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ﬂ Where we are in particle physics?

0 What is flavor physics?
@ Flavor in the Standard Model of Particle Physics
@ Flavor beyond the Standard Model

e The flavor anomalies
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Where do we stand in Particle Physics?

@ We have a fundamental theory that explains almost all experimental data!

Standard Model (SM) of Particle Physics J .

@ ...and the Large Hadron Collider (LHC) to directly explore the shortest scales
ever probed (A ~ 1073 fm) ...

> E ~ h/A: High-energy physics » E = mc?: New & heavy (TeV) particles!
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Discovery of the Higgs! (2012)

» Produced at the LHC! > Mass of the Higgs ~ 125 x proton mass

197 10" (8TeV) + 5.1 " (7 TeV)
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2013 Nobel Prize in Physics|
Frangois Englert

and
Peter W. Higgs

Major milestone of the LHC and completion of the SM! J
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Physics Beyond the Standard Model?

@ Compelling empirical facts that the SM do not explain. For example:
» What is the astrophysical & cosmological dark matter?

R (x 1000 1y)

@ Theoretical problems about the values and quantum stability of the parameters...
» Why is the Higgs mass so much smaller than Mp;,,. ~ 10'8 GeV?

" " » Quantum corrections quadratically
sensitive to mass of new physics

" 46%3; " (M2 = (m)? + y“;" e (/\I%ewphysuﬁ..) J

Strong motivations to search for TeV-scale New Physics
Super-Symmetry (SUSY) J
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Physics Beyond the Standard Model?
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Status: March 2019 JLdt=(32-139) ! V5=8,13TeV
Model Gy Jetst EN fraqe) Limit Reference
T T T
DD G + 870 den s ve mi [ws e oo o
'ADD non esanant 17 2y 7 |we B5Tev Teroner
40D oK X G wo |mw s9Tev piord
ADD B i 3 o7 step = - 32 fw 821V s eass
5D 81 et =3 - 36 | assTev iz essn
RS1 G = 77 D w7 [ aaev e
BUK RS Gex mticral 1 |Gueness 2010 o0
BUK RS G WAV/22  anae S e e s con 201800
T canumve e [meme a8Tev Fim = sh 040825
Tew 22b53) Yoo %1 |kkmss raTev T 11, A 1) =1 ey
SSM 2ep - - 139 |z 5ATeV 1903.06248
s [ e 2027ey Tusonaee
R R i 21Ty g5 azen
Tew ibzUBYe %1 |mes 20ev [ o
5 e ver 788 |wmss seTev LS coNE 2018017
T v mr |wenes arTev o1 ease
WV WY qgmedd8 Den 2o - @ = LS coNF 20100
HYT V' WhZh mocklB  mutihanrel w1 |V 290mav o i
LRSH W - 16 it chammel 1 |wenses 25TV 030473
Clagag — e - wo |a ZaTeV msomrer
Clitay sew - = i [a 0TV n, | v
cleee sen 262 ve  ®1 |n 28770y e o1 gesos
Axabvecirmedor DO 0ey 1-41 Yes 301 | Ty [T RT YRR R
Coloreascalar modito DracOM) 0 1-4] Yes 31 [Wa TerTev 10 ) - 16ov pitip
Wy EFT (o 0N oei 1usl ve 32 [m: 0Gev 0 T8 2
Soalrreson. 6t (DIRCOM) 01 ep 19,010 ves 38 _|mp aTev eacosm=aey | imaiore
2o 22 ve wr |tome TaTev ooz sy
2h k2 ve w1 | STV ,. o0 00577
poe oo 2 P [ ooy e 1202 @00
SEaarios g Oles 2b v %1 |wimss 0Gev s~ e) w2 w0
VIO T~ HZgWo < X matichamel w1 | ] Sut1 st s
VIOBE S WiZt X | mutichamel 1 | 134 Tev Sui st o ases
$ Tl e x TSIy e 01 (e ToaTev (1 el | e iees
VO Y Wb X Teu ZIBZU vee %1 |wmes TesTev B cx iz
VIO o L X oenly T10ih Ve 7oa |wme T2y aanas ALAs conF 018 081
VI3 0 Waiky Yol TR e s
xctedquaq - a5 TR vy e A rtq) | mScoN e
Exctedqua g - av oo %7 pedrpAL s 0t
Excted quark i b TS T jresto
Excted epion sen - =3 A-one prisye
Excted pion Sewr - - aa Aoien by
Type i Soesaw Ten =2 ve 78 |wemam ss0cev [rerT———
LRSH Mjorana v EYA TR e 32w s marios
Wogsupet it 234eS) - - ®1 |Wessss ey wcton o
ggs i o Bewr - - 203 |Ae——CH idems s
Mitanared parices ! DR e 12700 Ot o - o aers
aonel monopies - 7o st Orpccton it = g0, sonvz [ s conns
L L

n
=y
10 ! 10 Mass scale [Tev]
“Only a solecton ofthe available mass lmits on new statas or pheromena isshowr.
Smatradius (farge-racius) jots aro denoted by the lttr ).

No new particles found at the LHC J
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Physics Beyond the Standard Model?

Jan 2019 CMS Preliminary
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Precision SM calculations agree with high-energy data. .. )
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Physics Beyond the Standard Model?
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Physics Beyond the Standard Model?

Summary

Overwhelming majority of particle-physics
experiments agree with the SM predictions
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Physics Beyond the Standard Model?

@ Except for a few remarkable exceptions ...

Flavor Anomalies

“Coherent set of tensions” with SM in
decays of “B mesons” in “charged leptons”

Violation of symmetry of interactions for
different leptons (“lepton universality”)

> Example: B — K*utp~ vs. B— K*ete™ > The Ak~ anomaly”

e 12,

ety
o L
Lepton pair & W
Zboson i ask ]
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B meson K* meson LHCb Preliminary
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@ Other persisting “anomalies”: like muon’s (g — 2) or proton charge radius
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What is Flavor?

Gell-Mann and Fritzsch (1971)

“Just as ice-cream has both colour and
flavour so do quarks.”

Only three quarks known at the time up,
down and strange.

Extended to leptons.

» 3 almost identical families of “Matter” (fermions)

* “Neutral leptons”: Neutrinos
* “Charged leptons™ e, u and 7
* . “up”, “charm’, “top”

* : “down”, “strange”, “bottom”

» “Identical”: Same “charges” of the gauge forces
(e.g. electric charge)

» “Almost”: Different masses!

J. Martin Camalich (IAC) The flavor of the fundamental interactions March 21st 2019 6/20



Flavor Physics in the Standard Model

Yukawa sector of the Standard Model
—Ly = (_]L YpdrH + C_]L Yuunf:/ + Z[_ YeegH + h.c. J

» Fermion mass generation: H — vev + h0

» Yukawa matrices diagonalizable

my O 0

My=| 0 me 0 |=vevxL] YR,
0 0 my
my 0 0

Mp = 0 ms 0 |=vevxLl YpRy
0 0 my

@ Cabibbo-Kobayashi-Maskawa: Flavor violation in W™ (charged-current) coup’s

VCKM = LLLd l
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Flavor Physics in the Standard Model

Yukawa sector of the Standard Model
—Ly=q.YpdrH+ QL YUuRf:/ + Z[_ YeegrH + h.c. J
The CKM Matrix:
d' e U ey d
| = Ve Vo Vi s
¥ ), \Va Ve Vo b )

@ The CKM are very hierarchical (almost diagonal matrix)

Quarks

Charge
+2/2

0.22438 £0.00044 0973591500010 0.04214 £ 0.00076

0.97446 £ 0.00010  0.22452 £ 0.00044  0.00365 = 0.00012
Vern =
0.008067000023  0.04133 4 0.00074  0.999105 = 0.000032
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The CKM unitary triangle

@ Complex and Unitary matrix = Parametrized by 3 angles and 1 CP phase

Im ViV + VeaVen + ViaVin = 0

n(1-A%12)

Unitary Triangle
Unitary relations: Triangles in complex plane

Few parameters compared to thousands of
processes they describe — PDG

1
Lo L
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; X&/
i
; B
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@ Experimental sources of the “UT”

O—'ff(i

Jure Zupan, arXiv: 1903.05062
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The CKM unitary triangle
@ Complex and Unitary matrix = Parametrized by 3 angles and 1 CP phase

Im ViV + VeaVe + ViaVip = 0

ST L7 — - Unitary Triangle
é“ @X’z, Unitary relations: Triangles in complex plane
H 4
; Few parameters compared to thousands of
§ B N processes they describe — PDG
0 p(1l)f/2) ro

@ Flavor Physics has become a very mature field
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The CKM unitary triangle
@ Complex and Unitary matrix = Parametrized by 3 angles and 1 CP phase

Im ViV + VeaVe + ViaVip = 0

nA=A22) f——— - Unitary Triangle
é“ @X’z, Unitary relations: Triangles in complex plane
H 4
; Few parameters compared to thousands of
§ B N processes they describe — PDG
0 p(1l)f/2) ro

@ Flavor Physics has become a very mature field

pasnssms ‘{ 2018
\‘z’-md &am,

Kobayashi - Maskawa -~ L

P
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The SM Flavor Puzzle

@ CKM and mass matrices: Parametrizations of flavor phenomena in the SM

Strong hierarchies in masses and mixings (PDG)
my, = 0.0022(5) GeV Moy = 173.0(4) GeV J

Sty

<Y
‘u . x1
«® 6
‘ w0
RS &

@ Specific values of light quarks seem “tuned” (Anthropic arguments!)
@ Origin of CP-violation
@ Why does Nature need three generations at all?

Where is “flavor” coming from?J
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Testing the Standard Model with Flavor Physics

o Effective field theories
» Add all operators consistent with symmetries and matter content
> Infinite terms? NO if there is a mass gap Axcwphysics > vev

@ The classic example: Fermi theory for 3 decay!

8. "

n

> Size of coupling contain info about A

Gr = 1.1663787(6) x 10~5GeV 2 ~ L J

My

LFermi = %(pn)va(éI/)v,A J

Standard Model EFT (A > View) suchmuier s wyer 88

Generic New Physics

1 i
Lsmerr = Lsm + KOE/SV) 4 e Z O’(G)
i
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The Flavor Changing Neutral Currents (FCNC)
@ Theorem: FCNC are “Loop-Suppressed” in the SM!

The Penguin DiagramJ

@ Powerful probes of new physics!
@ Prototypical example: Neutral-meson mixing

sk Lo+ (QQ)(QQ)
SAuv

104F

&
) i .
w w .
o
> >
>

10'F

Ay [TeV]

Y

<E>
(s—d (G—d (b—s) (c—u
Amg, ek Amg, sin23  Amg, Ay D-D

Generic bounds without a flavor symmetry
M. Neubert at EPS 2011
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The experimental landscape in flavor physics

@ Very exciting times in Flavor physics!

@ Hadronic Machines: Huge Statistics vs. Large backgrounds
LHCb and ATLAS and CMS (CERN)

@ Electron-Positron colliders: Small statistics vs Clean environment
SuperKEK-B and Belle 2 (Japan)

') ——— e
s o> R
iernes SuperKEKB
e SU o

bl
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The Flavor Anomalies

[
Tensions in the Standard Model
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LFUV in charged currents: b — crv

-
v = (). — =
Ry = 262077 7 \where (=e
D(*) B(B—D)¢- 1) )
o T T T e
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T = Belle, PRL118.211801(2017) R(D)=0.300(8) HPQCD (2015) B
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035F
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025F
02F,
0.2
) . ! ) .
3elle Hadronic tag, leptonic 7 Semileptonic tag, leptonic 7 Hadronic tag, hadronic 7
BaBar:  Hadronic tag, leptonic 7 LHCh leptonic 7 hadronic 7

@ Several tensions in two decay channels by three experiments

/\New—Physics ~ 3 TeV J
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EFT of new-physics in b — cTv
@ Form factors: Decays difficult to predict because of strong interactions

Leptons do not feel the strong force
Form factors should cancel in ratios! J

» The SM + 5 New-Physics operators

“V — Awas the key”, S. Weinberg

@ New-Physics Scale is 3 TeV —- New-Physics is accesible at the LHC!

K Ay & ATAS u ONS @ LHC © HLLHGGo) A [TeV]

» Collision of heavy “sea quarks” ©43 2 1

e €L -
——k— €R
Crossing symmetry R Sa—

Vector

/;D Q P =
Bbs ¢ \ XT — Tensor
{g T I € \ R
Vv - F

Scalar -Tensor

00 02 04 06 08 10 12

Phys. Rev. Lett., Greljo, Martin Camalich & Alvarez-Ruiz ler]
€r
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Lepton-universality in Flavor-Changing-Neutral-Currents: b — s/~
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@ Other “anomalies” in ~ 100 observables of the b — su™ ;= mode
» Consistent tension with the SM at close to discovery (50)!

ANewahysics ~ 30 TeV J
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Are we really on the verge of discovering new physics?

» New stron-neutral particles: Vector triplet > New strong-interacting particles:
w', z' Leptoquarks S, U¥
w,d o+
u,d v~ u,d v, (=
w'z' v

' e !
d v, Y s .

, !

u,d

Ao

-
H* HAY
) v

@ Extra bounds from low energy

Pk

» Z' exchange at tree level > LQ exchanges at loop level

b
b

z "
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The fate of the Flavor Anomalies

@ If confirmed Flavor anomalies would lead to a new revolution in
Fundamental Physics

The new analysis of Rk is expected to be announced tomorrow )

@ LHCb and Belle II, but may more experiments doing specific studies
@ ...and heavy involvement of ATLAS and CMS looking for the new particles!
» Also important in shaping the future experimental program in Particle Physics

European Strategy 'v)
for Particle Physics

13-16 May 2019 - Granada, Spain
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@ LHCb and ATLAS and CMS

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 203+
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Concluding Remarks

Flavor physics was instrumental in discovering and shaping the SM
Nuclear 3-decays: Discovery weak interactions and neutrino
Rare Kaon-decays: Discovery of the charm quark

Kaon decays: Discovery of CP violation —> Discovery of 3 generations

Flavor physics in the 21st century: A powerful field for discoveries!
Addresses very fundamental theoretical questions
Strong experimental program extending for the next two decades

Strong interplay with other areas: Cosmology, Neutrinos, Collider Physics,. ..

Discovery of CP violation in
announced TODAY by LHCb!
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