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Recap: Flavour Universality in very Early Universe

* Quark and lepton generations interact identically
No difference between particles of different generation?
 No matter — antimatter asymmetry (CP Violation)?

qi Ja

Electromagnetic:

qi Vaz
Weak NC: >m\/v\m
: Z

* Universality violation: Higgs !
* Higgs coupling is not universal, and mixes generations
* Complex couplings: allows for CP Violation!
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Recap: Flavour Universality in very early universe

* Weak charged current interaction: (i i)

* Universality violation: Higgs !
* Higgs coupling is not universal, and mixes generations
* Complex couplings: allows for CP Violation!

qj

qi

(i < j)

q j A

7, H

l

Today 14 hillion years
Life on earth @ “*

Acceleration - 11 hillion years
Dark energy dominate o T Ay

Solar system forms\ # = e O,

Star formation peak \CHa 3 bilfion years _
Galaxy formation era\ y : '

Earliest visible galaxies

L

700 miII‘ion years

inati iz, 924
Re(éolmb(ljn?tu;n Atolms t%rle =) 00(5? years @
elic radiation decouples ( ) ‘{'J’ v
Matter domination 5,000 years
Onset of gravitational collapse : 9

Nucleosynthesis 3 minutes

Light elements created - D, He, Li | =~
Nuclear fusion begins

— 0.01 seconds

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Electromagnetic and weak nuclear |
forces first differentiate

Massless particles |f

Grand unification transition
Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down

Krachten




Recap: Flavour Universality = Symmetry Breaking = Flavour Mixing 3

 Weak charged current interaction: (i & j) Today = 14 billion. ysars
Life on earth - e !e
m m Accgpleernggio%mmae - 11I.b:|II|on years
d S VuS 20I;r sygsytzm fu:m Q. e O, -«
Star formation peak \CHa 3 bilfion years _
um W + Galaxy formation era\ \ : '

Earliest visible galaxies - 700 milljon years
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m
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Electroweak transiti—a
Electromagnetic and weak nuclear
forces first differentiate

* Higgs: redefines quark states in mass eigenstates: (i & i) Supersymmetry breaking
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Grand unification transition
Electroweak and strong nuclear <X
forces differentiate

Inflation
Quantum gravity wall
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Recap: Flavour Universality =2 Symmetry Breaking = Flavour Mixing 4

* Weak charged current interaction: Today 14 bllion years
Life on earth - »
m Acceleration \— 11 hillion years
A’ v, s Ve e e
. . . Star formation peak \EEEe 3 bilfion years _
* Weak interactions mixes the (%) Galaxy formation era\ \ -

Earliest visible galaxies - 700 milljon years

generations of mass eigenstates.

Recombination Atoms form
Relic radiation decouples (CMB)

* Complex couplings V;; allow for CP Matter domination
) . k, Onset of gravi
violating phenomena. s t,(
) ) ucleosyntk
At least 3 generations required!

Light elements
VVVV V VVVV\/
t m t m
forces first differentiate

« Higgs: redefines quark states in mass eigenstates: Supersymmetry breaking

q m Axions etc.? ‘
q] Yl . l ml Grand unification transition ==

J Electroweak and strong nuclear
————— forces differentiate

Inflation

m Sy
H q i Quantum gravity wall - ? ,,,«.

Spacetime description breaks down

Electroweak transiti—a
Electromagnetic and weak nuclear
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Recap: The CKM matrix and unitarity triangle

* CKM in terms of phases:

Vekm =

|Vud|
_|Vcd|

Vs
|Ves|

|th|e_iﬁ —|Vts|€iBS

* Wolfenstein parametrization:

VCKM =

1
1 —— 2
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Recap: Flavor Oscillations 6

e Quantum mechanics with B® and B° N Vi \A q
/4 h ° . l ?Il L > qztf,u -
states: “What is a particle: 50 RO
_ w W
* Particle — antiparticle transitions B? & B i - G=18.i -
mesons happen spontaneously. Vi V.,

* Time evolution of B® and B° described by an effective Hamiltonian

i—p=Hp > Pt =a@®)|B®)+b(t)[B%) = (ZEQ)

I = M M12) LT F12)
oy W) ol
() | J )

Hermitean Decay-matrix
/’ M2 - - M, describes B? < BO via off-shell states, - - ___ )/— Ms, \
e.g. the weak box diagram (“dispersive”)
‘/(_f ____________ I',, describes B® < f < B9 via on-shell )\ Si [ /

2 T states, e.g. f = m ™ (“absorptive”) 2 112

Hermi?/an Mass-matrix



Recap: BY Oscillations

W

BO

BO
\

-, X+

4 [Tv; X~
&_(t)) / l
BO

Decay Probability

= 1

0.2

0.8

06

0.4

B° meson

\\\l\\ L . ‘ ‘ i

2 3 4 5 6 7 8 9 10

proper time (ps)

Calculate:

111°

0 | I |

Decay Proper Time (ps)

Flavour Oscillations!

vV V:
’ Eb s
g=t.t,u
W W
- - =tﬁ,u - B
Vae) Ve

0
f B (B(£)|B°)I2
£ %0 Trwx (BOIBN
B
v X " ror B9, opect |
9+(t) _/ : ATl'~0, |q/p|=1 :
B || TTTTTTTTT ‘
| 7
- ) e—Ft
|9+ = —— [1 £ cos(am - 1)}
B meson



Recap: B Decays to common final states: CP eigenstates

|
M v BO ks || (B ks P N
+ | + — q
|
|

B /U K — — 0 J/Y K
10 ) VRS g0 S50 2y pp| | B9 80 g rpk, |P g
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: q b w- Vi | e b w+ V. ,
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d - & g=tu 3 - b d — d | d p & g=teu 3 -3 d —— d
qd ab I qd gb



Recap: How does it give CP violation?

= A9+ (@) + Ag-(0)
%g_ (t) l AfCP fCP( + Z ) (t) e—i(m—Am/Z)t e—Ft/Z + e—i(m+Am/2)t e—Ft/Z
q Af 9+ =
BO fCP Afcp=_ACP -
P Afcp . Amt
Q K = et e cos o
+ cp
BY " o—i(m—Am/2)t ,—Tt/2 _ ,—i(m+dm/2)t ,~Tt/2
t) =
CP Y- 2
BO 1 — e—imt e—Ft/Zi sin Amt
1 2
Z‘g— (t) l Afn Afcp <g+ (1) + 79- (t))
BO fCP — _ p AfCP 1

_ Aep=— ==~ For neutral B mesons, g_ has a
W TAfCP T hpep Mer 90° (=i) phase difference wrt. g,




Recap: Interfering Amplitudes: CP violation!

t = t Amplitude o Amt
g, = e imt , t/2 COST
B S fop R ROEYEG)
=0 — 1 g. = p—imt ,=Tt/2 i oin Amt
B - fep Ar | g+ (t) + Ig_(t) - 2
Afpp = 4 Afcr — o l®Pweak  (CKM)
p Af CP
g-() . g-(® 1
A g_(t) g+(t) :r Ag-(t) 29-0 1 g+ (:f) +-9-()
Dwea Pweak
< CP-Violation =
Y g+ (® > 9.0
re B” - fcp B® - fep




Recap: Interfering Amplitudes: time dependent CP violation! 11

t = t Amplitude
. . Amt Amt
—imt ,—il't/2 = i
BO N fop Ag., e e (cos > + i A sin > )
—_ _ . . Amt 1 Amt
0 — —iTt/2 ; :
B — fCP AfCP e Mgt / (COST + 1 i Sin T)

Amt/2 =0 Amt/2 =1t /4 Amt/2 =m/2 Amt/2 = 3n/4
No CP‘1 =» Decay-Time Dependent CP Asymmetry! PV




Recap: B, — D K : Quantum Interference Experiment @ LHClp

An interference pattern:

[
[\
L — |

|| B, » D;K*
| B, » DK~

Decay rate

= =
AN oo

S
~

o
Y
————r

o
0 05 1 15 2 25 3 35 4
Decay time (ps)

Time dependent CP violation!



Recap: Measuring B - B, Oscillations

Proper-time dependent decay rate:

Perfect reconstruction

1000 + flavour tagging
200 J\" + background
- + acceptance
*qa”: 600 ff |

Experimental Situation: 3 ]
|deal measurement (no dilutions) 400 H
+ Realistic flavour tagging dilution '
+ Realistic decay time resolution 200 |
+ Background events Z
+ Trigger and selection acceptance ol

Proper time (ps)

15



Recap: Compare LHC with B-factory for B® = J /¢ K

* Decay-time dependent
CP violation:

[5.p(t) — Tp_r(t)

Acp(t) =

Interfere direct and mixed

>/ K
mx_/

|Vud| |Vus|
_lvcdl |Vcs|
Viple ™ —|Vs|ePs

FE—>f(t) + FB—>f(t)

a f 2 @ 1
S 400[—* ; e
%zoo:— -
a -
£ oaE =
Eozl =
g op =
2 02F =
;04§ | 3
_ 04 — —
Ere | Tew |
= ' E
= 0.1 I /\—_
|Vcb| ‘a - ;_ — _;
Vel ERre E
t 5 —03F =
A _p4F - -
10 15




Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
c) Jarlskog Invariant and Baryogenesis

2. B-Physics
a) CP violation and Interference
b) B-mixing and time dependent CP violation
c) Experimental Aspects: LHC vs B-factory

3. Rare B-Decays
m) a) Effective Hamiltonian
b) Lepton Flavour Non-Universality




* SM does not have
Flavour changing
N neutral currents

 CKM: Flavour changing
charged currents

. ‘¥
% A

f
& ©

T

@ @

* Neutral currents are possible
via higher order processes:

- Flavour Oscillation
Decay via
» yvia ” via “Box diagram”:
Penguin diagram”: _
B-K'utu- Bs = B
Z boson w
0O—
uct A u,c,t
B meson K* meson @
w




B-decays and effective couplings

e Beta decay: “charged current”: ”

GF GF B 92 g/
d - e~ - 2 d - e~

2 8M
V2~ 8M} %
n-pe v, 9
176 176
e Rare B decay: “Flavour changing neutral current”: )
S
W

b : / i b M
— W\Z\'\<
Bo —>K*,u+,u_ Eff Hamiltonian: 10
:7_[ —_—

Effective Operators O; with Wilson coefficients C; predicted by the Standard Model.




Strong Interaction causes trouble

: . §< w v
* Semileptonic decays VS Ve b c(w)
b — c(u) :

- Factorization! P B0 O%@fomw)
G

F B _
}[eff = ﬁ Vcb [ﬂl Va(l — VS) uv] [D+|C V'B(l - VS) b|32 d

S
e FHadronic decays g K
L |44 u W
- Factorization? & b c
b a C :

Factorizable QCD: Non-Factorizable QCD: BY O




Solution: Effective couplings

e Operator Product Expansion:

- Integrate out heavy fields
- Separate perturbative Wilson coefficients C; from non-perturbative local operators 0;

— g s
Hsm H ot ﬁ/“
W u O5
; %ﬁ . > b W c

H sy H o5 ;
S
> !
w u O1.2
b - c b -9 ¢
Gr i
Hets = —= Vs Vep [C101 + C10,]

\/Eus



Rare B-decays and effective couplings: b — sqq

Eayid

(a) Current— current (b) Current—current
operator O operator @
q q
g
03 _ 06
b W S

(c) QCD penguin op-
erators O3_g

/7
0, — 010

u,c,t
) EW penguin op- EW penguin op-
erators O7_10 erators O7_10

-—)
)




Rare B-decays and effective couplings: b = slt1~

_Cg_ _Cél_ _—)

Electromagnetlc (g) Chromomagnetlc (e)

pengum operator penguin operator
O 7y OSG

14 14

v/Z
Oou = Oy —
b w s “Ogy_104
(h) Semi- (f)

leptonic operators
Ogv—104



Rare B-decays and effective couplings: b = su™*u~

* Effective 4-fermion coupling:

10
Gr .
= thvts; c0;

e Standard Model diagrams:

Herr ==

Photon penguin:

b

Vector, Axial vector:

* Beyond Standard Model:

W/ ?

t/ ’)% +

Z/y/?

* Experimental test: Compare calculable C, coefficients to experimental data

- Sensitivity for NP in Wilson coefficients C,, C,, Cy




Very Rare B-Decays

0 + - }[eff - - \/E VCKM Z Cl Ol
B — u"u i
0 — SM — SM - —{ SM
By - utu Blopt i Bl iy Bl = '
- + A + +
B b O It b _— f b o [
SM: CKM and helicity B BY ¢ A B , ,
suppressed: very small B.R. W~
—> Axial vector coupling Cy, S e S s S W "
NP NP | NP
L. . b I
NP: Sensitive to new particles b - b H
via additional (C,,, C,, C,) 7 HO 40
couplings.
-2 eg.: Z', (pseudo-)scalars, ... Cio Cs G
q X q ! q L

2

dm 2m
BR x [VisVig? |(1 — —£) |Cs — CL° + |(Cp — C}) + =L
Mg B

(C10 — C1p)|?




Very Rare B-Decays 25
@a LHCb experiment
<Ly

Run: 101412 Event: 8681643
Date: 8 Sep 2011 Time: 16:04:18

Multivariate technique to
suppress Backgrounds.

* Detached vertex

* Muon identification



Very Rare B-Decays

0 +,,—
Bs,d —HH
* Very stron

ly
suppresseg in the SM

* High sensitivity for
physics beyond SM

e Hot topic for LHCb

X
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| &
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oo o oo
A~ L O 9

o 2 O
—_ DN W
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PRL 118 (2017) 191801
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—— Effective lifetime fit
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Flavour Physics and CP Violation

Contents:
1. CP Violation

a) Discrete Symmetries
b) CP Violation in the Standard Model
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3. Rare B-Decays
a) Effective Hamiltonian
# b) Lepton Flavour Non-Universality




B-decays and lepton universality

1) b — clv charged current: "Allowed” — large decay rates

2) b — sltl™ neutral current: “Suppressed” = rare decays

L

B+_)K+'u+‘u—
Bt > Ktete~

Rg

-- S
W

’ /Z . R _ B? o K™pru”

Y |=2/1 .Ii K* — BO N K*Oe+e_




RD and RD*

1) b-oclv: 0.42 — BaBar
—— LHCb combination
allowed charged current —— Belle 2019 SL By, T — | v ¥ (preliminary)
—— Belle combination 2019 (preliminary)
0.38- —— World combination 2019

BR(B = D™1v)
BR(B —» D™ uv)

R(D(*)) =

~ 3 —4 o deviation

S SM prediction P
----- Rp=0299+0003 | _.--~
b 0.22 Rp« = 0.258 £ 0.005
| | | | | |
0.20 0.25 0.30 0.35 0.40 0.45 0.50
R, R D

Potential large effect =2 Involves particles of 2"d and 3 generation




RK and RK* | Heb !
+7— 1.5 } o
2) b->sl™l
Suppressed neutral current T
= BaBar
4 Bell
O v Lﬁci Run 1
e LHCb Run 1 + 2015 + 2016
+ + ., +,,— -- SM pre(lijirr]:tion
= 0 5 10 15 20
S BR(Bt* - Ktete™) ¢? (GeV/ct)
b— e ufet ———— — —  —— ———————= ~3g fm——————————
,Ll_/e_ 20— Belle preliminary
. BR(BY->K*u*tu™) | Ry ¢
R(K™) = BR(BY -» K*e*te™) T
=104 — & ———
! 1 i
' - = BaBar
0.5- A Belle
o LHCh
m SM prediction
0.0 | | | |
Small effect =» Particles of 15t and 2"d generation 0 2 R 20
q° (GeV</c”)




Branching fractions of Rare Decays: b — s utu~

BT — Kt put ™ IHEP 06 (2014) 133 B° — K°uT ™ JHEP 06 (2014) 133 BT — K*tpuTu™  JHEP 06 (2014) 133
_WWLCSR ~ Lattice —&-Data

mE[CSR ~ Lattice --Data MMLCSR WMlattice e Data — 20 T

G L AL A AL BN AL BRI & ] N .
- - - 7 I + *+ -

> B> K'wu ] % B Ky 7 5 | B=>K wu
© LHCb § 9 LHCb 4 L 15 LHCb -
~ 1 < ’ © I ]

X 3 - X X 0k
i ST S i = 10F ™ B
o [t T4+ ] o o | i
= ’F +t 1 = = [ 1
I - N aQ 5 —
S . . + S - .
,-O 1_ ,.g‘ FO L
= 3 =

0' PSR SR SR R N SN T S NN SR SR TR S NN S S S SR S X Ly L L\ M BT SR - A I
= % 5 10 15 2 = 0 T 30 <= 0 5 10 15 20
i - ¢ [GeV¥cH ¢* [GeV¥c?] N q> [GeVci]
sk — —

i SR S A A L
C}: ' L L L q“ g LHCb Ni 1-65_ SM prediction =
3 LHCb ] E E B prec. 8 HE .,

M 1 % D = 12F
% 1 < sF s B
o | | 53 + N
5 oo h 1S ERERY _
3 —— ] ? 26 E T 0.4;—_P =
i :%élg_____l____l____l___g%o.z:—'__' _{_' LHCb 4
00 — ’:I') — l1IOl - l1l5l l20 % " > 10 15 (): — .]I() .1I5. — .2I():
2 27 .4
¢ [GeV?/cY] g [GeV/er] g* [GeV?/ ¢4

 Branching fractions related to b = s u™ u~transition consistently lower than predicted.



5

LHCb Run 1 +2016 ]

[u—

Variable P: in B® » K*%utu~
d

A,
T || SM from DHMV .
dr S I i B® - K*u*yu~ :
(B W |\ OF ]
\ :
b ut \ 2 . ]
-0.5 - n —
772\\< \ Sla gl T s
B \ o | AT B S
H \\ 0 5 10 15
* LHCb: Study angular distribution \ ~35 from SM ¢* [GeV?/ct]
of the produced particles \

PZ: count blue minus red:

Q= (cosHl,COSQIo(b)/




Global Fitof b » s utu~

4G 10 Weak Effective couplings: CI'F , CI\P
F
or == 5 Vewm ) Ci0:
=1 2.4

* Semileptonic Penguin operators:
09! 010

e Good fit for: C&'F = —CNF ~ —1
* New effective V — A contribution
 Suppressed b - s utu~ penguin

—1.61 — All Data

S —2.41
W
b n —24  —1.6 —038 ONOP 0.8 1.6 2.4
H Coy,
v/Z
Note: Suppressed¢ Depressed ‘u_

penguin penguin




1)

b-clv: RDIRD*
e ~25% effect at enhanced tree level

* Large effect > Large 3" generation couplings

0.42

—— BaBar
——— LHCb combination

—— Belle 2019 SL Brag T — | v ¥V (preliminary)
—— Belle combination 2019 (preliminary)
—— World combination 2019

0.26 . e Tweemt e il
A SM prediction )
~~~~~ Ry=0299+0003 | .-~
0.22 SM Rp. = 0.258 + 0.005
| | | | | |
0.20 0.25 0.30 0.35 0.40 0.45 0.50
» Ry,

Similar to Higgs couplings: large for 3" generation, small for 2"9 generation, tiny for 1%t generation.

2)

b—s l+l_: RKIRK*

e ~ 25% effect at suppressed penguin level
* Small effect; Small 2"¥ generation couplings

10p

CNP

2.41

1.61

0.81

0.0

—0.871

—1.61

—2.41

Weak Effective co

B i T e Yy

- ~

uplings: CNP, CiYP

= _ ,K,/‘ ------ ATLAS

i EE e N AU Belle
SM CMS

—————— LHCh

—— All Data
924  —16 —08 00 0.8 1.6 2.4
CNP
&)

=2 New particle perhaps has similar flavour structure as the Higgs?




Universality?

Asanas with Props | ~Indian Yoga

The ancient yogis used logs of wood, stones, and ropes to help them practice asanas
effectively. Extending this principle, Yogacharya lyengar invented props which allow
asanas to be held easily and for a longer duration, without strain.

YOGACHARYA IYENGAR IN SETUBANDHA SARVANGASANA
This version of the posture requires considerable strength in the neck, shoulders, and back, requiring years
of practice lo achieve. It should not be attempted without supervision

Russian Yoga...



Flavour Physics at high mass: GGL model

Totll?y \ — 14 hillion years
ife on eart .
* Effective New Physics operators point at left- Acgaloraton = JLoliionyeis. o
. olar system forms\ #iiie s mee o g E
handed vector coupling ———

Galaxy formation era\ \
Earliest visible galaxies - 700 miII’ion years

* New physics occurs above weak scale (~TeV)
« Before EWSB: physics that is invariant under R L
SU(3)e x SU(2), x U(1),
* Operates on massless interaction states

» 3 generation is special (eg. Yiop =1) Quark-hadron transition =4

Protons and neutrons forrm.cu »

* Glashow, Guagdagnoli, Lane (GGL) model: e
Operator for NP in 3" generation: Supersymmetr breaking [
— —_ Axions etc.? ‘

/ /

’ G (b’L yli b L) (T,L yﬂ TL) GraEllld uniflicagion tranlsition :
ectroweak and strong nuclear ‘

forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down



Where does GGL operator come from?

Totll?y \ — 14 hillion years
ife on eart e
e Glashow, Guagdagnoli, Lane (GGL) model: el 11 illion years
olar system forms\ ® e - @ .
operator for NP: ———
o — Galaxy formation era '-
° G (b,L )/M b,L) (T,L ’}/M Tl’,) Earliest visible galaxies\ - 700 million years
* Relate massive particles to massless states: Recombination s |-
e b =V&d+V4 s+ V&b and Vexm = (V¥V4Y),
rT,=Vie+ Vi u+Vsgt Vins = (VV'),,
 CKM Hierarchy suggests: _
cvd ~ Ul ~ d,l d,l .
Vaz = V33 =1 and Vi3 <37 «1 Uuark hadeon transion [

Electroweak transition

* GGL operator becomes:
* - — Electromagnetic and weak nuclear ’ 2
® G [VBdB V32d | V32 | 2] (bL yﬂSL) (‘LLL'}/I'L#L ) forces first differentiate

Supersymmetry breaking

* Large effect in 37 generation, small effect in - “*:’“s‘f:?'?t_ —
. rana unirication transition
2"d generation ficoratdogncen |
Inflation

Quantum gravity wall
Spacetime description breaks down




GGL operator — more general

. T ot{ay N 14 billipn years
* Allow effective operators that are SU(2) x U(1) ki
. . / ! Dark energy dominated\" e ri TR
Invariant: Q' = (t ) and L' = (VT) Solar system orm QR s =
. b’ T Star formation peak \&® 3 hilfion years _
* Singlet neutral current: Galaxy formation era\ y ~

Earliest visible galaxies - 700 million years
L

+ 05" = Gs (Q7, v, Q) (WLyHLY)
Recombination Atoms form

* Triplet neutral current + two charged currents: N e
o 0'1]\!P — GT (TL )/M O-IQII,) (IT’L )/'u O'IL’L) Matterdomin( ::

Onset of gravita

* These operators with CKM hierarchy “naturally”
give simultaneous explanation of: Quark-hadron iransition |

Protons and neutrons form.cu

* Rp, Rp~, charged current, 3" generation
Electroweak transition
* 2 large effect

Supersymmetry breaking

* Ry ,Rp=, b = s ,u+,u_,neutral current, 2"dgeneration e
* 2 small effect Grand unification transition ==

Electroweak and strong nuclear
forces differentiate

Inflation

Quantum gravity wall
Spacetime description breaks down




Which particle/field could it be?

* LFNU is currently a hot topic, many theory papers, see eg. arXiv:1706.07808 for overview.

R
e New gauge bosons ¢
Z W’ pu
b . 5
B° ) ) K B°
d d

* Best Single LQ model:

e Vector LQ U1(3,1,2/3)
e Scale of NP should be ~2 TeV
* Possible UV completions:

e Pati-Salam models SU(4)

* Lepton<—>4-th color

e SU(5) GUT

* 4321 model

* 5;&5S; etc, etc.

* Shine light on flavour puzzles?!

Oh my gosh....
)

g . /1‘ %
ba A

.
I'm so FREAKING exciten!!!

EXCITED FACE

mgmagengrator.neil
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Which particle/field could it be?

* LFNU is currently a hot topic, many theory papers, see eg. arXiv:1706.07808 for overview.

e New gauge bosons "
Z', W’

* Best Single LQ model:

e Vector LQ U1(3,1,2/3)
e Scale of NP should be ~2 TeV
* Possible UV completions:

e Pati-Salam models SU(4)

* Lepton<—>4-th color

* SU(5) GUT

* 4321 model

* 5;&5S; etc, etc.

* Shine light on flavour puzzles?!

Oh my gosh....
A

ba

I'm so FREAKING exciten!!!.

EXCITED FACE

mgmagengrator.neil

LQ relates charge of leptons to quarks!
Towards an understanding why
atoms are electrically neutral?




Recent: direct search for specific 3@ generation leptoquarks 4o

* CMS search for direct LQ production, e LQ production at LHC:
arXiv:2012.04178, 7 Dec 2020

b 'SinglelLQ” g ‘Double LQ”

Exclusion limit (98%): My, < 0.98 - 1.73 TeV m/
. b
(depending on the model parameters)
LQ LQ
g
g
4arx|v:2012.04178, Dec 2020 137 b (13 TeV)
< gc'MS " Obs. ('95% CL)I IExp. (95'% CL) | Pr;ferred b; .
3.55_](—0 —LQV§V+‘E LQ, --- LQV§V+1 LQ, Baglomalies _E
3E = — LQ,LQq, ----LQ, LQ, ~ (95% CL) =
- ---1LQ, -1 LQ,, -
2.5 s —
22— ,,,,, —_>
15 7 figeT ajowed < -
e E
0.5F =
- L0 | =
0 1.8 2 2.2

3
3
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Soon more news in Winter conferences...(“Moriond”




Conclusions

Today — 14 billion years
Life on earth —
* CP Violation requires three generations of particles. Acgeleration A 11 billion years -
* Does not explain the matter antimatter asymmetry in the Solar system form=\E
. Star formation peak &= 3 hilfion years
universe. Galaxy formation era\ \ o '
* LHC has not yet directly observed new massive particles. Eariiest visible galaxiosy———— 700 mi(jon years
* Forces are flavour universal across particle generations. Recombination sums o KSR
. . . . . d Matter domin(
Higgs is strongly non-universal, coupling mainly to 3" Onsetofgravi 5;
generation. - |

Precision measurements hint at the existence of new -
Quark-hadron transition

particles with non-universal couplings: PrOons and nEUNONS o

* LeptoQuark candidate; couples to q.uarks and leptons Eleciowoak wanciton |

* LeptoQuarks are a long sought particles that may address: ircos et anaromte
* The matter - antimatter asymmetry of the universe, L L

Axions etc.?

 Why proton has equal but opposite charge wrt electron.

Grand unification transition
Electroweak and strong nuclear N
forces differentiate

Updates expected in winter conferences. inflation

Quantum gravity wall

Spacetime description breaks down \
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Conclusions & Outlook Nik|hef

fois

e Why 3? = no antimatter?

e Non Universality = why 3?

e EWSB super interesting

e Flavour probes deeply into
quantum (CP,rare decays)

-LHQb%UpgfadeléthgradeZ

K Bejle2, e

,,,,,

Fermio

iggs field ,,. . s/
|

Leptonen




Thank You

Don’t be afraid to ask questions...
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a Bullclog’
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