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Flavor Anomalies: B-decays in the SM

b — skt
@ Loop and CKM suppressed

@ Lepton Flavor Universal
(LFU)

b — clv

o Tree-level decay

e LFU (at amplitude)
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Flavor Anomalies: b — suu u

Pg: Angular observable in B — K*puu, defined to reduce hadronic
uncertanties [Descotes-Genon, Hurth, Matias, Virto, 1303.5794]
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How reliable are SM predictions (hadronic uncertanties)?
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Flavor Anomalies: b — suu
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@ Very clean SM prediction of LFU
@ R(K) from 2.60 now at 2.50 from SM

@ R(K™) from Belle compatible with SM but also with previous
measurements
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Test of LFU

[M. Prim (Belle), Moriond EW '19]
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b

Flavor Anomalies: b — suu u

Combining all 1504 b — s¢¢ measurements: Global fits still match
data significantly better than SM (pull > 50)

3
Relevant operators:
2 4
Og(;) = [§’y'“PL(PR)b] [@yﬂé} ' : ‘ - f:t’:j;:)
O10 = [59" Pob] [(,75¢] =39 "
. 25 o @
Good fit to data (1D): ©
o Cg = —Cyp (purely LH) -1 ~ 2D
o Cg only 5
o Go=-G [1903.09578]
[Aebischer et al. 1903.10434] _3
[Algueré et al., 1903.09578] 33220 o 1 2 3

Cop
Here: LFUV NP only
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Flavor Anomalies: b — sppu: L_
N

Good fits also for LFUV+LFU NP
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Flavor Anomalies: b — cTv
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Test of LFU

@ All measurements above
SM prediction

@ Clean SM prediction of
LFU

@ World average now from
3.80 to 3.10

[G. Caria (Belle),
Moriond EW "19]
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Flavor Anomalies: b — cTv

Br[B. — J/V 1]

R(J/V) =
(J/¥) Br[B. — J/V uv]
LHCb R(JA)
LHCb-PAPER-2017-035 ——
0.71 £ 0.17+ 0.18
SM predictions

PLB 452 (1999) 129
arXiv:hep-ph/0211021
PRD 73 (2006) 054024
PRD 74 (2006) 074008
Range 0.25- 0.28
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Measurement above SM prediction
(consistent with R(D(*)))
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Flavor Anomalies: Takeaway

e Hints for LFUV in

o b— clv (CC, 7 vs u/e)
o b— stl (NC, pvs e)

o Newest experiments still neither proof nor disproof LFUV
o Solid theory for R(D™)), R(K*))

e Slight tension b — dup and b — utv, consistent with
b — sup and b — cTv

@ Tensions in LFU observables: Reduction of hadronic
uncertainties in SM predictions needed (P5', B; — ¢up)
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Explaining the Anomalies u

@ 10-20% effect required at amplitude-level
b — skt
@ Small NP contribution sufficient
@ Possible models: Z’, loop-effects from heavy scalars/fermions,
Leptoquarks
b — cTv:

@ Large NP contribution needed
@ Possible models:
o charged scalars
= Too large B. lifetime and problems with direct
searches/q?-distributions
o W
= Strong constraints from direct LHC searches
e Leptoquarks
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Explaining the Anomalies: Combined Explanation

u

The Vector Leptoquark SU(2)-singlet is a prime candidate to
address both anomalies simultaneously:

Left-handed (i.e Cg = —Cyp) effect in b — supu
Left-handed vector current in R(D) and R(D*)
No tree-level effect in b — svv

No proton decay

Originally arising in the Pati-Salam model
[Pati, Salam, Phys. Rev. D10, 275 (1974)]

Pati-Salam does not work at TEV-scale (K — mue,
K, — pe) = Challenging UV-completion
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Vector Leptoquark: Possible UV completions u

e SU(4) x SU(3) x SU(2). x U(1)y + vector-like fermions
[Di Luzio, Greljo, Nardecchia, 1708.08450]

e SU(4) x U(2), x SU(2)r + vector-like fermions
[Calibbi, Crivellin, Li, 1709.00692]

) SU(4)3 [Bordone, Cornella, Fuentes-Martin, Isidori, 1712.01368]

e SU(4) x U(2), x SU(2)r including scalar LQs and light
right-handed neutrinos [Heeck, Teresi, 1808.07492]

o SU(B) [Matsuzaki, Nishiwaki, Yamamoto, 1806.02312]
@ SU(4) x U(2) x SU(2)g in extra dims [Blanke, Crivellin, 1801.07256]

@ Composite LQ model [Barbieri, Murphy, Senia, 1611.04930]
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Explaining the Anomalies: Combined Explanation

u
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Phenomenology u

b — crv: Only (b7) and (Zv,) couplings needed

— LHC exclusion from

pp — TT [Faroughy, Greljo,

é
—
/

mbocrylo Kamenik, 1609.07138]

mb-crv2o .
— QCD corrections

g 194
. B R excluded | HC bounds
W By-ttTT [Aebischer, Crivellin, Greub,
excluded
1811.08907]
— LHC
excluded
0 O 0
| ki= |0 0 ko3
-15 -10 -05 00 05 10 L5 00 r

&
T . __ Br B—K™uy
[Crivellin, Greub, Miiller, FS, 1807.02068] Ryl = g kmpige, < 39 (2.7)
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Phenomenology u

(Cvr)-coupling also induces (57)-coupling = Generates
loop-effects:
b s

”
Vi

T = Large effect in b — s77:
Enhancement of Br[Bs — 77] by ~ 103
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Phenomenology u

(Cvr)-coupling also induces (57)-coupling = Generates
loop-effects:
b s

= Effects in (7
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Phenomenology u

(Cvr)-coupling also induces (57)-coupling = Generates
loop-effects:

b s

= Effects in (7 and Gy
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Loop-Effects in (7 and Gy

0.f -10.055
—0.5} 0.035
Cg)fsh C?b
—1.} 0.015
X ={D®, J/w}
—1.5¢ —0.0056
1.00 1.05 1.10 1.15 1.20 1.25 1.30

R(X)/RX)sm

b — sy: —0.01 < (7 < 0.05 = perfect agreement
[Capdevila, Crivellin, Descote-Genon, Matias, Virto, 1704.053402]

This only explains flavor conserving quantities (like Pf), but not LFUV
like R(K™).

[m] = = =
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Phenomenology _

Allow b — sy at tree-level with small couplings to address R(K(*))

T

1.4 Thanks to B. Capdevila for model-specific fit!
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Phenomenology _

Allow b — sup at tree-level with small couplings to address R(K(*))

v
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1.4¢ 7\ 'l' + Thanks to B. Capdevila for model-specific fit!
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Conclusion u

e Vector Leptoquark singlet is a prime candidate to address
the flavor anomalies

e LFUV in b — sl and b — clv experimentally still not
(dis)proofed

e Global fits show that LFU+LFUV NP is compatible with
the flavor anomalies

o Explanation of R(D™)) requires a generic flavor structure:

o Huge b — s77 enhancement = Strong predictions
o Sizable loop-effects in b — s¢f and b — svv

o Explaining R(D™) with the VLQ leads to the right size in
loop-effects
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Observable [ Experiment [ SM [ Prediction

Br[Bs — 77] < 6.8 x 10~3 (LHCb) (7.73£05) x 107 | O(10~%)
< 2.1 x 1073 (LHCb) _s 4

Br[By — 77] (7.73 4 0.5) x 107 (Belle) (2.2240.2) x 10 0(10~%)




