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The Standard Model

e Gauge sector of the SM entirely fixed by symmetry:
= Only a handful of parameters.

= Theory renormalizable and verified at the loop-level (oblique
parameters).

e Flavor sector not fixed by symmetry :

= 13 free parameters (masses and quark mixing) — fixed by data.
,Cy = —YEI/‘I)ER— Yd Qq)dR — Yu Q&)UR-i-h.C.

= These (many) parameters exhibit a hierarchial structure we do
not understand.
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The Flavor Problem

e Striking hierarchy = Flavor theory?
e Quarks and leptons mix in completely different ways.
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“Who ordered that?”
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e Assumption in the SM: the couplings of quarks and leptons with the
gauge bosons are flavor universal by construction (up to fermion mass
effects).

e A few cracks [~ 2 — 30] appeared recently in B-meson decays

= Violation of Lepton Flavor Universality (LFU)?

= To explain those observations (in both tree-level and loop induced
decays), one needs to go beyond the SM.
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LFUV in B Decays [pre-2017]
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o NEW (FPCP17): LHCb, Rp+ = 0.285(35).
e NEW: LHCb, R;/y = 0.71(17)(18). Larger than th. predictions (?)
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LFUV in B Decays [2017]

B(B — K*juu)

A = B(B — K*ee)

[LHCb, 1705.05802]
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TASK:

Using a large ensemble of flavor physics observables as constraints (such
as Z — U, W — lv, Bs — pp ...), we would like to build a model of New
Physics that can explain the so-called B-physics anomalies.

= This is a very difficult problem to solve because of the large amount
of experimental constraints!
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TASK:

Using a large ensemble of flavor physics observables as constraints (such
as Z — U, W — lv, Bs — pp ...), we would like to build a model of New
Physics that can explain the so-called B-physics anomalies.

= This is a very difficult problem to solve because of the large amount
of experimental constraints!

An important part of my thesis was dedicated to this issue.

= | showed that extending the Higgs sector is not enough.
[P. Arnan, D. Betirevi¢, F. Mescia, OS. 2017]

= Instead, the scenarios involving a leptoquark (LQ) boson can do the
job. Here | focus on Rk and R-.

[D. Betirevi¢, S. Fajfer, N. Kosnik, OS. 2016]
[D. Betirevi¢, 0S. 2017]
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The standard strategy of introducing a low-energy LQ boson cannot provide a
tree-level solution to Rk and Ry- without causing other problems (e.g., proton
stability and/or flavor constraints).
c.f. [D. Betirevi¢, N. Ko3nik, OS, R. Zukanovich. 2016]
[B. Fornal, B. Grinstein. 2017]

The only scalar LQ which does not disturb the proton stability predicts

RNE)) > RK( +» In disagreement with the LHCb findings.
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| showed that a peculiar choice of the Yukawa couplings can circumvent this
problem and explain Rx and Rg~ via loops:

_ ot
L = (9r)i QiALlRj + (91)ijuriA Lj +h.c.,

= We take gr = 0 and g1 # 0.

[D. Begirevi¢, OS. 2017]
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= This provides a viable explanation which can be tested experimentally,
e.g. through the direct searches at the LHC.
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e We are entering a precision era of flavor physics: maturity of LQCD
and unprecedented precision in flavor experiments.

e Collective effort in flavor experiments is/will be a guide to theory:
NAG62, BES-IIl and LHCb, and the forthcoming Belle-1I, KOTO,
(9 —2)u, Mu2E...

o Interesting hints of LFU violation in Ry and Rp):

= Use the experimental data to build a model of NP and verify its
validity in direct searches!

e Higgs Flavor Era around the corner?

Thank you!
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Flavor physics observables

Precision flavor physics: search of deviations w.r.t. the SM predictions

e Flavor changing charged currents: e.g. b — cTv

o Possible mostly due to the maturity of LQCD in determining the relevant
hadronic matrix elements (form factors, decay constants, bag parameters).

o Particularly interesting due to the deviations from LFU observed in B-meson
decays: B — Do (0 = e,p,7) and B — K™l (€ = e, p).
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Explaining Ry

Scalar Leptoquark Models [Becirevic, Kosnik, OS, Zukanovich. 1608.08501]

= Focus on NP couplings to muons only
[couplings to electrons are also possible, cf. Hiller, Schmaltz 2014 ]

SU(3)CXSU(2)LX U(].)y: N.B. Q: Y + T;s.
\ BNC Interaction WC Ri/RSM  Ry./RSM
(Bl | X dS Alg (Co) = (Cho)’ ~1 ~1
(3a2)7/6 v @AeR Cy = Cho >1 >1
3216 | v WAL (G =—(G) <1 > 1
(3,3)13 | X QCimT-AL  Cy=—Cio <1 <1

= No fully viable model. Triplet can be used, but further symmetries are needed
to forbid proton decay (see [Dorsner et al. 2017] for a GUT mechanism).
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LFU violation

(i) b— sputp™

e FCNC process:

b W= T b ~
—_— N NN — t 12
Vi Avi + W +
—_— NN S———— 1 z H+
3 w+ ut s

e Form-factor errors cancel out in the ratio = Extremely clean prediction.

B(B* — KT pup)
RK =
B(BT — K+tee)

M 1.00(1)
q2€[1,6] GeV?

[Bordone et al. 2016]
e 2.60 deviation observed by LHCb:

R3P = 0.74570 099 (stat) & 0.036(syst)
e 2.50 deviation in two bins for B — K*uu: [0.045,1.1] and [1.1,6] GeV?,
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BaBar had. tag
BaBar had. tag 0.332 + 0.024 + 0.018 ——
0.440 + 0.058 + 0.042 T Belle had. tag
0.293+0.038 + 0.015
Belle had. tag
Belle sl.tag
0.375 + 0.064 + 0.026 0.302 + 0.030 + 0,011 —_——
Average Belle (hadronic tau)
0.270 + 0.035 + 0.027
0.407 £ 0.039 + 0.024 —
LHCb
L I,
FNAL/MILC (2015) 0.336 + 0,027 + 0.030
0.299 + 0.011 LHCb (hadronic tau)
0.285 £ 0.019 + 0.029
HPQCD (2015) Average
0,300 + 0008 0.304 £ 0,013 + 0.007
S. Fajfer etal. (2012)
0.252 + 0.003
HFLAV HFLAV
L ‘ ‘ L L ‘ L ‘ L
0.2 04 0.6 0.2 0.3 0.4
R(D) R(D*)

e 3.90 combined deviation from the SM [theory error under control?]

e 2.2¢0 deviation if only Rp is considered.

e 20 deviation in Rj/g7?
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Theory Challenge

A SLQ Model for Rx and Rp [Becirevic, Fajfer, Kosnik, OS. 1608.08051]

We can also explain Rp if a new ingredient is added to the model
A/ = (3, 2)1/6: three light RH neutrinos vp.

[’Y = Yzfi’lz(l/ﬁ) de + Y,f QiA(l/G)VRj + h.c.
M_ b\/T_
A N
! I
N AN
Forb = ctv = |M(B—>D(*)g,/)|2:|MSM|2+|MNP|2_

NP SM L L
Naturally generates R, > R}(, if Yyl 2 \Ybﬂ .
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Theory Challenge

A SLQ Model for R and Rp [D. Becirevic, S. Fajfer, N. Kosnik, OS. 1608.08501]

We can also explain Rp if a new ingredient is added to the model
A/ = (3, 2)1/6: three light RH neutrinos vp.

Ly = Y;LZE(I/G) de + Ylf Q,’A(l/ﬁ)VRj + h.c.
M_ WT_
| A | A
| |
VA VAN

e Passed all flavor tests: B(Bs — ptpu™), B(B — Kpift)high 42, Ama,,
B(B — Tv), B(Ds — 7v), B(B — Kvv), B(B — Kur) etc.

e Many experimental signatures for LHCb and Belle-2.
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Explaining Ry

EFT approach

If the LFUV takes place at scales well above EWSB, then use OPE:

4G :
Heft = \/f Vi Vi | D Cilp) Oi(p) + > (Q‘(M)Oi + C{(M)Og)
=1 1=17,8,9,10,P,S,...

e Operators relevant to b — séf are

) = (57, Prcr) b) (27"0), 05 = (37 Pr(m) b) (Bv*7°8),
0Y) = (5Pg(1yb)(20), 0P = (5Pr(1yb)(Py50),

O = (50, Py b) F*

e To explain ReXp) < RSM ' one needs effective coefficients Cy, Cio.

K ()
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