strip DSSD

............. \. W‘/

Central Drift

> Smaller cell size, long leve

5m 10 m 15 m 20 m Z

4

Belle II

Have a look at all the TDRs



But also ...

On the other side of the Ocean

Silicon tracking

CMX Mini skirt

Muon Chambers Electromagnetic Calorimeters

Solenoid

Barrel Toroid Inner Detector

Forward Calorimeters

End Cap Toroid

Hadronic Calorimeters

15m

Run IT D@ Detector

Calorimeters Silicon and Fiber Trackers

protons [ E RS ) - " Anti-protons

Beamline
Shielding

ECAL
sIRON YOKE

Muon System

Endcap
(CSC+RPC)

TRACKER

On the other side of the ring
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Proposed large-scale projects at CERN, ~ 2045

FCC-ee (e*e-, circular, 91 — 365 GeV)

e*e- colliders
(“Higgs factories”)

91 km
circumference

b

Intermediate projects

(Leave room (time, budget, resources) for further
development of THE machine that can probe

directly the energy frontier at the 10 TeV parton
scale)

COMPresso

K. Jakobs, ESPP Open Symposium, 27" June 2025

LCF (e*e, linear, 91 — 240, 550 GeV)

Damping Rings IR & detectors

e+ SOUCe
> ne
e- bunch 1

central regon
S KM

electron
main inac
11 km

CLIC (e*e, linear, 380 GeV, 1.5 TeV)

FTEIT —’7"——*

l w -
e R
B 300 GeV - 11.4 km (CLCISN //

v-;./

. I 1.5 %V 29.0 km (CLCISON

713 /

€+ bunch
compressor
|

P 3.0 TeV - 50.1 km (CLICI000)

.

positron 2 km
mamn linac
11 km

LHeC (ep, circular, electron ERL,
50 GeV e, > 1 TeV ep collisions)

M2 ™

"‘i. "

o~ ‘ ‘*\

new electron accelerato
S0 GeV be

.
Deam energy

s
much smoflier mvestment

|

|

!

]

existing/future
proton accelerator
LMC and/or FC(

(LHeC ond r FCC 4

major irvestment
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R
Flavour Physics

Precision Higgs, electroweak, and flavour physics are three facets of
for indirect discoveries

-> their synergy is essential to maximise the discovery potential

B/D/tau physics: major improvements from full exploitation of available
facilities up to 2040s (LHCDb-II, ATLAS/CMS, Belle-II)

Beyond that, 6 :1012Z° would provide a further major step forward
Giga-Z is not an option for flavour physics

Support needed for theory (key role of Lattice QCD)

- KENZIE, HUMAIR, JUTTNER, Pi1SCOPO PREPARED FOR VENICE

.‘ . v 1 v v T v \/ A4 T r T T T Y T ™ 2 g .
s T -1 4
- I1: MID-TERM ~ + / ci/ LHCb 3007 100
[ e . i BQ“Q-' | I)O ab ) b S
- ESPPU PRELIMINARY ¥ ] i
0.6 " ‘(i — 61) b=
: » f;‘ | ]S
L 8127 / 4
0.5 oy, (95) V' i ] i
. ' e 2 ) )
0.4F
I~ ) : |
= C
0.3r = 6k
: (-
0.2 . L
0.1F s % Vin/Veb
Fgo g 2 1 _1 A oo :
0'90.2 0.0 0.2 0.4 0.6 0.8 1.0 E
p

K. Jakobs, ESPP Open Symposium, 27" June 2025

(3)

ooz}

Fera-Z:

BB — Kwp)

| Follnd (¢ V)
00204 B f

OO‘&/

B Flavor (down) [l Flav

Future (Flavor & EW):

o010} -
D005
=
/
0000 . §
SM
Current
e 95% CL
g R
000} 09.8% CL )
A A - A
-2 0 2 3 5

r (up) W EW B Collider
l’u\l—l,"(‘ [: i vl'l‘l-l-z
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The story starts with collisions

00 .Q
\/

=

37

L BLTEHNELENGTRL,

‘}

MEE(XERHDSIRE D

But many things are produced. Some “events” are
more infesting than others. You will often hear the words:

“Signal”: something we care about

“Background”: something we don’t care about but
need to understand very well.

P - .
—— o e B g < s o g P 3 Y3 8

~ L\%/ufom@b\‘b\a(imézﬁiéntbéfb\éf@“o db

BPERIIMIVET > ELSIFNWNTEBIDTT,
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Es1 @ LWBRBRWLWEDEIFTE, At
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Production

?/O‘/D The protons produced at the LHC collide.
('P( 0\/ O\/\ V\ But actually the protons contain quarks

and gluons also.

LHC TIIBFZFHIERUET,

TERRICE, BFIE>E T +—T(C
i MATIIN—FUHEENTULE
% 9.

4
o5
4
P . ~ .
) ) SE G ans A e e BT ) SRS e Ace A Lo oA et gl il o) ST aE Ace A Lo Lo g o — o]
A Q - e _ o~ ) X - . S _ =~ , X




Gluon fusion

/
4 G)) / }

/

/

)

|
v

>
~
N
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The dominating process is Gluon fusion
And this is followed by “hadronisation”

—&BZL\DE, JIL—FVDEARFT

9, €ZhH TNE

OV OBEE

AT WAABRHIFHNETEET,



Intermediate state
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__ You will need tracking & PID
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What’s the nature of the “final states?”
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Reconstruction
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U/O-flow (S,B): (0.0, 0.0)% / (0.0, 0.0)%
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arXiv:2212.09152v2 [hep-ex] 7 Nov 2023
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INn real lite, it will look like this ...
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Next steps
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Let’s start with sin2beta with the “golden” mode B — 4 A4 _)Kg(ﬂ'_l_ﬂ'_)

G to

Time dependent analysis — requires flavour tagging
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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
4 q&=-1

e — A NG
T~
8 4 o 4 8
At (ps)
sin 2¢; = 0.99 + 0.14(stat) 4+ 0.06(syst).

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

BaBar, PRD 79 (2009) 072009 Belle, PRL 108 (2012) 171802
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Text book like result !
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Trigger wise dilepton decays
are a day at the beach
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Summary plot Is there room for NP in this corner ?

sin(2B) = sin(20,) HELAY
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A nice read https://cerncourier.com/a/lhcb-sets-record-precision-on-cp-violation/



t’s interesting to see what a “just” a difference Iin the spectator quark can do
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An other fascinating topic Is simple lifetime measurements.
If you are interested in this Google my dear colleague Alex Lenz



A few lines about the mixing formalism
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A few lines about the mixing formalism
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CERN-THESIS-2014-361 a very pedagogical reference.
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A small parenthesis




T you'll Indulge me a little parenthesis

From my PhD 2006-2009

The channels in question

BO — D_ p+ (770) m==> Gamma Extraction:U-spin modes

B 0 g —> D_ S p+ ) Bs Oscillations measurement.

You can tell | was young, | was using ComicSense



[Submitted on 22 Sep 2006]

Observation of Bs-Bsbar Oscillations 22 days after the start of my thesis
CDF Collaboration

We report the observation of Bs-Bsbar oscillations from a time-dependent measurement of the Bs-Bsbar oscillation frequency Delta ms. Using a data
sample of 1 fbA-1 of p-pbar collisions at sqrt{s}=1.96 TeV collected with the CDF Il detector at the Fermilab Tevatron, we find signals of 5600 fully
reconstructed hadronic Bs decays, 3100 partially reconstructed hadronic Bs decays, and 61500 partially reconstructed semileptonic Bs decays. We measure
the probability as a function of proper decay time that the Bs decays with the same, or opposite, flavor as the flavor at production, and we find a signal for

Bs-Bsbar oscillations. The probability that random fluctuations could produce a comparable signal is 8 X 10A-8, which exceeds 5 sigma significance. We
measure

Deltams = 17.77 +- 0.10 (stat) +- 0.07 (syst) psA-1
and extract

|[Vtd/Vts| = 0.2060 +- 0.0007 (exp) + 0.0081 - 0.0060 (theor).
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[Submitted on 22 Sep 2006]

Observation of Bs-Bsbar Oscillations 22 days after the start of my thesis
CDF Collaboration

We report the observation of Bs-Bsbar oscillations from a time-dependent measurement of the Bs-Bsbar oscillation frequency Delta ms. Using a data
sample of 1 fbA-1 of p-pbar collisions at sqrt{s}=1.96 TeV collected with the CDF Il detector at the Fermilab Tevatron, we find signals of 5600 fully
reconstructed hadronic Bs decays, 3100 partially reconstructed hadronic Bs decays, and 61500 partially reconstructed semileptonic Bs decays. We measure
the probability as a function of proper decay time that the Bs decays with the same, or opposite, flavor as the flavor at production, and we find a signal for

Bs-Bsbar oscillations. The probability that random fluctuations could produce a comparable signal is 8 X 10A-8, which exceeds 5 sigma significance. We
measure

Deltams = 17.77 +- 0.10 (stat) +- 0.07 (syst) psA-1
and extract

|[Vtd/Vts| = 0.2060 +- 0.0007 (exp) + 0.0081 - 0.0060 (theor).

CERN releases analysis of LHC

incident One year after the start of my thesis

16 OCTOBER, 2008

Geneva, 16 October 2008. Investigations at CERN following a large helium leak into sector 3-4 of the Large
Hadron Collider (LHC) tunnel have confirmed that cause of the incident was a faulty electrical connection

between two of the accelerator’s magnets. This resulted in mechanical damage and release of helium from the
magnet cold mass into the tunnel.
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[Submitted on 22 Sep 2006]

Observation of Bs-Bsbar Oscillations 22 days after the start of my thesis
CDF Collaboration

We report the observation of Bs-Bsbar oscillations from a time-dependent measurement of the Bs-Bsbar oscillation frequency Delta ms. Using a data
sample of 1 fbA-1 of p-pbar collisions at sqrt{s}=1.96 TeV collected with the CDF Il detector at the Fermilab Tevatron, we find signals of 5600 fully
reconstructed hadronic Bs decays, 3100 partially reconstructed hadronic Bs decays, and 61500 partially reconstructed semileptonic Bs decays. We measure
the probability as a function of proper decay time that the Bs decays with the same, or opposite, flavor as the flavor at production, and we find a signal for

Bs-Bsbar oscillations. The probability that random fluctuations could produce a comparable signal is 8 X 10A-8, which exceeds 5 sigma significance. We
measure

Deltams = 17.77 +- 0.10 (stat) +- 0.07 (syst) psA-1
and extract

|[Vtd/Vts| = 0.2060 +- 0.0007 (exp) + 0.0081 - 0.0060 (theor).

The end of the universe if not something very close

CERN releases analysis of LHC

incident One year after the start of my thesis

16 OCTOBER, 2008

Geneva, 16 October 2008. Investigations at CERN following a large helium leak into sector 3-4 of the Large
Hadron Collider (LHC) tunnel have confirmed that cause of the incident was a faulty electrical connection

between two of the accelerator’s magnets. This resulted in mechanical damage and release of helium from the
magnet cold mass into the tunnel.
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In 2008

B factories and Tevratron students LHC students
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These were dark days for us
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End - of the small parenthesis
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Figure 7: The combined B? oscillation results from ALEPH, CDF, DELPHI, OPAL, and SLD shown
as amplitude versus hypothesized Ams . The dots with error bars show the fitted aplitude values and
uncertainties. An observed (expected) 95% C.L. lower limit on Amsg of 14.9 ps~! (19.3 ps™1) is obtained.



My personal end of the universe at the time
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Observation of B%-B? Oscillations
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Finally...

- Untagged

A counting experiment

—
n
—0 Q.
N(B’ - D;n*,t)— N(B, - D znt,1) —
A(t) = — : o
N(B? - D;znt,t)+ N(B, —» D; nt,t) S
.
7))
e
(O
&)
()
~+ Data [ 1 Combinatorial 1 _Ag —»7&2;:* 1 B:_>D§Ki D
0 - T +
""" B,—~Dgr' [ 5-D%* B 5, -0
g 10 .
3 o
o S
2,3 8 10°
g 17 g
= =
& [ g
© - O -
10° & | s | | | | | | A
5300 5400 5500 5600 5700 5,800 1,940 1,960 1,980 2,000
m(D; z*) (MeV ¢ m(K*K z*, n*n"n*) (MeV ¢?)

Importance of PID, proper time resolution, flavour tagging

Decay mode

Data sample

1

Amg ps™

B’ — D; w* 2011 17.768 4= 0.023 £ 0.006
Bg DT TN 2011-2018 17.757 4= 0.007 £ 0.008
B’ — D; w* 2015-2018  17.7683 £ 0.0051 = 0.0032
Average 17.7666 =+ 0.0057
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Loop back to the models

G2
_ _f 2
SM Amg = = mp, Miy,
(a) _
0.01000 ¢
°L br, — 0.00100
4 8
0.00010
b SL
0.00001

ATLAS excl (central)

(-20) E
Non perturbative
Bs m|xmg excl

0

fS 2 3 4 5 ©
Mz/TeV

Allanach, Butterworth and Corbett 2019

|9sp

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

fg _ L‘/' None negligible difference between the
5 — heavy and the light state of your the Bs mesons Al

I'T(BY = J/WKTK™)  ~ 0
\ / dt dQ X ; e(8) fe(€2).

S 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 Il Preliminary Lumi = 258:15 pb” — g2 +DB 28 —=
5_1035— Bs—) J/W(D -~ all data I{,Q :
5 | Lo =4 |
@ | Prompt B Heavy e 99.7% CL — ;
o 10k : < "4 :
7y = L ]
Q E
— - .
© - . .
= I 0.0 [ e P e b R
: ' (
10 | : :
i F 0.2 e, -
i | / pvalue =0.031
i 1 \ 2.26 tfromSM /
0.4l - o
E | - OBl T
-0.1 0.0 0.1 0.2 0.3 5 -Z -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



It’s “just” yet an other counting experiment

L [
l/ll = ('4) CP eigenvalues of the final state W L
Y,

- 1/§$«u'u <‘>S ]aw (Bn\;t\

Mixture of CP odd and CP even requires an angular analysis arXiv-2308.01468
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DO 8 Tb
0.13 ©68% CL contours
(Alog £ =1.15)
T 0.11 CMS 116.1 fb~?!

Very similar experimental techniques o
between the LHC three collaborations  ¢.
<l

SM no penguins
CDF 9.6 fb~1

N LHCb 9 fb~?
0.07

arxiv:2308.01463
0.05

0.5 -0.3 0.1 0.1 0.3
p[rad]

ATLAS 99.7 fb~!
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UTyit

summer23

NP fit

http://www.utfit.org/UTfit/ResultsSummer2023

An example of a UT fit
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&
o0 15f ot

summer23

10 NP fit
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An example of NP Interpretations

(B, HEY!
(B, HSY'

Cg, e219Bq

~ S0
= =
Let us first consider MFV models and update our results presented in Ref. [11, 12]. In = <10°
92 92
practice, the most convenient strategy in this case is to fit the shift in the Inami-Lim top- S 3 8
(7] (7]
quark function entering By, B, and K° mixing. We fit for this shift using the experimental = N

measurements of Am,, Am, and €k, after determining the parameters of the CKM matrix

with the universal unitarity triangle analysis [17].” We obtain the following lower bounds at

95% probability:

A >55TeV (small tanf), (13)

A >51TeV (large tanf). (14)
FIG. 7: Summary of the 95% probability lower bound on the NP scale A for strongly-interacting

NP in NMFV (left) and general NP (right) scenarios.

https://arxiv.org/pdf/0707.0636



How to measure Y ?  v=¢s= ag (22w

L;d cb

~ arg(p+1in) .

It’s all about Interferences !

1.5 T [T T 11 | Iy | — T T 1
™ | excluded area has CL > 0.95 ’ééo’ 7]
i ' < i
i T/ \% i
1.0 — e, —
i : 8 Amy & Amg
- sin2f i .
0.5 i _
i E AMy - -
muER /@\,\ |
0.0 B . I Y ! Benlon ¥ om0 o
- o i ]
L Vub} o ;
-0.5 — y
- € i
1.0 Y K _
B fi r sol. w/cos2B <0  —
— Summer 23 . (excl. at CL > 0.95) —
1.5 I A AT AN BTN EN A A A RN B AN A
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
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< Beautiful Mont-Blanc analogy >

1.0

| 1 I I 1 1 I
W B > DFK*ntn— -
L B DFK* -

l I 1 1
" LHCD
_ Preliminary
0. 8 _ Summer 2024

1—-CL

—e

—

b

I All Modes

0.6

0.4

0.2

20 40 60 30 100 120

LHCb-CONF-2024-004

0.0

’r’

There is a myriad of techniques

to measure this angle

B decay D decay Ref. Dataset  Status since
Ref. [14]

B* — Dh* D — h*h'F 35] Run 1&2 As before
B* — Dh* D — hth ntn~ 19 Run 1&2 New

B* — Dh* D — K*nFntn— 36] Run 1&2 As before
B* — Dh* D — h*hFr0 37] Run 1&2 As before
B* — Dh* D — K¢hth™ 38 Run 1&2 As before
B* — Dh* D — KQK*rT 39] Run 1&2 As before
B* — D*h* D — h*h'F (PR) 35 Run 1&2 As before
B* — D*h* D — KJhth~ (PR) 20 Run 1&2 New

B* — D*h* D — K2h*th~ (FR) 21] Run 1&2 New

B* - DK** D — h*h'F 22]"  Run 1&2 Updated
B* - DK** D — hEnFntn 22]1 Run 1&2 Updated
B* = DK** D — Khth- 22]t  Run1&2 New

B* — Dh*ntn~ D — h*h'F 40] Run 1 As before
B° — DK*° D — h*h'F 23] Run 1&2 Updated
B - DK*® D — hEnFntn 23] Run 1&2 Updated
B - DK*® D — K¢hth™ [24] Run 1&2 TUpdated
B® — D¥n* Dt - K—ntnt 41] Run 1 As before
B? —» DFK= Df — hth nt 25,42]" Run 1&2 Updated
B? — DFK*ntn~ Df - hth 7t 43] Run 1&2 As before

ADS,

—-

— -~

GLW, BPGGSZ, etc.
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u
Favoured B~ — D°K™ CKM+colour suppressed B~ — DOK ™

DOK—

B—/ T
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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



Parameter > 32% CL half width > 5% CL half width | §3. 5
A 0.2221 4 0.0021 0.2221 4 0.0041 0 0
A 0.782 - 0.888 0.053 0.758 - 0.906 0.074 10 3
p 0.09 - 0.29 0.10 0.04 - 0.37 0.16 29 6
n 0.22 - 0.32 0.05 0.21 - 0.42 0.11 58 21
J (107?) 2.0-29 0.5 1.9-3.5 0.8 38 11
sin2a —0.88 - 0.04 0.46 —0.95 - 0.33 0.64 27 12
sin2f3 0.50 - 0.67 0.09 0.47 - 0.81 0.17 50 19
a 89° - 121° 16° 80° - 126° 23° 27 12
B 15.0° - 21.0° 3.0° 14.0° - 27.0° 6.5° 59 25
y=146 42° - 74° 16° 34° - 82° 24° 16 0
sinf2 0.2221 4 0.0021 0.2221 4 0.0041 0 0
sinf;3 (1073) 2.70 - 4.03 0.67 2.49 - 4.38 0.95 17 8
sinfy3 (1073) 38.4 - 43.2 2.4 38.0 - 43.6 2.8 0 0
|Veud| 0.97504 + 0.00049 0.97504 + 0.00094 0 0
|Vaus| 0.2221 =4 0.0021 0.2221 = 0.0042 0 0
V| (1073) 2.70 - 3.71 0.51 2.45 - 4.38 0.96 37 7
2 0.2220 4 0.0021 0.2220 =4 0.0042 0 0
|Ves| 0.97414 + 0.00049 0.97414 =+ 0.00098 13 4
|Ves| (1073) 38.7 - 43.2 2.3 38.1 - 43.6 2.8 4 0
|Via| (1073) 7.2-92 1.0 6.6 - 9.6 1.5 23 6
|Vis| (1073) 38.0 - 42.7 2.4 37.4 - 43.1 2.9 8 3
\ZY 0.99907 - 0.99926 9 x 107> 0.99905 - 0.99928 11 x107° | 10 8
Am (ps71) 15.5 - 33.7 9.1 15.0 - 41.3 13.1 0 3
BR(K} — n%w) (10711) 1.2-26 0.7 1.1-3.8 1.4 50 13
BR(Kt — ntvw) (10711) 6.6- 9.5 L5 5.4 -10.4 2.5 35 14
BR(B* — 7tv;) (107°)  4.6- 124 3.9 3.6 - 21.0 8.7 49 13
BR(Bt = pty,) (1077)  1.8-49 1.6 1.4-83 3.5 48 10
fB,v/Ba (MeV) 194 - 246 26 185 - 272 44 33 12
By > 0.72 > 0.55 31 10
m; (GeV) 124 - 406 141 102 - 550 224 6 5

Table 3: Fit results including the world average on sin2Bwa. As in Table 3, ranges are given
for the quantities that are limited by systematic theoretical errors. The two right columns give
the relative improvements (in percent) of the > 32% CL and > 5% CL half widths with respect
to the fit results without sin28 given in Tab. 3. The last three lines give the ranges obtained for
chosen theoretical parameters when removing their respective bounds in the fit.
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Events / 10 MeV

B— — DSUpK_ B+ — DsupK+
6 6
* o ®
4p ¢ ¢ |\ 4
” | ®
2 Ay ".1‘ X} [
" ole |o | B i
0
B-- DsupT[_
15
10
o
®
o) | *
-0.20 -0.10 0.00 0.10 0.20 -0.20 -0.10 0.00 0.10 0.20
AE (GeV) AE (GeV)

Belle, PRL 94 (2005) 091601

ADS technique

Apr = 0.88 101 (stat) 4 0.06(syst),
0.30 552 (stat) 4 0.06(syst),

)

»

R
|

Here, both B—=Dh peak at O when correctly identified
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—— Total [ B*— (D*— Dy)h*  BEZA Charmless
—— Data I B — D*h*r B Crossfeed

Example of a very spectacular asymmetry — —zox = e
B B* - (D° - Dr')h* B s Doktm mm A~ Dpr?

[ 1 Misidentification

B B’ (D* — DnP)h* ] +
( ™) B — Dhm B Combinatorial

“0 LLHCbH RS LHCb
%200 0 1 %zoo- | | 0 1
=, = _
= 150 150 il | |
SRR - - e - - NN - -
100 ~~100- [ _
g BT g Y B
av) av)
=  H0- A =  H0- ‘
3 i W e
- 0 An. + = \ .
© 5000 5200 5400 © 5000 5200 5400
m(|[K n~|pK ™) [MeV/cQ] m(|[K 7| pK™) [Me\//cz]

| HCb. JHEP 04 (2021 ) 081 Just drawing a line does not do justice to this work
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Putting everything together

L L AL | LA LA R B B

X F " R Beauty and Charm | ©_ _| 888 Beauty and Charm T HChH
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xﬂ - :._.' B* - Dhi, D — Kg-h+h_ LHCb . o—l - 2._...! Bi — Dhi, D — Kg-h+h_ LHCb . f i =T ] - = ‘ ummer 2024 -
QX | 808 B* - Dh*, D —» K3K*=% [h*hFx° /h*hFxtn~ — i H | {0 B* - Dh*, D — KSK*n% /h*hF2°/h*hFntn~ AN ) wk04f == - __ ]
e — . Lo Preliminary . 160 Preliminary - - or
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- ‘ 0.2F - :
- 140 - L —4r ]
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0.10 = : - = LHC . —6_‘ i
_ | - T Soma 303 S
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i : N d
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0.08 N | .
: : 100+ — - _
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40 60 80 40 60 80
o o
(] 7]
-Hk 0.014_ ] T ] T T T I:LHC'b_ 5 ] T K;’ T v v v T LHCb
+H | 00! B* > Dh*, D — K¢h*h~ i - - . ! B* - Dh*, D - K%h*h~ -
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- S - - BT = — .
- B8 All B* — Dh* modes Summer 2024 "°m 350 @88 Al B* — Dh* modes Summer 2024 _ DK* §DK* ,.Dr* sDx* Kr  §K= d d d
" B Beauty and C J | Y Tp+ B+ B+ B* s D d y lq/p| ¢ Qpig- Qpip— Qs -
0.010F ] e 5 - - ] ~ 100 036 062 002 019 - - - - - - - -
: i N : rok* 1.00 0.21 - 007 -0.04 -0.10 0.02 -0.08 - - - - -
0.008 L A B E, - 5ok 100 004 018 -0.11 039 0.06 032 - 0.1 - - 002
I oy L N }‘-\_ : i . rDr* 1.00 057 0.04 002 - 001 - - - - -
0.006 - 1 ’ ; _ 501 1.00 001 -0.13 002 -011 - - - . -
o LTS FER : ' rkn 1.00 029 0.18 -0.07 -0.04 0.01 - - -0.02
0.004 B R ’ | B : 5E= 100 —0.05 084 - 004 002 -0.02 -0.05
; L. . 250 B z 1.00 022 -0.09 009 001 - -
0.0021 B ! . y 1.00 -0.04 0.04 -0.01 -0.01 -0.06
i | LTS : - 1 . T 1 - lq/p| 1.00 072 011 010 -0.16
0.000 10 60 30 0 60 30 6 1.00 -0.04 -0.04 0.33
d
[o) (o) aK+K_ 1.00 0.87 0.22
7l gy
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L HCb-CONF-2024-004 Consistent analyses
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An other example of a direct CP violation measurement

Acp =

EB: K a2 (0 o

Q4000

> 35001
= 3000

-
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2500F "
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52000}
S 1500}
I
S 1000F
500

4500

30 600(2)
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5000 5500

§,4000F
% 3500
= 3000 F
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§ 2000
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= :

S1000F -,
500
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4500

['(B-— K79 +I'(Bt - K+tnY)

—4+— Data

— Signal

- = Combinatorial
Partial Reco.
Peaking Partial Reco. ]
- Bt > atnd .

>5(] 600(2)
m(K ") [MeV/c?]

Part of the Kmt puzzle expressed via this sum rule

T

7
'
i
i
7
g

/

Primary
vertex

Acp(BT— K+7%) = 0.025 £ 0.015 -

B momentum
trajectory

- (0.006 4

- 0.003,

Consistent with the world average

ARXIV:2012.12789

Acp (K+7T_)—|-Acp (KO7T+)

B(K°7™) 7

— ACP(K+7TO)

B(K+7T_) T4

2B(K*7°) 7

i ACP(KOWO)

B(K+7T_) T4

2B(K°x)

B(K+m~)
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ACP(t) - FE(()s)—>f (t) = FB?S)—>f (t) . —Cf COS(Amd(S)t) —+ Sf Siﬂ(Amd(S)t)
B_> hh I 50 —>f(t) + 1" 5o —>f(t) 1 (AFd(S) t) A?F e (AFd(S) t)

2 2

An important quantity to control is detector asymmetries AXT = AKr — AKE — AKX

R

Analyses that explore U spin symmetry

~ [ [ o | T T T T /c-/)\ e e e /(/)\ B i e e C — —00320 :: 0.038
V140005 | ppc, | o B 1600F LHCb 1 = 1200f LHCb : 4 )
312000__ ﬂ { Data 1.9 fb™! i 5 1400;‘ { Data 1.9 fb’! - 5 E { Data 1.9 fb™! ] Sﬂ_ﬂ_ — —0.672 o B 0.0347
& 5 = 2 o ... 1 = 1000F . .
810000 IR - Bl e = il : AB’ — _0.0831 + 0.0034
Sso00- || ok S = S e — Bt _ C}(f; ‘ - )
- = ot E 3 : : B
% 6000 e o i 600f - As = 0225 +0.012
§ - B'>r*r- . ' ] 5 ] .
= it Bl 3-Bodybke. 400F : 400; ; & = 0 1¢2 = OS]
O 2000 Comb.bkg, : : 200 ; -
ng 200:. Rt e e |E i ......... . R v : SKK = O'“39 L 0'0327
9 Y2 54 56 08 6 07 1 ) 3 4 y 4 6 3 10
m(K 17 [GeV/c?] Decay time [ps] Decay time [ps] .Aérf‘( = 89 s

This constitutes the first observation of time-dependent CP violation in decays of the Bs meson.
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Observation of charge-parity
symmetry breaking in baryon decays

Production of AO U Expression of the asymmetry
AL

O (Mo +C(Ah—5%)

- arXiv:2503.16954
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Very pure selection & careful modelling of the backgrounds
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From Raw to CP observable

5 § |[" )
A = A — A — A'D
o o 1
Production asymmetry Detection asymmetry
A e ). ) p. €(9-e(5)
s(Ap) +6 (AQ) €() + e(g)

oo " AY > Measuredforth | mode for which ~ Ac v 0
Ap - Aw, fp = My easured for the control mode for whic P W

5 § Mo 5
Au =R _ Af - Ab »  Measured for the signal

Rov
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Control mode
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Production asymmetries

= 5F hes o

® Production asymmetry T AE A seTTevan —

. . 3E - 5=8Tev, 267" - { — E

dominated by gluon fusion. f jL 3

BE=E

C L =

e Hadronization asymmetry of Ag b :

and Ag in pp collisions. ST

E’\E& 5‘ | LHCh :

® A, 1-2% measured by LHCb as < 4p + =TTV, 1870

- - - 3 Ll s =8Te -1—;

a function of kinematics. ot T [T

1E + _Y— * 3

e AA, vanishes Spmmmm—— E
TR —

A} p. [GeVic]
T
LHCb-PAPER-2021-016



Detector asymmetries

. . . [Chin. Phys. C 40 (2016) 100001}
Matter, antimatter interact with detector b e S A AL

(made by matter) differently

o f: different combinations of p, K, r etc.

cross section |mb]

* Including effects from reconstruction of
particles, PID, trigger effects

Momentum [GeV/c]

Obtained using data-driven method with
calibration channels

Ap(nt) ~ 0.1%, Ap(K*) ~ 1%, Ap(p/P) ~ 1 — 2% e AAp vanishes
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Putting everything together

Acp = (2.45 4 0.46 +0.10)% .

This CP asymmetry differs from zero by 5.2 standard deviations, marking the observation of CP violation !
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Candidates / (0.045 GeV/c

Taking It one step further
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Studies in different mass region to study local effects



Taking It one step further

Observe up to 6 standard deviations locally

Decay topology Mass region (GeV/c?) Acp
Mpg—- < 2.2
/12 - R(pK_)R(’]T-'_’]T_) B (5.3 + 1.3 L 0.2)%
Matr— < 1.1
Mpr— < 1.7

A(g — R(pﬂ'_)R(K_ﬂ‘+) 0.8 <m +x- < 1.0 (2.7 + 0.8 & 0.1)%

or 11<m7r+K—<16 o

s Rr r K M <27 (GA+09 %007 ]
/10 — R(K 71”L _)p Mg —gto— < 2 O (2.0 + 1.2 & 0.3)%

This discovery strongly suggests that
specific intermediate resonances play a key role in

generating CP violation
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Some conclusions

® There has been an incredible
progress Iin the last decades.

® The CKM mechanism seems to be
working really well.

® Yet there is still plenty to understand
to reconcile our observations and
expectations.
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Let’s take a little break and we continue with
EFTs and all the good stuff.




Searching for New Physics with penguins

b — s ¢ transitions are a great laboratory to search for New Physics in an indirect way

Study local and non-local effects

l, i e L5 - . 15]
/ [ 1 ota > LHCb 8.4fb-1 BN Total
(J 10] «ocal only 1ol Total, SM WCs
- \ \ SM from GRvDV
SN | W |
0.57 N 11 0.5 |
e ] P i I
0.0——% ‘ 0.0 +—— i i
U PN . j
~0.51 | : -05 N A || PN
1 { e " 4 _ y |
1.0 ) ) 1.0
0 2 4 6 8 10 12 8 0 2 4 ¢

Total, SM WCs
SM from GRvDV

S 1} | LHCb84fb! ||
£ 1.01! | |

LHCb-PAPER-2024-011

Lepton Universality tests

LHCb Ri  low-g* =0.994%50¢
9 fb_l R central-¢> = 0.949709%
Ri.  low-g* = 0.927+0%9

Ry~ central-¢g? = 1.027100%%

+TT+

moved ~20 up

t Data X>=16,p=0812 o =02
— SM

Ry low-¢*> Ry central-¢> Rg- low-¢> Ry- central-g?

LHCb-PAPER-2022-046/045




Angular Analyses

Lepton Universality tests
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Standard Model

b t c < '13 IL, C, M S
> — =
W (/3 Q* W % E k
/Z// 1
i \‘
\\[ 2 /

New Physics

Note to self next time add LQs 100



ffective Field Theory
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Effective Field Theory




Effective Field Theory
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At 3
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ffective Field Theory

/S“ (at.~ W

CLNS 05/1949
December 17, 2005

Effective Field Theory and Heavy Quark Physics
(2004 TASI Lectures)

MATTHIAS NEUBERT
@ Institute for High-Energy Phenomenology
Newman Laboratory for Elementary-Particle Physics, Cornell University
Ithaca, NY 14853, U.S.A.

® Institut fiir Theoretische Physik, Universitit Heidelberg
Philosopk 16, D-69120 Heidelberg, Germany

arXiv:hep-ph/0512222v1 17 Dec 2005

Abstract
These notes are based on five lectures presented at the 2004 Theoretical Advanced Study
Institute (TASI) on “Physics in D > 4”. After a brief motivation of flavor physics, they
provide a pedagogical introduction to effective field theory, the effective weak Lagrangian,
and the technology of renormalization-group improved perturbation theory. These gen-
eral methods are then applied in the context of heavy-quarks physics, introducing the
concepts of heavy-quark and soft-collinear effective theory. /
-
-—

_Gp ckm § C.O.+h.c

Weak Decays

m

7
P >ne(33

HOET €T SMEFT s;mrl.'!é.'
oS



ffective Field Theory

LD: Local operators + non perturbative
(LCSR, Lattice, etc.)
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ffective Field Theory

G .
Heff — \fg ACKMZ(YZ OZ - h.C,

SD: Wilson coefficients + perturbative

LD: Local operators + non perturbative
(LCSR, Lattice, etc.)
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ng/) and C{Q

interference Long distance 3
contributions from CC

above open charm
threshold

2
dmj Why we always talk about q2? — q°
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Photon pole

~ Gp  cKM

C’él) C,é/)

108

ZC’iOi+h.c,

Charmonia

/ /
C 9( ) and C § O)
Long distance
contributions from cC
above open charm
threshold



To summarize, the resulting Standard Model operator basis for FCNC processes (without
leptons, for simplicity) contains the “current-current operators” (with p = u, c)

P = Gipi)v-a (Dibj)v-a,
P = (5:pj)v-a (B;bi)v-a, (32)

the “QCD penguin operators”

Qs = (Sib)v-a Y, (@Gg)v-a,

qg=u,d,s,c,b

Q1 = (5ibj)v-a Z (G;qi)v-a,

q=u,d,s,c,b

Qs = (5:bi)v-a Z (2;95)v+a

qg=u,d,s,c,b

Qs = (5ibj)v-a Z (Gjqi)v+a, (33)

q=u’d?s’c1b

the “electroweak penguin operators” (with e, the electric changes of the quarks in units of |e|)

_ 3
Q7 = (Sibi)v-a Z o Ca (2595)v+a
q=u,d,s,c,b
_ 3
Qs = (5ibj)v-a D o€ (6i%:)v+a
q=u,d,s,c,b
_ 3
Qo = (8ibi)v-a Z 5% (7;9)v-a,
q=u,d,s,c,b
_ 3
Qo = (Sz‘bj)V—A Z §€q (QjCJz')V—A, (34)
q=u,d,s,c,b

and the electromagnetic and chromo-magnetic dipole operators

emy _

Q7'y = _8? SLO uv F’wbR,
sy _ v
sy = —g87r2b 50w Gt bR . (35)

https://arxiv.org/pdf/hep-ph/0512222
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The unitarity of the CKM matrix implies A\, + A. 4+ A+ = 0, where A\, = V},pr";. We will use
this relation to eliminate CKM factors involving couplings of the top quark. Note also that
in the limit m, = m, = 0 (which is justified at dimension-6 order) the penguin graphs always

involve Ay = —(A\y, + A¢). The final result for the effective weak Lagrangian reads
Gr | (v) (p) -
La=— 2|2 & (CQP +CQP) + Y utA)CQi|. (36)
| p=u,C 'I:=3,...,10,7’)’,89 -
16

Note that
)‘u VubVJS

Ac VaVi

has a non-zero, relative CP-violating phase. This allows for the phenomenon of CP violation
from amplitude interference in FCNC processes —a phenomenon that is currently being studied
extensively at the B-factories (see, e.g., [1]).

e (37)
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Photon pole - family of radiative decays
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Example of an indirect

SEARCHES FOR NEW PHYSICS | NEWS

In pursuit of right-handed photons

10 November 2020

A report from the LHCb experiment

1.0

0.5

Im (C7/C7)
(=)
o

|
o
o

|

-1.0

-1.0 -0.5 0.0 0.5 1.0
Re (C7/Cy)

Fig. 1. 20 constraints on the ratio of right- and
left-handed Wilson coefficients, C/C,, using the
flavio software package. C, quantifies the
coupling strength to photons, and is fixed to its
SM value. Any deviation in C’,/C., from (0,0)
would signify new physics. The new LHCb
measurement is shown in red. Credit: CERN

left-handed.

On 17 January 1957, a few months after
Chien-Shiung Wu’s discovery of parity
violation, Wolfgang Pauli wrote to Victor
Weisskopf: “Ich glaube aber nicht, dafs der
Herrgott ein schwacher Linkshander ist” (1
cannot believe that God is a weak left-
hander). But maximal parity violation is
now well established within the Standard
Model (SM). The weak interaction only
couples to left-handed particles, as
dramatically seen in the continuing
absence of experimental evidence for right-
handed neutrinos. In the same way, the
polarisation of photons originating from
transitions that involve the weak

interaction is expected to be completely




Candidates / 34 MeV

Candidates / 0.1

A glimpse of what goes on here
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What else”? \What happens if we ook for ultra-rare decays”?
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Time Evolution of BR(K* — nttvv)
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Fairly old plot but still makes the point
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The idea behind a lepton universality test

Sqiwrww(
W 1 New ﬂdq\bs?
h ;

. : .
a L e
| ‘ - - -
I : ‘
i ! e
e , f
. [ g : | ~

I

It’'s very simple
we expect the coupling to the leptons
to be the same

ZhiE>>7Ib,
i L7hVEDBERENTRAUCLBMBETEERT., ¢
v EThEFARLTHESEVNSIDIFTT, J
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Lepton
Universality
tests

L7 Y EREDT R
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From the PDG or equivalent :

T L
FZ —HEE 10009+ 0.0028
7 — ete™
I )
FZ — T T _ 10019 <+ 0.0032.
7 — ete™
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“The” observaple

dI'(B—Hp"p~) 7 2
) B dg
H = AT (B—Hete— )
f ( ZqZ ) dg?

R

A powerful probe to look for NP in an indirect way.
Today, we discuss three papers: 1705.05802, 1903.09252, 2103.11769
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The “Simplicity” of Lepton Universality test

Loop induced dF(B%Hu 0w dq

_ dq?
Ry = dl'(B— He dq

dq?

Similar observables in charged currents

/ dg” 2 45 ~—— (B — D*1v)
(T//.L) 2 q?nin dq
RD* [qmin] —

qmax dB
dg®> — (B — D*uv
/qQ. q dqz( /““/)

Tree level
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What can we expect In th

e SM

1605.07633

Rg+[1.1, 6.0]°™ = 1.00-

-0.010ED

Assuming V-A currents

Rk+[1.0, 6.0]°™ =1.0040.01gEp

Ry(Bs) = R;k(B) = R(Ap)a =~ R(Ap)pk = ...~ Rk

1909.02519
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https://indico.in2p3.fr/event/18845/

What can we expect in the SM

Rg+[1.1, 6.0]° = 1.00+£0.010gp

Rk+[1.0, 6.0]°™ =1.0040.01ggp

002 004 006 008 010 012 0.14
q2 ( Ge 2 )

Ry(Bs) =~ Ry (B) = R(Ay)r = R(Ap)px =~ ...~ Rk

1605.07633

1909.02519 195 https://indico.in2p3 fr/event/18845/



https://indico.in2p3.fr/event/18845/

Why are electrons complicated?




\

Bremsstraniung

O «1/m2
Energy loss « Ee
Energy loss « material

Match electron tracks to photon clusters in the ECAL
Correct electron momenta by “attaching” photons.

MQEMJ' EcAL

Three categories of events: O, 1, > 1 photons

Different invariant mass shapes due to under- or over-correcting P
ECAL resolution is worse than tracker. ¥ el

Bin migration included in systematics. o~

Uf)s\' Yeam -~

brem o

bream
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Electrons vsS muons

Even after Bremsstrahlung recovery, electrons still have degraded momentum, mass, g2 resolution.

Particle ID and track reconstruction efficiencies also larger for muons than for electrons.
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Get the differences between
electron and muon efficiencies
fully under control

From Vitalii Lisovskyi my former PhD student



What does the data look like™

Narrow B signal
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What is actually measured is

/qz AT(BH0) — K (+:x0) + 'u—)dqQ Measured to b—e 1 [ovs. tess. mra1, 227 2010
R () 7 . TU/p—ete)
/”' dr(B*Y — K ete) g T/ = )

SR S

R(K Ky = %A[[(B(Jr 0) 5 K+ *O)M L ) y (B(+ 0) K (+, *O)J/w( e))

: ?(B(—l— 0) v K(+,%0) ot e— ) N(B(+ 0) 5 K(+:%0) J /ah(putp—))

Try to calibrate as much as possible from data
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Getting the single/double ratios correct is very painful but it pays off

LHCb9 b LHCb9fb™! LHCb9fb™! LHCb9fb™!
et w(BT) e w(B“) et (BT) e w(BO) rei a(BT) e w(BO) vt w(BY) re w(BO)
none — @ - — O] o B e B —e— -
+WpID [ A r . ~4F —e—i 4k Lo -
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none - L I o o — (S — - = A _
+wPID — “ o o o ' . i - —e— -
+WTRK [ " 1r o —HF i 4k el _
FW\ult&Kin [ . 4 F o 4k WP 4L o _
+wL0 — <] — t@ — + e = = [ | —
+wHLT — ) — te — i 3 $ -~ - e —
+wR£CO — B e T3 — b e i - [ — —
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Checked also in various bins of kinematic etc.



Now we ook at the data
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The electrons less so
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Once again the muons are a day at the beach
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1 he cold shower

1.4 ~ LHCb Rg  low-¢> = 0.994)0%
Taking a cold shower is good for  9fp! R central-g? = 0.94970%48
your health, here’s why ol Rk low-¢* = 0.927550%)
L Ry central-g* = 1.0277005%
It’s widely known that a hit of cold water can do wonders for your body. *xﬁ i
are among an age-old Nordic healing tradition, K 1 O B
the world’s go ice swimming, and by a jolt Q: " I
of cold water for a mood-boost. But when all is said and freezing, what
good does a cold shower actually do? We break down four reasons why O 8 -_
-t Data X2=16,p=0812,0=0.2
Why a cold shower? 06k — SM
[he result before that indicated a consistent pattern. |
But ! Ry low-g° Ry central-¢> Ry low-¢° Ry central-¢°

These results are still statistically limited...
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Just for reference - the pre-cold shower picture

»>

R, .. Belle
1.1<¢q?<6.0GeV?*c*

R .. Belle
0.045 < g2 < 1.1 GeV?/c*

RKO Belle
1.0 < g?<6.0GeV?*/c*

R,..LHCb9 fb"
0.045 < g2 < 6.0 GeV?/c*

R, LHCb 9 fb"
1.1<¢q?<6.0GeV?*c*
| L L 1

(—

0

Phys. Rev. Lett. 126 (2021) 161801, JHEP 03 (2021) 105

2

2-dimensional fits

1.50

—— ACDMN —— ACDMN
1.25 A AS 1.25 4 AS
' —— CFFPSV ’ —— CFFPSV
HMMN —— HMMN
1.0097 % SM 1.009 % SM
0.75 > 0.75
& By
z S 0.50 1 z S 0.50
o Qo
0.25 0.25 1
0.00 - * 0.00 A
—0.25 —0.25
_0.50 T T T T T T T _050 T T T T T T T
-1.75 -150 -1.25 -1.00 —-0.75 —-0.50 —0.25 0.00 0.25 -1.25 -1.00 -0.75 -0.50 —-0.25 0.00 0.25 0.50 0.75
NPu NPu
Cy Cy
global fit fit to LFU observables + Bs — uu
B. Capdevila, M. Fedele, S. Neshatpour, P. Stangl Flavour Anomaly Workshop, 20 Oct. 2021

1.50
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Local and
nonlocal effects
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BY — K™ %u*u: A very brief history

_|_
H
. +o— . 7L Z C.0O; _
Tensions in b — su™u~ decays have persisted for ~10 years 7
i
: : ////, /// b S
2_— / // | / 4
1 Electromagnetic (© g) (EUWPR( pb)F*

Vector @g> (37, P D) Er'E)
Axial vector @(1()) (EyﬂPL(R)b)(fyﬂysf)

_______ By — up+ B — X 00 Fit
By — opp Fit

——————— B — K/l Fit

——————— B — K*Ul Fit

== Ry &Qy; Fit

e b s Current measurements point to an anomalous vector contribution

—— Global Fit

ABCDMN 23 Is this New Physics or a Standard Model QCD effect?
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K — - .
B’ > K O,u 11”1 A very brief history
B > K *O//ﬁ,u_ has caused lots of interest in the community

b — su*u~ Weak Effective Theory Tensions have persisted for ~10 years

£ Zci@i

e T e — Run 1: 3 fb-!
0.6 SM Predictions | Zl‘ . 1 S AL : B 1
b 04 ata — B LLHCb ] Run 1 + 201 6: 4.7 fb
0.2 B 05 :{_ SM from DHMV )
; L - : + ] e LECb Run 1 42016 3
Electromagnetic C7 0.2 - of——— : ﬂ T
-0.4 < — = . 0.5 7
_+_ _ L et ] yus ]
Vector C9 0.8 —+— + - 051 + _+_ ] E of ]
p—_—— ) i - — e 1
0 15 20 - ~
' C srcevien | | A W B S L
Axial vector C 2 1Geve ; SEN faal RESe s
[LHCb-PAPER-2013-037] b ] E
[LHCb-PAPER-2015-051] o T T s
g* [GeV?% ¢4

[LHCb-PAPER-2020-002]
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https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2013-037.html
https://lhcbproject.web.cern.ch/Publications/l/LHCb-PAPER-2020-002.html
https://lhcbproject.web.cern.ch/Publications/LHCbProjectPublic/LHCb-PAPER-2015-051.html

BY — K %u*u: A very brief history

-
-
-~
-~
-~

~
~~_
~

By — pp+ B — X0 Fit
By — oup Fit

B — K/l Fit

B — K0l Fit

Ry & Q4,5 Fit

——— b — sup Fit

— Global Fit

ABCDMN*23

0o 1 2

Current measurements point to an anomalous vector
contribution - one example of a global fit out of the many.

Alguero, M., Biswas, A., Capdevila, B. et al.

[EPJC 83, 648 (2023)]
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https://doi.org/10.1140/epjc/s10052-023-11824-0

What does the topology look like ?

———— e

. *0
The B — Ku*yu~ decay doesn't live in isolation... B 0 W K

d_F
dq2 C7 ZO/}/ | f_l_

C’9 CIO

| | | |
4m2 1 6 15 ¢* [GeV?]
g* = m(u*u)?
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The BY - K™%u* 1~ decay doesn’t live in isolation...

q* = m(utu™)?

Jly
1 i
w(25)
C7
The final state receives large
Interference contributions from ‘charm-loop’ N
[\‘ resonances 23 4
Broad cc | f_
C9 CIO resonances
Many of the contributions are vector-like
— This mimics the Cy contribution
4m|§ ! 6 15 g2 [GeV?] Can we model them?
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Run 1 + 2016: 4.7 fb~!

Terminology

Binned measurements Unbinned measurements
[LHCbh-PAPER-2020-002] - — T
A [LHCb-PAPER-2023-032] -
s N — LHCb 4.7 fb!
QL 1— -
. LHCbRun1 +2016
ﬂ SM from DHMV . O -
- 1 - ——— |
O— - -1 | | | B
i + . 051 | | |
051 —1— - ; L o . L
i N - OO e A A iy . | W2 A o g P
: + =+ < w0
b - 05FE S
0 EE— é E— 1'0 E—— 1'5 E— 0.0 2.5 5.0 7.5 10.0 12.5

q° [GeV?/c*

g* [GeV?/c4]
Model independent Model dependent

Use model of local and nonlocal
contributions to extract Wilson
coefficients directly

Measure observables in bins of q2
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https://lhcbproject.web.cern.ch/Publications/l/LHCb-PAPER-2020-002.html
https://arxiv.org/abs/2312.09102

Dispersion relation

v Unbinned amplitude analysis to the whole q2 = mz(/,ﬁ,u_) region
v First measurement using the full Runi [2011-2012] and Run2 [2016-2018] data

Dispersion

(- vertex
correction

Relation

This is determined
theoretically at

negative q2 values

Subtraction term

Asatrian, Greub, Virto
[JHEP 04 (2020) 012]

C7eff,/1(q2) — Cét G/Ieia)

ff.A = 0),4 1P A 2 1P A 2 2P As 2
Cy 4 —C5+Yc(a HY (61)+thht(q)IYcé (q7)

0

g

-

\_ -/

1-particle
contributions
Includes:
w(782),
p(770),  w(3770),

$(1020),  y(4040),
Iy, y(4160)

139

w(2S),

2-particle
contributions

Includes:
DD,
D*D,
D*D*

(BO / K
o -
e

~
/

Tau loop
contribution

Sensitive to Cg

C. Cornella, G. Isidori, M. Kbnig, S. Liechti, P. Owen, N.
Serra [Eur.Phys.J.C 80 (2020) 12, 1095]



https://doi.org/10.1007/JHEP04(2020)012
https://doi.org/10.1140/epjc/s10052-020-08674-5

Dispersion relation

v Unbinned amplitude analysis to the whole q2 = mz(/,ﬁ,u_) region
v First measurement using the full Runi [2011-2012] and Run2 [2016-2018] data

Dispersion
Relation

-
\_

ACs

~

J

Polarisation

dependent shift

to (;

Local

Cs(q%) = CYf + Y2 H Y I(q*) +

eff Ay ,2\

This is determined
theoretically at

negative q2 values

Subtraction term

Asatrian, Greub, Virto
[JHEP 04 (2020) 012]

Negligible impact from light
quarks

i

1-particle
contributions

Includes:
w(782),
p(770),
¢(1020),
Jly,

w(28),
w(3770),

w(4040),
w(4160)
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1P,
Yli ght

-

BO

\_

2-particle
contributions

Includes:
DD,
D*D,
D*D*

Tau loop
contribution

Sensitive to C9T

C. Cornella, G. Isidori, M. Kbnig, S. Liechti, P. Owen, N.
Serra [Eur.Phys.J.C 80 (2020) 12, 1095]



https://doi.org/10.1140/epjc/s10052-020-08674-5
https://doi.org/10.1007/JHEP04(2020)012

Strategy

Angular analysis preformed in the three decay angles and qz
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Results

Biggest deviation is C, with S

ACéVP = —0.71 at 2.10 from SM

o @O OO

Global significance ~ 1.50 from SM

In agreement with previous unbinned analysis

BB — JIwK") dominates systematic
uncertainty

-1

LHCb 8.4fb~!

Preliminary

6

oL

F(Co)
| | L —T1
| LHCb 8.4fb"!
- i Preliminary —

LHCb 8.4fb~! 1
Preliminary _
| TR

5 6
R(Co)

27 | g !

| LHCb84fb"! -
1F i Preliminary —

b=




Non local effects

T T T T T T T T T : |
_ LHCb 8.4fb"' Preliminary

| | | | I | | | | :
_ LHCb 8.4fb" Preliminary :
LHCb-PAPER-2023-032 z-exp.:w. theo.
LHCb-PAPER-2023-032 z-exp.ho theo.

LHCb-PAPER-2023-032 z—exp:. w. theo.

Impact of the nonlocal amplitudes 5 LHCD PAPER. 2023032z < 10 oo
on the Wilson coefficients shown per

helicity e.g. ||

lll|lll|lll

Good agreement with previous
analysis

III|III||II|III|III|III

lll|lll|

(TR
15
g2 (GeV?/ ¢4

{_ P
. | | o LHCD 8 4fh-] = Total .E +  Total Red vs.
o e g 05 ™ ostonly | | 9 s fon GROV | Impact of allowing NP
contributions do | - >
influence angular, > VS.
observables -E; LHCb 847" 1 Impact of nonlocal
Prelimina .
- N modelling
o)
m ]
T = 7 1. 15 Note: bins are correlated!
q* (GeV?/ch) — ¢* (GeV?/c)
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U, Leptoquark candidate quite popular

qu

Model building & direct

searches

CMS 138 fb' (13 TeV) .
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Observation of B Kvv
on the side of the world

Results

0.92

3000

Candidates

Pull

Looking forward to seeing impact on phenomenology work

2000

1000

#(BDTy)
0.94 0.96 0.98 1.0
Belle 11 preiiminary - Bt —KtTw

B'B°

P [ Ldt=(362+42) bl ;
' : BN B'B-
i

{

Continuum

Data

] 1 1 1 l 1 l l i ] I

4 8 2511 4 8 25F1 4 8 2541 4 8 25
Groc [GeVZ /]

Candidates

Pull

100

Belle II preliminary
[ L£dt=362fb!

m 1

(SN
)

Hadronic tag

Bt —K"tuvw
BB

cc

qq

Data

4 0.5 0.6 0.7 0.8

u(BbTh)

Maximum likelihood fit to data using signal and background templates
Branching fractions: B, =(2.8+0.5(stat)+0.5(stat)) x 10, B, _ =(1.1*%°__ (stat)**®  .(syst))x 107
For inclusive analysis, evidence for B—Kvv at 3.6, branching fraction within 3.0 of

standard model (both considering total uncertainty)
For hadronic tag, the result is consistent with null hypothesis and SM at 1.1¢and 0.6¢ 21

Very interesting result !

146

Belle Il is measuring the rare decay of
a B meson, created by SuperKEKB,
into a K meson and two neutrinos.

0
\"

neutrino

v

antineutrino

S

strange antiquark

K meson

up quark

The high-precision calculability of the probability of this decay
makes it easy to validate the Standard Model.

Combination and comparison with other measurements

Loonb Avgrage  Privately produced comparison
Belle IT (362 fb, (‘()l‘lll)ill(‘(l)

2.440.7 This analysis, preliminary

Belle II (362 fb'!, Hadronic)

1.14+1.1 This analysis, preliminary

Belle IT (362 fb!, Inclusive)
2.840.7 This analysis, preliminary

Belle II (63 fb!, Inclusive)
1.94+1.5 PRLI127, 181802

*
Belle (711 fb!, Semileptonic)

1.0£0.6 PRDY6, 091101

*
PY Belle (711 fb!, Hadronic)

3.0+£1.6 PRDST, 111103

Babar (418 fb'!, Combined)

0.8+0.6 PRDST7, 112005
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e Inclusive and hadronic measurements are combined, taking into account common correlated

uncertainties. The resulting branching fraction is
B .(B" —K" w)=(2.4+0.7) x 10~ =[2.4 £ 0.5(stat)"*>_, ,(syst)]x10™
significance of observation is 3.6 the result is within 2.8¢0vs standard model

e Some tensions between inclusive and semileptonic results for Belle and BaBar, however

overall compatibility of the results is good with x?/dof = 4.3/4

ublished number of events and efficien
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*Belle reports upper limits only; branching fractions are estimated usin

More information



https://indico.desy.de/event/34916/contributions/149769/attachments/84417/111854/Belle%20II%20highlights.pdf

b — suU motivation

U(BDTQ)

® Most probably impossible at LHCb 0.92 0.94 0.96 0.98 1.0
e Belle Il cannot do all B flavours 5000 '-'-‘J- L _
_ . ' /Edt:F362+42)§b'1 B B K
e Yet to be observed, besides evidence for BT — K v o : g == BB
5 2000 f e
e 2.70 tension with SM [arxiv:2311.14647] —C% — ““ T gzgmuum
O 1000 '
e Theoretically cleaner than the corresponding b — sl
e Can be used to extract the CKM factor and hadronic form factors, and constrain Wilson 0
coefficients 5
_ _ e (] e
® Novel probes of CPV from new physics [arxiv:2208.10880] = SR SR RS S

1 4 8 251 4 8 251 4 8 251 4 8 25
Gree [GEVZ /]

Plot of the maximum likelihood fit for BT — K*vi from inclusive tagging
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arxiv:2309.11353
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https://arxiv.org/abs/2311.14647
https://arxiv.org/pdf/2208.10880.pdf
https://arxiv.org/abs/2309.11353

b — svU projections
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Studies on sensitivity at FCC-ee [JHEP 01 (2024) 144] and at CEPC [PRD 105 (2022) 114036]




w4 Charged currents
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https://hflav.web.cern.ch/content/semileptonic-b-decays
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Why do we care about this decay?

Can be used to measure the CKM element |Vco| and highly sensitive to scalar contributions from NP.
No possible at LHCb due to missing energy-lack of constraints and reconstructed information.
No B: production at Belle II.

A Tera-Z machine is an ideal machine to study this decay.
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With an EFT at gy = mp

y;,” = L-t-G——F Vd, [ (4 +;I._,) (ZL‘ Pl’l-) ™ | VA

ﬁ - yV ("’ Ciare the Wilson coefficients
-\, v ! y
Ve ( C"‘ L‘) & ¥p ) null in the SM using this convention.

4 ( EL l)L\ ( Zg VL)
—+ (E R ‘)L) ( Eg_ VL)J + e‘c

If One uses : CV(A) — CVR + CVL and Cg(p) = CSR + CSL-

2
A_Cp - C P "\; \ Cr lifts the SM helicity suppression

Mo (mysme) sizeable enhancement !

B(gc - 2v) = Q(Bc— 2v)

151



SM prediction

Decay constant from HPQCD and V., exclusive HFLAV.
Looking forward to improvements of the decay constant computation with LQCD techniques.



Decay topology

B lifetime very short ~ 0.5 ps,
I.e too many degrees of freedom
to fully reconstruct the decay.

Explore the thrust axis properties
and the hadronic T decays.
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/

77 b Rodion jet
P N uS" ax\§

Note : arXiv:2007.08234 explored leptonic T decays.



FCCee

But also... BT — t71_

Results

Impact evaluated on NP models and

arXiv:2305.02998

Le pto n U n Ive rsal Ity O bservab I eS Predictions
Bt — 7tu, [FCC-ee, 150 ab™ ', 2%] e+ ] ok
Bt — tTu, [FCC-ee, 150 ab ', 4%] }|—e— I—=— —A—]
1200 p
- Type — IT 2HDM 7
| YPe Tl Ny Bt — rtu, [Belle IL, 50 ab™']  —@—{—&— —A—
o0 T D UNU Ll eSS smsssssmsssssssssssssssesses
. BT — t7v, [Current] I * :
800!
% I CKMfitter (Global fit) —s—
O, _
-E 600 UTfit (Global fit) } = |
= :
) Inclusive (GGOU) l A :
400
Exclusive (HFLAYV) | ® :
200 - Current Values
-3

Comparison between current determinations of |V, | and predicted
determinations from Belle || and FCC-ee, where the FCC-ee values

correspond to 2% and 4% uncertainty on B(BT — t7v,).
Different central values are taken from the current Exclusive, Global and

BT = 77v_values.
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https://arxiv.org/abs/2305.02998

To almost conclude

+ We need New Physics !

- Flavour Physics is a super cool laboratory
to search for it.

- So far the Standard Model seems to be
putting up a good fight.

‘ "Z - éﬁ [i Ap (¢ aﬂwﬁ')ﬁ s éAu,\,) o] »

- We can only reply on the imagination of Pt
physicists to make the next

breakthroughs.

- There are a number of experiments lined
up to pursue this adventure !




Good practices for PhD students

If one day you become a PhD student

o Keep an eye on arXiv.

® Check the theory and experimental summeries talks at conferences &
workshops

® Check the review articles.

® Check other submitted PhDs manuscripts.

® Don’t be shy and ask questions.
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And please please please

® Log your work, it does not matter if you use notebooks,

_ ont ol
software, whatever. Hou o ran. sont o

_ Ho tdm inslolde d sm%

® Keep track of everything you do, we forget details, we forget

obvious things. We always think that we will remember. - Hod - podiad 5 gt
. . . — When \Jow todad /dopped
® The amount of information to store only increases, so help o {fusey
your future you and write down things. — T

https://www.yasmineamhis.com/post/track-review-keep-or-toss

https://www.yasmineamhis.com/post/3-tips-for-new-phd-graduates

Nov 4, 2023 * 3 min

Track, review, keep or 10ss. 3 tips for new PhD graduates
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A colouring book for children is available at the CERN Science Gateway

e monde mysterieux de

= oY y g
S OTHCD

ttttt
.

et ses droles de quarks

Un livre plein d'activités et a remplir de couleurs !

More information yasmineamhis.com



http://yasmineamhis.com

