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What flavour stands for?

e Flavour
e several fields with the same quantum numbers
e particles: mass eigenstate with the same charge

e Same colours and same electromagnetic charge

e In the Standard Model within SU(B)QCD XU(l)EM
representation we have

(3)+§ u, ¢, t (3)_'_% d,s, b

(1)—1 ST (1)0 V1,V2,V3
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What flavour physics means?

e Flavour physics
e [nteraction that distinguish among the flavours

e Gauge interactions (related to unbroken symmetries)
mediated therefore by massless gauge bosons dot
not distinguish among flavours

Strong 1.~ .eraction Electromagn." .ic interaction

e Within the Standard Model, flavour physics refers to
the weak and Yukawa interactions

—eakincaracion — N014

e W and h mediated interaction are Flavour Physics
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What are the flavour parameters?

e Flavour parameters
e Parameters that carry a flavour index

9 masses of the 4 mixing parameters
charged fermions (three angles and one phase)

that describe the interactions of the

masses of lepton
and quarks

charged weak-force carriers (W)
with quark-antiquark pairs.
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What Flavour Universal means?

e Flavour Universal

 [nteraction with couplings that are proportional to
the unit matrix in flavour space

Strong interaction Electromagnetic interaction

e An alternative term for “flavour-universal’ is
‘“flavour blind”’
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What Flavour Diagonal means?

e Flavour Diagonal

e interactions with couplings that are diagonal, but not
necessarily universal, in the flavour space.

Weak interaction

$

Yukawa interactions of the Higgs particle are
flavour diagonal in the mass basis.
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What Flavour Changing means?

e Flavour Changing

e refers to processes where the initial and final flavour-
numbers are different

e |nitial/final flavour-numbers = the number of
particles of a certain flavour minus the number of
anti-particles of the same flavour

Flavour Changing

Flavour Changing Charged Flavour Changing Neutral
Current Current
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Flavour Changing Charged Current (FCCC)

e Flavour Changing Charged Current

e are processes, both up-type and down-type flavour
and/or both charged lepton and neutrino flavour
involved

L eV, K S0 T,
(st - p” V)

B® > J /K?
(bd — cc §d)
e within the Standard Model, these processes do not
occur at tree level, and are often highly suppressed.
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Flavour Changing Neutral Current (FCNC)

o Flavour Changing Neutral Current

e are processes, either up-type or down-type flavours
but not both, and/or either charged lepton or
neutrino flavours but not both, are involved

u—ey

B® - @Ky
(bd - s535d)

e within the Standard Model, these processes do not
occur at tree level, and are often highly suppressed.
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Why is flavor physics interesting?

Tool for discovery
Intrinsic puzzling features

[(KL —»u~pu*) (6.8440.11)x107°

[(K* > ptyv) (63610.11)x1071

led o predicking g fourth (khe charm) qudrk
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Why is flavor physics interesting?

Tool for discovery
Intrinsic puzzling features

The size of Amy led o g successtul
prediceion of the chdrm madss
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Why is flavor physics interesting?

Tool for discovery
Intrinsic puzzling features

The megsurement of €y led to predicting the
third genergeion.
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Why is flavor physics interesting?

Tool for discovery
Intrinsic puzzling features

The megsurement of neutrino Flgvor kransikions
led ko the discovery of neutrino
masses.
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Why is flavor physics interesting?

Tool for discovery
Intrinsic puzzling features

CP wiolgeion s closely relaeed ko Havour Physics

Baryogenesis tells us, however, thde there must
exist. new sources of CP violgeion.
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Why is flavor physics interesting?

Tool for discovery
Intrinsic puzzling features

The fine-tuning problem of the Higgs mass,
dnd the puzzle of khe dark mdeker imply
thak there exisks new physics de, or below, the
Tev &cgle.
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Why is flavor physics interesting?

Tool for discovery
Intrinsic puzzling features

Most of the chdrged fermion flavour pdrameters
are sSmdll and hierdrchicdl.
The skanddrd model does nok provide any
explandeion
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The Yukawa Lagrangian

Fermion fields: QLi(3,2)+1/6
UR,i(3»1)+2/3 DR,i(B;l)—1/3

Lri(1,2)_1/2 Eg;(1,1)_4
Scdlar field: ¢, ¢ = it,¢pT

L=Lym+Ly+Ly+ Ly

LM = Y5Q. 9D ; + Y QLPUr ; + Y5LgiPER ; + h.c.

Y dre generdl 3 X 3 mderices of dimensionless coyplings

This jdre of the ngrqngiqn describes
the Yukdwd inkerdckions
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The Yukawa Lagrangian

LM = Y5QL,:9Dpj + YijQriPUg j + Yi5Lg i pER j + h.c.

This pdre of the Lagrangian is made of the fermion
fields and the Scalar field, subject ko the gauge
symmetry and leading €0 the SSB

S5B

$(1,2) 117 E— $(1,2) 417 :(v/(zfz)
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The Yukawa Lagrangian

LM = Y5Q,i9Drj + Y1QLiUr j + YL i PER j + h.c.

j
After S.SB. you wdnk to wrike the Lagrangian for mass
| €19enskqees

Y oyt =1 ¥ e

¢ is diagonal and red
In Ehis basis the Vel
Fermion fields are: ( ey
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The Yukawa Lagrangian

LM = Y0, 10Dg; + YiQidUsj + Y,

j EQbER’]‘l‘hC

j
After S.SB. you wdnk to wrike the Lagrangian for mass
| €19enskqees

Y o Vi = U

Y* is diagonal and red

In khis basis khe Uy Cr t;
Fermion fields dre: (du,L) (dC,L) (dt ;

)UR Cr g

Angelo Carbone



The Yukawa Lagrangian

LM = Y0, 10Dg; + YiQidUsj + Y,

j EQbER’]‘l‘hC

j
After S.SB. you wdnk to wrike the Lagrangian for mass
| €19enskqees

Ye o PR =y, YO

Ye is diagonal and red

In this basis the (ud,L) (uS,L) (

Fermion fields are: \ d, Sy
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The Yukawa Lagrangian

£§M QL l¢DR] + YuQL 1¢UR] + YeLR 1¢ER] + h.c.

Now if we wrike the identity

yd =V LVdLYdeRVdR

pd
And you plugin in the Lagrangian

L% = dLVdLVdLYdeRVdeR

N
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The Yukawa Lagrangian

M = Y30.,:9Dr ; + YQLiPUg j + YLriPER ; + h.c.

gme gt | . .
d1Ln = dLVd,L from inkerackion basis
kO Mass eigenskdee basis

chdrm V,.C % .
c“*L —="R
I \/E

exqmple: the charm madss m, = Y,

s
V2
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The charge current Lagrangian

Mass bagsis

Lkm_\/iuLl Ly,uW dLlVdL

< d, VI vy Wttty .V
/2 LiVarYu LivYuL

4 TL Vd L
Vi1V
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The charge current Lagrangian

Mdass bagsis

[’km"‘\/iuLl Ly,uW dLlVdL

=4, VI v Wty .V
2 LiVarYu LivYuL

vl v
u,L d,R } VCKM ‘)>>
Vd,LVu,R
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The CKM matrix

0.2 0.004¢7t6>
1 0.04

—0.04 1

b pdrameters, 3 redl + 1 phase

Ic's very close €0 khe unikdry maerix

0.2 kransicion between 1-7 genergeion

0.04 transikion bekween 2-3 genergeion
- Highly suppressed from 1-3 genergeion

- 43 and 3,4 have phase
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The CKM matrix

0.2 0.004¢7t6>
0.04

—0.04 1
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The CKM matrix
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Let’s now have a look at the data

BR(D - Kuv) = 3.3x10°°
BR(D — muv) = 2.38x10°3

Acp(K;, — mlv) = 3.32x1073
Ap(D =) < 1072

Acp(B = Km) = 0.082

Angelo Carbone

BR(B —» Xuv) = 10.86 X102
BR(B — Xev) = 10.86 X104

BR(B - Xy) = 3.5x107*
BR(B - Dlv) = 2.19 x10~?
BR(B - mlv) = 1.49 x10~*

BR(B - u u*t)=3x10""°
BR(K; » u ut)=7x107"°
BR(D -» u u*) <6x107°
BR(J/Y » u u*) = 0.06




Tree level and loops

/

Tree level diqqr :
r diagram Loop level didgram
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Why there is no FCNCs in the Standard Model?

No FCNC in SM de the three level

WhO cdn contribute £0 hgve FCNC in SM de kree level?

Z) h) S,J y

All of them couple diagonally (ko the same fHlavour)
Lo fermions

Why?
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Is this diagram possible in the SM?
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FCNCs (@ one loop

K°(d3) o KO(ds)

S i=UC Ty

GIM suppreszsion

g LEUET. e

m; m; ‘ _
A X Z(Visvid)(VjSde)f( l ; ]) Nine damplitudes

m,, my,
f(mi,m;) & mé /my,
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FCNCs @ one loop

K°(ds) o K°(ds)

S i"'"'u‘,C,T : d

GIM mechdnism W

GIM suppreszsion
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CP violation

In ngeure we see CP violdon only in wedk iNkerdction
In order to have CP violgeion the Lagrangian need to

have g phase, 1.e. ik 15 not red

g _ 3 g =
Liin = _uL,iVL:r,LVuW “dp iVay + _dL,ch;r,LVuWJr”uL,iVu,L

V2 V2

l CP kranstormgeion

g - g _ it
Liin = _dL,iVu,LVuw+“uL,ch;r,L +—=up Vg v W MdL,iVJ,L

V2 V2
only left-handed pdrticles take pdrk in chdrged-current inkerdckions.
Pariey 15 violdeed by kthese inkerdckions.
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CP violation

In the SM CP is smdll: AcpXBR <K 1

T0 have g phase in khe ngrqngnaﬂ ik 15 necessary
the third genergeion

Any CP violgeion observables musk involve dll the
CKM maenx elements and hence small elements
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CP violation: The Jarlskog invariant

Indejendently by any [odrameterizgeion dany CP
violgtion observgble muskt be proporuonql kO Lhis
invdriane |

. Y, =
J = €12€23C135125235130ckm = 15421

Phdase musk be non 2ero
All the mixing angle should be no 2ero or m/2

Ockm 15 ldrge, CP violdeion is smdll due ko mixing
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The Unitarity triangle

YWi Vg =0  Unikariky relgeion of CKM makrix

A unitdriey kriangle

How many unikariky kriangle in SM? 6
The dreq is equdl to J/2
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The unitarity triangle

XViaVip =0

The Unikdriey kriangle

ViaVap o 1- 2
Vchc*b X A% - A /\
ViaVip o< 1+ 23

2Vis Viii =0 N

All the CP violdeion medsurement. dare relqeed €0 J
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Let’s now have a look at the data

BR(D — Kuv) = 33%10 BR(B - Xuv) = 10.86 X102
BR(D » muv) = 2.4 x1073 BR(B — Xev) = 10.86 X104

BR(B - Xy) = 3.50 x107*
Acp(K; » mlv) = 3.32%x1073 BR(B — DIv) = 2.19 x107?
Acn(D =)= 102 BR(B - mlv) = 1.49 x10~*

Acp(B » Km) = 0.082 BR(B -» u u*) =3 x107°
BR(K; » u p*) =7 %1077
BR(D - pu~ut) <6 x107°
BR(J/Y —» u~u™) = 0.06
BR(K - u™v,) = 0.64
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What we have learned so far?

1) SM is conskrucked from dakq
7) FCCC dre dk the kree level in SM

3) FCNC qre suppressed in the SM
4) CP wiolduion times BR s smdll in SM

5) Chqrgeq currents wikh lepwns dre universdl

6) Chdrged currents wikh quarks dare NOT universdl (V)
7) Transikion from 3 -> 2 >> 3 -> 4

8) Transikion from 2 -> 2 >> 2 -> 14
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Flavour Physics: how to practice?
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Why do we practice Flavour Physics ?

NEW
PHYSICS AT
THE ELW
SCALE

i3
e a
.
A~
=

(S

Prof. Antonio Masiero

PRECIS PHYSICS
M, Ny O FCNC, CP #, (g-2), (BB)oyy
LINKED TO COSMOLOGICAL EVOLUTION

DARK. IATTER M RGY-

— > Possible interplay with dynamical DE
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The indirect search of New Physics

Observed deviations from values expected
according to the Standard Model will indirectly
hint to the existence of New Physics

Why?




Standard Model

_ W
h— e e m — = |7
L,c,u A Y v
S —> - — — - > [
-
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Beyond Standard Model

560

- — — - =

S~
A
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Standard Model

b ——\7 et
W+
ZO
S > [ M_
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Beyond Standard Model

-l
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If this the nature...

W
BYSutu h — — b — 20 . I
do™s | 20 ~
) - {.) < + \\-> '<
df? 5 —haond— gt § — p
W
2
b 2! / M b CRTL o
RN G L
g — pt § — pt
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SM predicts this
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35E I I . I . I — Totall -
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[

...and you measure a value significantly different
from SM (which is not the case so far)
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B - u~u™ @ LHCb

| T
Total

W 3sF
> = 0 L
é) 30 - LHCb —=B—uu
0 L
o " BDT>05 Blo
o I Combinatorial
w 25F ‘
~ = = s B—h'h'
§ 20 : s B?s)% TC_(K_) ““+ VM
—8 - o B0(+) 0(+) 4 . —
= = Tt
g PE = APV,
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BR(B? » u~u*) = (3.0 £ 0.6133)x107°  m, [MeV/c?]
BR(B? » u~u*) < 3.14 x1071°
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You win the Nobel prize...

Angelo Carbone



... but SM works perfectly!
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Where practice Flavour Physics?

Present:

e |HC

e LHCD high precision measurements

e but complemented in certain important channels by
ATLAS and CMS
e NA62, kaon physics
e Search for the very rare decays
e Kt > ttvvand K - v

e SM expectation (9.11 + 0.71)x10~11 and (3.00 +
0.30)x10~ 1
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&
¥

eV x pp collisions
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.

A~
%"CEP CERN
o2 oint T ATLAS ALICE
] L Point 1 qﬁpoint D,
cMs L
Point 5 37. i

ence
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The LHCb Detector

- M2 4
5m Maonet SPDI/EIZ?ALHC AL =
= T3 RICH2
\ M1
1
%—ﬁj 4 i

I I O B I I I >
10m 20m z
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Detector Geometry

e Complementary to ATLAS & CMS

e Much less expensive




The Forward Direction at the LHC

e The primary pp collision produces
a pair of bb quarks. They then
form hadrons. In the forward
region at LHC the bb production
c is large

e The hadrons containing the b and
b quarks are both likely to be in
the acceptance.

e Essential for knowing if a neutral
B meson started out as a B° or B®,
determined by “flavor tagging”

o At L =2x1032cm™%s™1, we get
~10%% B hadrons in 107 sec

Angelo Carbone

Production afigle of
BvsB

pT of B-hadron

102 C

-U
—]

10 C

' = n=—In(tanb/2) .




LHCb detector
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B-Vertex Measurement

Example: B, - D, K

800 _I_)ouble Gaussianfit | O = 331 fs
G,= 6713 fs (31%)

600

o(t) ~40 fs

47 1m 144 nm K+

sensors

400

200

1 1 1 | - 1 1 11 £ L " d L Iv
| —900 =200 -100 0 100 200 300
troc— Lpye [1S]

Vertex Locator (Velo) |
Vertexing:
Silicon strip detector with  trigger on impact parameter
~ 5 um hit resolution * measurement of decay distance
- 30 um IP resolution & decay time=d/v=md/p
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Momentum and Mass measurement

Momentum meas. + direction (VELO): ==
Mass resolution for background suppre

S5Sm—
Magnet
B T, J 3

Mass resolution

~ny
c~15Mev | S
_ee-—TTT
_______________________________ LHCb L, =Ifb"
......... Signal B — DK

1 B,,~»D k"
I B, D (np)
C_JA,-»D"
I A, AK
B B, > DK
I Combinatorial

vn‘.uv.v_!_y-l‘ 2

- -

=

Pfimary vertex

5100 5300 5500 5700

m(D.K) (MeV)

‘thag




Hadron Identification

RICH: K/m identification using Cherenkov light emission angle

T/

N, | A D
Bs = Ds K Kaon identification performance
SS flavour =100 T

_.”.V’“W’O‘ﬂ.m -te
= * + +
st t

. ]
. it
- t ++++++'f

Efficiency

__B= . K>K:96.77 + 0.06% -
= D, — K- : n>K:3.94+0.02% !
~ -~ T 40— I

RICH1: 5 cm aerogel n=1.03

imary vertex I .
$ R + +++++f
ta zo_— to4t4 ]
b g - - 0,._0.,"‘**’-*
= M’Oq."l"m-oﬂ”'r.-.“" ’.I |
0 20 40 60 80 100
Momentum / GeV/c

4 m* C,F,,n=1.0014 RICH2: 100 m3 CF, n=1.0005
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Calorimetry and Lo trigger

——3

Vertex

¥
f
I

A

iadige

i1}

‘l.- '.“g

fl ECAL (inner modules): ~ 8.2% NE +

Calorimeter system : ~
* Identify electrons, hadrons, n° y ™ D
S

* Level O trigger: high E; electron and hadran//Fﬁnar Vertex Bt3é$
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Muon identification and Lo trigger

Muon system:
* Level O trigger: High P, muons




Triggering

40 MHz bunch crossing rate e Triggeris crucial as oy, is less than
L L L 1% of total inelastic cross section
LO Hardware Trigger : and B decays of interest typically
readout, high Er/Pr signatures') have B ranching ratios of <10
||| MO || e e Hardware level (Lo), search for
> mgy gy high-pT W, e, y and hadron
( Software High Level Trigger ) Candidates
Introduce tracking/PID information, . .
find displaced tracks/vertices Software level (High Level Trigger,
Offline reconstruction tuned to trigger
time constraints H LT)
Mixture of exclusive and inclusive

5 S < e o fﬁmﬂm%wgﬂbmy't' core

N processors
5 kHz Rate to storage
Sy e Very flexible algorithms, writes ~5
2 kHz Inclusive/ AkHZ
Inclusive Exclusive Muon and kHZ to Storage

Topological

Charm
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LHCb data taking history

Integrated Luminosity (1/fb)

e 2016 (6.5 TeV): 1.67 /fb
2015 (6.5 TeV): 0.32 /fb
e 2012 (4.0 TeV): 2.08 /tb
» 2011 (3.5 TeV): 1.11 /fb
2010 (3.5 TeV): 0.04 /fb
| |
2010 2011 2012 2015 2016
Year
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isplay

LHCb event d

5

Event 35148388
Run 187340

Fri, 02 Dec 2046
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LHCb event d
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B - uut




=

Event 146539692
Run 174933
Sat, 21 May 2016 05:45:41

PP
collision point
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Search for new particles: latest new from

Moriond (ATLAS and CMS)
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Summary slides of T. Gershon

One year ago ...
(from Andreas Hoecker's summary slides)

Diphoton resonance searches: ATLAS Diphoton resonance searches: CMS

Updated preliminary results presented this week Updatead preliminary results presented this week
ATLAS showed dedicated searches for a spin-0 and aspin-2 diphoton resonance CMS has ako looked into evenl properties of excess region and found them consislentwith sidebands
f Edy : E,(y § Y eV CMS combines 13 TeV with spin-0 and 2 searches from 8 TeV data. Resulls found Lo be compalib
J aled. Typical g Resulting p-value scans (lowestwicth models gving largest excessat 750 GeV. shoan here
CMS Prodniary 338 {13T0¥) + BT R TV CMS Prodrinry 230113 TeW) + BT8R oV
) ATLAS Pamnary ) 3 H ’
. Ouwa )
K \ _ i 10! 10'p
B | Baongouw avy 1t E
) s F3° [
ol et 10* 10*
I Nt
i, 1 Lovacitse Learacnya
10’ —— Combined 10’ —— Combined
alev alev
r s 13Tev 13TeV
g
p | 10 19 3
e T 510° 1w 1y 310 10¢ 10 2a0° 310"
v 2 2’2 a i ! m, {GeV) m, {GeV)
: = P | B o4 5
. ot
2 . ]
: ! i . E Ba | 1 1
@ o u ,.
N o L ) 1.6 1

Alessandro Strumia:

Today it could be everything, including nothing.
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Summary slides of T. Gershon

Then at ICHEP 2016 ...
(from Shih-Chieh Hsu's plenary talk)

Angelo Carbone

Excesses not confirmed in 2016 data
CMS Preliminary 12.9 " (13 TeV)
E 10°k ATLAS Preliminary . Data ' gl % . ' I I I ¢ Data
& F 1 9 EBEB  — Fit model
2 10°E — Background-only fit 8 +1s.d.
3 102; gpino Sele'ction ) ; 3102 ! + 2s.d.
i ys =13 TeV, 2016, 122 fb f g s I(‘.r.,lR.PAq.Fxn.m.(w?]
101 ATLASCONF-2016059| | @ f
: : 10E
‘§ E| - o .
Il
% 15 : )
,g 1ot + 3 T 1
s o 2 '
H PR Y ) = | T
g )i E 0
. -5Hn(1% ™ — &, T
g5 kel 11 , E 8 21 ?
R T P 400 600 800 100012001400160018002000
Significance in 2015+2016: m,, (GeV)
m=710 GeV (M/M=10%) m=760 GeV (T/M=1.4x104) s
2.30(local)/<10 (global) <10o(local)




You can imagine the rest of the talk...

https://indico.in2p3.fr/event/13763/session/1
7/contribution/117/material/slides/1.pdf
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Test of standard model with FCNC
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FCNC:b » s(d)u—u™

SM penguin diagram NP penguin diagram

New heavy particles in SM extensions can appear in competing
diagrams can affect branching ratios and angular distributions

4G g . p c i=1,2 Tree
Het = — W%bvtq Z \Cioi,_’_,cioi,-}_ Z AI%IP Onp i=3-6,8 Gluon penguin
i i=1T Photon penguin
Left handed Right handed, i=9,10 EW penguin
%‘: suppressed i1=S,P (Pseudo)scalar penguin

Model independent description in effective field theory
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Pt is an observable related to angular distribution of the decay

g? is di-muon effective mass squared

w

O )
- e LHCbdata © ATLAS data ]
I]_;ﬁ_b s Belledata © CMS data i
0-5;}‘ SM from DHMV ]
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Latest LHCb result: deviation to 3.4c

[JHEP 02 (2016) 104]
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In ¢ bins [4.0,6.0] and [6.0,8.0] GeV?/c?* local deviations of 2.8 ¢ and 3.0 ¢

Global BY — K*%u* 1~ analysis finds deviation corresponding to 3.4
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Lepton universality in B decays

Bt > Ktu ut BY > Kte~e®

SM penguin diagram
PENg & SM penguin diagram

LHCb measured in this range
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Lepton universality in B decays

Bt > Ktu ut BY > Kte~e®

SM penguin diagram
PENg & SM penguin diagram

This result is with RU N-#LHCb data
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What about SM prediction?

Christoph Bobeth, Gudrun Hiller and
Giorgi Piranishvili
1.0006

Let’s ask to the expert
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. https://arxiv.org/pdf/0709.4174.pdf
The answeris R =1 i op i
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Lepton universality in B decays with B® - K*017[*
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SM penguin diagram
penguin diag SM penguin diagram

Are you ready to know the new number?

Central value: distance from the rock divided by the
Ry =
K — number of cigarettes smoked by Stephan in 2.5 hours

Errors : distance swam, by Jean, Gudrun and Joachim
divided by the time (in minutes)
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Lepton universality in B decays with B® - D*ft7v,
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