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NS
Physics beyond the Standard Model?

Many good motivations for BSM physics

@ origin of EW symmetry breaking & naturalness

origin of flavour (hierarchies)
dark matter & dark energy

°
@ baryon asymmetry of the universe
°

... but no discovery yet!

@ LHC searches in impressive agreement with SM prediction

Are we following the wrong guiding principles?J
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A vast variety of new physics models

Many new physics models on the market. ..

... but which is the correct one?
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A vast variety of new physics models

Maybe LHC will still give us some idea!

v

p =

But is it a grapefruit or an orange?

Check its flavour! |
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What if. ..

But maybe LHC will leave us with. ..

Is there still something hiding?
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What if. ..

But maybe LHC will leave us with. ..

Is there still something hiding?

> Could we detect it in flavour violating decays?
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B
Flavour in the Standard Model (SM)

Flavour and CP violation in SM described by CKM matrix

d d Vud Vs Vb d
Sl =Vekm | s | = [ Vea Ves Va s
v b Via Vis Vin) \b

Unitarity implies V, V5 +V_ V3 +V,,Vj; = OJ

> Unitarity triangle

Rb — VudVJb
VeaVeb
g, = |Vidi
VchJZ (0,0) (1,0)
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Precision determination of CKM elements

Tree level decays: flavour changing charged current interactions

@ direct sensitivity to relevant CKM element

@ small impact of new physics contributions

model-independent determination of CKM matrix as a
standard candle of the SM J
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Flavour changing neutral current processes

strongly suppressed in the SM > high sensitivity to BSM contributions |
@ loop factor

CKM hierarchy

chiral structure

GIM mechanism (CKM unitarity)

CKM hierarchy predicts specific pattern of effects in the SM
ViVig ~5-1000 < VitVig ~ 1072 < ViV ~4-102J
~——" —— ——

K system B, system Bgs system

> K decays in general most sensitive to BSM physics
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BN
A glimpse at the zeptouniverse

Tree level flavour changing Z’: BURAS ET AL. (2014)

o K — mvr decays sensitive to
scales up to 2000 TeV if left- and
right-handed FV couplings are
present

Mz = 500 TeV

v) (10"

o (fine-tuned) cancellation of effects -

v

— ke
in K9 — K9 mixing required &
@ new physics reach of B decays @
lower by an order of magnitude o 5 10 15 20 25 30
(~ 100 TeV1) B o7t
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New Physics — but what next?

Discovering a trace of NP in flavour observables would be exciting!

e

However it leaves us in the dark about its origin.
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Dechiphering NP in flavour observables

Goal: understand the origin of NP flavour violation

> identify pattern of correlations

/ N\

> measure as many observables as possible J

correlations within given meson correlations between different
system give information on BSM meson systems allow to draw
operator structure conclusions on underlying flavour
(chirality, vector vs. scalar etc.) symmetry

(MFV, NMFV, U(2)? etc.)
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Recent anomalies in the flavour sector

itter \ ;é{?? !

SPORT.<ns '
1 :

Sauerkraut

t ] erfrischend sauerliche Note ‘ i

@ tension in CP violation in K — 7w decays

@ 4.10 anomaly in semi-tauonic B decays
@ various consistent 2 — 30 deviations in b — su i transitions
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Direct CP violation in K — wm decays

anomalous CP breaking
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NN
g’ /e in the SM

simple phenomenological expression:

 Im(ViiVia)

Re(e'[2) = st 107+ <—3.6 +21.4BY% 112 10.4B§"‘/2>)

Ap: QCD penguins As: EW penguins

@ large cancellation between Ay and As amplitudes
@ hadronic matrix elements from the lattice

B —o057+019  BP? =0.76+0.05

consistent with large N, bound Bé1/2) < B§3/2) <1

@ new lattice results coming soon

NLO: (1.9+4.5)-104 (11+5.1)-107* )

NNLO: coming soon!
> 2.90 tension with the data! (a bit less with lattice value for ReAo)
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Message from a wise man

¢’le anomaly is the largest
anomaly in flavour physics !

—
S

(A.J. Buras)
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NN
e’ /e beyond the SM

New physics can induce large deviations from SM in ¢’ /e

@ in the Littlest Higgs model with T-parity (LHT)

@ in simplified models with flavour changing Z or Z’ couplings

@ in 331 models

@ in supersymmetry

@ in vector-like quark (VLQ) models

@ model-independently
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e’/e and K — wvw in simplified Z and Z’ models

Modified Z, LH scenario Simplified Z, A} = 1, A} =05
R : ook e e
@ B = 057,85 =076
14r — BY™ =076, By = 0.76 r
(12 _ | gOm _ [
12 OB =18 =1 12
10+ 4
8

BR(K,, - 7°w) [107""]

@ B{™ =057, B =0.76

0 BY™ =076, B =0.76
= BB
20 25 5 10 15 20 25
€/e [1074 €/e [1074

@ tension in ¢’/e can be removed

o large effect in K — 7%v — suppressed or enhanced, depending on
NP coupling structure
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The K-Unitarity Triangle

Unitarity Triangle from kaon decay observables

P
KUT 2015
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BN
The K-Unitarity Triangle

Unitarity Triangle from kaon decay observables

3.5

&
’
3.0 st.h/ Eexp
25
BR(K"—»n"w)@2o

200
B £le@lo
Mis

£'le@2a

p
KUT 20257
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Quo vadis kaon physics?

Understanding the ¢’ /¢ anomaly

@ establish tension by more precise calculations of relevant hadronic
matrix elements, and independent confirmation

e measurements of K; — 7’v and K+ — 77 vw branching ratios

@ improved SM predictions by more precise CKM determinations
(|Veo|, also )

@ lattice determination of long-distance contributions to K+ — nTvis
and AMg

5 Pattern of observed deviations from SM will give
a clear picture of the NP scenario at work
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The b — cTv anomaly

anomalous trees
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Semi-tauonic decays B — D®)rv

Test of lepton flavour universality (LFU) in semi-leptonic B decays

B(B — D®rv)
(*)) — _
R(DY) = B( ©w) (L=e,p)

] S A S R ' ] @ theoretically clean, as hadronic
8 r Belle, PRD92,072014(2015) Ay’ = 1.0 contours 9 — . .
Z sk LHCh PRLIIS 11805C01%) 3 uncertainties largely cancel in ratio
| 'RD94,072007(2016) 2 4
C 11612.00529 F 1
041 3 @ measurements by BaBar, Belle, and
0.355— ) . —f LHCb (R(D*) onIy)
03 e @ 3.90 tension between HFAG fit and
E . E SM value
025F - ]
%2 03 04 0.5 0.6 @ supported by recent RJ/w
KO measurement (LHCb)

Note: anomaly mainly driven by leptonic 7 decays
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NS
Effective theory for b — cTv

Model-independent description by effective four-fermion operators

Ov, . = (" Pr, gb) (71, PLv)
4G VL.r Y IL,R Tu
e = —75%5 > cj0; Os, n = (€Py.rb)(FPLv)

J Op = (EU‘WPLb)(’T'J#VPLU)

SM: tree-level W* exchange > Cy, = 1, Cizv, =0

BSM scenarios:
e charged Higgs contributions > §Cg, , # 0
@ new charged vector boson W' > §Cy, , # 0
@ (scalar or vector) leptoquark > §C; # 0 (depending on model)
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Global fit of Wilson coefficients

! ’
CSRV CSL CVRV CVL
: ™ ) X
t 1
6
1-
4.
\ 0 S
2
0- I
\ -2
-2
—3[ -
-4
A=1TeV Ly A=1TeV
8 -6 -4 -2 0 2 4 -2 -1 0 1 2
Cs cy,

> good fit for 6Cs,, ~ —6Cs, # 0 or 6Cy, # 0
but rather large NP contribution required
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NS
Constraints on NP explanations

Scalar models (0Cg,, ~ —dCs, # 0)
o large B, — TV decay rate, in tension with B, lifetime

e issues with differential ¢° distribution in B — D71v

Vector models (0Cy, # 0)
e tension with 7 — pv and Z — 0/

Generally: watch out for SU(2); symmetry
@ strong constraints from bb — 77 at ATLAS and CMS

e large impacton B, — 777, B — Kr7, B — K"ui etc.
@ contributionsto ¥ — 777 and ¢ — 777

> NP resolution of R(D®™)) anomaly chaIIengingJ
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Semileptonic b — s transitions

anomalous penguins
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The b — su™p~ transitions and LFU
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The b — su™p~ transitions and LFU
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Theoretical description

b — sfT¢~ and b — sy transitions described by effective Hamiltonian

4G

Hesr = — 73

ViiVis 1 6 5 Z Ci0y+C;0})+h.c.

where the operators most sensitive to new physics are

br) bi(r) {r br(t)
>w - >< -
SL(R) SL(R) LR
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BN
Sensitivity to Wilson coefficients

Complementary sensitivity

' ¢ ¢ Cg})
B — X7 X
B — K*vy X
B> XJt- | X X X
B K®ete— | X X X
By — ¢l X X X
Bs — utp~ X X

o different observables constrain different operators
@ global analysis can be used to resolve ambiguities

@ apparent deviation from the SM in one observable can be
cross-checked in related modes
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Hadronic uncertainties in B — K® ptp—

B — K* form factors non-factorisable corrections

-
A VA

T i Y s

@ ‘“charm loops” at low ¢? and
broad c¢ resonances

@ from lattice QCD and
light-cone sume rules
@ dominant uncertainty, no

@ systematic improvements
systematic theory description

possible

> construct observables in which these uncertainties cancel
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Clean observables

Optimised observables P;, P/
@ describe angular distribution in B — K*utp~
@ designed to be form-factor-free at leading order

@ still susceptible to non-factorisable corrections

Lepton flavour universality (LFU) ratios

B— K@ty
Ry = 1133((3:)) K(*)’lé+5_)) (and similar for other f.s. mesons)

@ theoretically extremely clean
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Global analysis

—— Rk
Ric

—— LFU observables
b — spp global fit

> consistent fit for CNP

—1, non-zero CNP NP

~ 4 — 5o deviation from SM

M. Blanke

0
ReCY
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Yet not quite global experimentally

> dominated by LHCb — we need independent cross-check!
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Who ordered that?

The usual suspects: Z’ and leptoquarks

M

o tree level NP competing with SM one-loop diagrams
@ constraints from B, — B, mixing can be accomodated

@ potential relation to (¢ — 2), anomaly
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I
Loop induced NP?

Large Cg'P as model-killer
> new contributions to Z penguin (e.g. in the MSSM) don't yield
required NP pattern — also no LFU violation

Viable setups
e 7' penguin effect

@ box contribution

di /! I
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A combined resolution of the B decay anomalies?

@ several attempts to attribute the B decay anomalies to
a common NP origin

e SU(2) singlet vector leptoquark appears most promising:

> evades stringent constraints from B, mixing and b — svv
> B, life-time under control

@ such leptoquark is predicted from Pati-Salam gauge group
Gps = SU(4) X SU(Q)L X SU(Q)R

Model building challenges
@ generate flavour non-universal LQ couplings

@ avoid re-introduction of constraints due to additional particles
present in UV-complete model
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BN
Quo vaditis B decays?

Understanding the B anomalies

@ establish experimental measurements
> investigation of potentially underestimated systematics
> independent cross-checks
> study further related observables

@ improve theoretical predictions
> form factors
> non-factorisable corrections
> viable New Physics models

@ identify deviations also in other LFU and LFV observables
> LFV p and 7 decays
> tests of LFU: (g —2),,, K — (m)fv, T decays etc.

if anomalies persist, we expect
New Physics in the reach of the LHCJ
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NS
Summary & outlook

@ Currently, flavour physics offers the most intriguing hints for the
presence of New Physics!

@ The present anomalies in €’ /e, semileptonic b — s transitions and
LFU observables require further experimental and theoretical
investigation.

© If eventually confirmed, their New Physics origin can be disentangled
by complementary measurements in the flavour sector, but also in
high-pr searches.
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