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Introduction
The SM works!

Grinstein Anomalies in Flavor Physics October 21–24, 2019 2 / 22



Introduction
But there are hiccups

[T. Teubner, HC2NP 2019]
a$SM vs. a$EXP discrepancy

Results KNT18 update

KNT18 aSM
µ update [KNT18: arXiv:1802.02995]

Alex Keshavarzi (g � 2)µ 4th May 2018 43 / 45
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[Z. Pagel, HC2NP 2019]

Constraining BSM Physics

Dark photonsCombine with gμ-2 Dark axial vectors

Teppei Kitahara: Technion/Nagoya University, 2nd Workshop on HC2NP, September 27, 2019, Tenerife, Spain

Hunt for new physics in kaon decays
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�  discrepancy?ε′�/ε
[A. J. Buras, KAON2019] [Aebischer, Bobeth, Buras 1909.05610]

See Sachrajda, Cerdá-Sevilla, Gisbert talks 

[A. Rodriguez-Sanchez, KAON2019]
Updated ChPT

B
(1/2)
6 (mc) = 0.57 ± 0.19
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40% amplified“Bench mark”

Lattice ‘15

⌦IB
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⌦IB = 0
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[Updated, KAON2019]

weak scale dependence

NLO

NNLO QCD to EW penguin

("0/")SM = (5.5 ± 2.4) ⇥ 10�4
<latexit sha1_base64="yDZQvImCgxAj7f38jnlu0IEMuuc="></latexit>

("0/")SM = (13.0 ± 6.5) ⇥ 10�4
<latexit sha1_base64="aaQz3lP/b5qsdvjTXaf0Oc6J7tI="></latexit>

“Bench mark”

Error is still dominated by �B(1/2)
6

NNLO QCD to QCD penguin is also destructive 

[Buras, Gambino, Haisch '00]

[A. Pich, KAON2019]

Teppei Kitahara: Technion/Nagoya University, 2nd Workshop on HC2NP, September 27, 2019, Tenerife, Spain

Hunt for new physics in kaon decays
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New discrepancy? �  vs. CKM unitarity    Vud, Vus

2010

CKM unitarity requires � |Vud|2 + |Vus |2 + |Vub|2 = 1

There is 2.9 σ tension 
between fit result and 
CKM unitarity 

⇠ 1.4 ⇥ 10�5
<latexit sha1_base64="6Th5i3ThtoBf9+sF4ojygwDVxCQ=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRILERJKYKxgoWxSPQhNaFyXKe1ajuR7SBVURZ+hYUBhFj5DDb+BrfNAC1HutLROffq3nvChFGlXffbWlpeWV1bL22UN7e2d3btvf2WilOJSRPHLJadECnCqCBNTTUjnUQSxENG2uHoZuK3H4lUNBb3epyQgKOBoBHFSBupZx/6inLoOTXoa8qJgp77kJ1d5D274jruFHCReAWpgAKNnv3l92OcciI0ZkiprucmOsiQ1BQzkpf9VJEE4REakK6hApllQTZ9IIcnRunDKJamhIZT9fdEhrhSYx6aTo70UM17E/E/r5vq6CrIqEhSTQSeLYpSBnUMJ2nAPpUEazY2BGFJza0QD5FEWJvMyiYEb/7lRdKqOt65U72rVerXRRwlcASOwSnwwCWog1vQAE2AQQ6ewSt4s56sF+vd+pi1LlnFzAH4A+vzBwsalMQ=</latexit>

β-decay

B (K+ ! µ+⌫(�))

B (⇡+ ! µ+⌫(�))
<latexit sha1_base64="6wSdvO6Z38xCTVbrFsGyaCks2pQ="></latexit>

B
�
K+ ! ⇡0`+⌫(�)

�
, B

�
KL ! ⇡�`+⌫(�)

�
<latexit sha1_base64="GImRwVo6Y2irNYmLN/mJvOF40Mk="></latexit>

New physics?

Test of right-
handed current

[Crivellin, 
Hoferichter, TK, 
Passemar in progress]

[E. Passemar,  KAON2019]

[Czarnecki, Marciano, Sirlin 1907.06737]

2019

⌧ trap
n = 879.4(6)sec

<latexit sha1_base64="N6recrkOg8dUpFFs3AKvpy/pDP0="></latexit>

Γ(W → τ)/Γ(W → µ) : gτ /gµ = 1.034(13)
[A. Pich, 1310.7922]
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Lepton Universality Anomalies
Why we love LUV

This talk is about hints of deviations from lepton universality (a.k.a. “anomalies”) in
decays of heavy hadrons to leptons.

Is this ambulance chasing?
LHC has seen no BSM particles. We are in a phase of “leave no stone unturned”.
This has been used to secure funding for searches for long lived particles, axion-like
particles, light DM, etc. It seems to me its mandatory that we investigate hints of
deviations, and in fact they seem (to me) a better bet.
Why these rather than those in the previous slide?
There is no common thread to those in the previous page, no unifying theme other
than the possibility of NP at short distances.
And there is limited time for the talk and session.
Some of us find compelling:

I Several observables pointing the same way
I LUV observables are largely free from hadronic uncertainties (“clean”)
I Several experiments, same direction
I Simple/coherent explanation (1 or 2 EFT wilson coefficients)
I Additional (dirty) observables fit well with the same explanation
I Collection of results is more constraining: not everything works

contrast aµ (no offense)
I LUV: a real chance to address the flavor puzzle! to which I will return . . .Grinstein Anomalies in Flavor Physics October 21–24, 2019 4 / 22



Outline

b → s``, results, EFT, fits

b → c`ν, results, EFT, fits
Microscopic models

I b → c`ν
I b → s``

Conclusion
I yada yada
I Postscript: Towards a theory of Flavor

Left out much, eg, new observables

No recent updates

See, eg, Diego Guadagnoli talk Snowmass last week
LUV / LFV in meson and baryon decays – TH overview
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Anomalies in B decays?
First hints: The P′5 anomaly at low q2 (1 fb−1)

4-body decay
d(4)Γ

dq2 d(cos θl )d(cos θk )dφ
= 9
32π (I s1 sin2 θk+I c1 cos2 θk

+(I s2 sin2 θk+I c2 cos2 θk ) cos 2θl+I3 sin2 θk sin2 θl cos 2φ

+I4 sin 2θk sin 2θl cosφ+I5 sin 2θk sin θl cosφ+I6 sin2 θk cos θl

+I7 sin 2θk sin θl sinφ+I8 sin 2θk sin 2θl sinφ+I9 sin2 θk sin2 θl sin 2φ)

Grinstein Anomalies in Flavor Physics October 21–24, 2019 6 / 22



Anomalies in B decays?
b → sll

“RKanomaly” (FCNC!) RK = Br(B→Kµµ)
Br(B→Kee)

∣∣∣
[1.1,6]

LHCb CERN-EP-2019-043

where “[ , ]” means m2
µ+µ−

∈ [1.1, 6.0] GeV2

Old fig from LHCb, PRL113(2014)151601

RK = 0.846+0.060
−0.054(stat)

+0.016
−0.014(syst)

Tension with SM ∼2.5σ

(Here and below using:

Aebischer, et al, 19030434
Kumar, Kowalska, Sessolo, 1906.08596)

Other anomalies in b → sµµ
I Branching fractions B → Kµµ, Bs → φµµ
I Angular analysis B → K∗µµ
I Up to 4σ in pre-2017 global fits Altmannshofer and Straub ’14

I “Dirty”
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Anomalies in B decays?
b → sll

“RK∗ = Br(B → K∗µµ)/Br(B → K∗ee) anomaly” (FCNC)!
LHCb, JHEP 1708 (2017) 055

Compatibility with SM 2.1-2.3σ (low-q2) 2.4-2.5σ (central-q2)

Morerecently – large uncertainties and other regions Belle 1904.02440

RK∗[1.1, 6] = 0.96+0.45
−0.29 ± 0.11 RK∗[0.1, 8] = 0.90+0.27

−0.21 ± 0.10
RK∗[15, 19] = 1.18+0.52

−0.32 ± 0.10
Grinstein Anomalies in Flavor Physics October 21–24, 2019 8 / 22



Effective field theory approach to b → s`` decays

CC (Fermi theory):
b sWL L

c c

⇒ GF Vcb V
∗
cs C2 c̄Lγ

µbL s̄LγµcL

FCNC:
b

t

s

γ

WR L

t

b s

γ

R L

W

t

⇒ e

4π2 GF Vtb V
∗
ts mb C7 s̄LσµνbR Fµν

b

t

sWL L

t

Z, γ

l l

b sL L

Z, γ

l l

W

t
b sL L

ll

t

W

ν

⇒ GF Vtb V
∗
ts
α

4π
C9(10) s̄Lγ

µbL ¯̀γµ(γ5)`

Wilson coefficients Ck(µ) calculated in P.T. at µ = mW and rescaled to µ = mb

BG, Savage & Wise,NPB319 (1989) 271-290

K∗B

d

b s

l

l

Light fields active at long distances
Nonperturbative QCD! ⇒ LQCD
(sometimes)

Factorization of scales mb vs. ΛQCD

HQEFT, QCDF, SCET,. . .
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b → s`` theory: Hadronic complications

KB

d

b s

l

l

dΓ

dq2 =
G 2

F α
2|VtbV

∗
ts |2

1536π5 f 2
+

(
|C9 + C ′9 + 2

TK
f+
|2 + |C10 + C ′10|2

)
+O(

m4
`

q4 )

NP: (pseudo)scalar contributions, C (′)
S,P , have been

suppressed:
I SM-EFT ⇒ CP = −CS ,C

′
P = C ′S

I (Pseudo)scalars chirally enhanced in Γ(Bs → µ+µ−)

⇒ C
(′)
S . 0.2

TK = long distance contribution, from charm penguin
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B → K ∗``: RK∗

Theoretical interpretation in pictures
G. D’Amico, et al, JHEP 1709 (2017) 010

Li-Sheng Geng, et al, PRD96 (2017) 093006

Recall C SM
9 ≈ −C SM

10 ≈ 4.5

Figure shows δCi = CNP
i

Arrows: increasing δCi

Dots: intervals of ∆(δCi ) = 0.5

Central Value (RK ,RK∗) on blue line

Not C ′9,C ′10 (ie, not V + A)
µ vs e
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Anomalies in B decays?
b → sll

Aebischer, et al, 19030434
One example, but many more like this

Caveat: like most fits, assumes LCSRs for non-local TK(∗)

Grinstein Anomalies in Flavor Physics October 21–24, 2019 12 / 22



Anomalies in B decays?
b → sll

M. Beneke, et al, NPB 612(2001)25 (hep-ph/0106067)
A. Khodjamirian,et al, JHEP1009(2010)089 (1006.4945)

T. Blake,et al, Eur. Phys. J. C 78 (2018) no.6, 453 (1709.03921)
M. Ciuchini, et al, PoS BEAUTY2018 (2018), 044 (1809.03789)

More on the caveat

For small q2 the non-local (“non-factorizable”) TK is formally suppressed.
How small is it?

I Dominant in resonant region
I Fits used LCSR; suppressed strong phases
I Models of sum of Breit-Wigner resonances:

F small strong phases: agree with LCSR
F large phases: quite different from LCSR

I Parametrized ignorance approach: expand in powers of q2

F Fit to data
F Order of magnitude as expected
F “The constraining power of B → K∗µµ on New Physics (NP) is lost, as some coefficients

of the TK expansion are indistinguishable from NP contributions”

Grinstein Anomalies in Flavor Physics October 21–24, 2019 13 / 22



Anomalies in B decays?
Decays to τ

“RD(∗) anomaly” (CC) RD(∗) =
Br(B → D(∗)τν)

Br(B → D(∗)`ν)

“RJ/ψ anomaly” RJ/ψ =
Br(Bc → ψτν)

Br(Bc → ψµν)

Polarizations
PD∗
τ =

Γ(λτ = 1
2 )− Γ(λτ = − 1

2 )

Γ(λτ = 1
2 ) + Γ(λτ = − 1

2 )

FD∗
L =

Γ(λD∗ = 0)∑
λD∗=0,±1 Γ(λD∗)

R(D)
0.2 0.3 0.4 0.5 0.6

R
(D

*)

0.2

0.25

0.3

0.35

0.4

0.45

0.5
BaBar, PRL109,101802(2012)
Belle, PRD92,072014(2015)
LHCb, PRL115,111803(2015)
Belle, arXiv:1603.06711

) = 67%2χHFAG Average, P(
SM prediction

 = 1.02χ∆

R(D), PRD92,054510(2015)
R(D*), PRD85,094025(2012)

HFAG
Prel. Winter 2016

Excesses observed at more than 4σ

R-X Shi, et al 1905.xxxxGrinstein Anomalies in Flavor Physics October 21–24, 2019 14 / 22



Anomalies in B decays?
Decays to τ

Tensor Vector

Scalar-
Tensor

SM

SM: charged current, tree level

mτ 6= 0

Null hypothesis SM: p-value 5.56× 10−3

(or 2.7σ, down from 3.0σ(2018)).

Low energy EFT:

LLEeff ⊃ −
4GFVcb√

2
[(1 + ετL )(τ̄ γµPLντ )(c̄γµPLb) + ετR(τ̄ γµPLντ )(c̄γµPRb)

+ετSL(τ̄PLντ )(c̄PLb) + ετSR (τ̄PLντ )(c̄PRb) + ετT (τ̄σµνPLντ )(c̄σµνPLb)] + H.c.,

Linearly realized EWSB ⇒ ετR = εe,µR

Add also εPLντ → ε̃PRντ .
I No interference with SM ⇒ δΓ ∝ |ε̃|2 ⇒ Large ε̃ needed (as single WC)
⇒ tension with Bc -lifetime and large pT data on mono-τ

ετSL(ΛNP) = −4ετT (ΛNP) "scalar-tensor"; natural in e.g., some leptoquark models
I Large ετSL -ε

τ
T mixing in running Gonzlez-Alonso, Martin Camalich, Mimouni, PLB772(2017)777
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Anomalies in B decays?
Decays to τ

- Light (Dark) gray: Constraints from Bc -lifetime, assuming
Br(Bc → τν) < 10%(30%)

- Black continuous (dashed) lines: Constraints from LHC (projected
HL-LHC) high pT mono-τ data

Grinstein Anomalies in Flavor Physics October 21–24, 2019 16 / 22



Microscopic Models
o(102) papers on models; here, general observations Refs: apologies!

b → cτν: Tree level, . few TeV mediators; loop mediated only if M . vEW and no
CKM-like suppression (not flavor models)

W ′L comes with Z ′, troubled by FCNC’s (X 0X̄ 0 mixing) or τ̄ τ @LHC, or both
W ′R requires RH-neutrinos (ε̃R)eg, He et al 1711.09525, Babu et al 1811.04496, Greljo et al 1804.04642, . . .

LQs: . . . Asadi et al 1804.04135

I No dim-4 proton decay: Only R2, U1 & U3
I No dim-5 proton decay: Only R2 Assad et al, 1708.06350

Grinstein Anomalies in Flavor Physics October 21–24, 2019 17 / 22



Microscopic Models
b → sll anomalies

Refs: more apologies!

• Approaches:
Short distance: decoupling particles, heavier than EW, weak coupling (tree level)

I Z ′

F LUV: couple (typically) to Lµ − Lτ , strength gµµ
F FCNC: non-diag coupling to s̄b, strength gbs ; Bs -mixing ⇒ gbs/MZ′ < 5× 10−3 TeV−1

F B-anomalies: gµµ/MZ′ > 1/(3.7 TeV), or MZ′ < 13 TeV for gµµ <
√
4π

F Need to address LFV (eg, µ→ eγ) and other quark FCNC
I Leptoquarks: only S3, U1, U3 give C9 = −C10

F Only U1 gives Cν = 0
F U1 has no tree level proton decay
F U1 arises naturally in Pati-Salam

Non-decoupling, EW scale
I SM-EFT analysis does not necessarily apply
I Loop mediators Arnan et al, 1608.07832; Gripaios et al, JHEP1606(2016)083; Kamenik et al, 1704.06005

F LE Frogatt-Nielsen models?

I Composites, partial composites eg Gripaios et al, JHEP1505(2015)006

Long distance, lighter than EW Sala & Straub, 1704.06188, Bishara et al, 1705.03465, . . .
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Outlook, Conclusions, Wishful thinking
Generic flavor speaker motivation slide (or flavor paper introduction)

Explain origin of matter (ugh)
Why are there 3 generations
Why hierarchies of masses
Why texture of mixing matrices

SM does not explain, it parametrizes
Yet what we do after precise measurements and calculations, in light of hints of NP:

Fit to EFT
Map to simplified mediators
Invent UV completion that parametrizes flavor — much like SM ⇒ no progress!

What would a theory of flavor do?
One of these:

Differentiate among generations by their very short distance interactions, eg,
different representations of gauge group (or charges under Froggatt-Nielsen?)
Explain generations as excitations of composites (meaning: made of more
fundamental stuff, surely tightly bound, rather than the modern meaning made of
mixed fields)
??
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Consider, eg, the U1 LQ (vector in (3, 1)2/3

UV Completion:

Pati-Salam group:    SU(4)×SU(2)L×SU(2)R 

Fermions 
in SU(4):

QL
α

QL
β

QL
γ

LL

QR
α

QR
β

QR
γ

LR

Starting observation: the gauge theory proposed in the 70's to unify quarks and
leptons by Pati & Salam predicts a massive vector LQ with the correct quantum
numbers to fit the anomalies:

The massive LQ [U1] arise from the
breaking SU(4) → SU(3)C×U(1)B-L

The problem of the “original PS model” are the strong
bounds on the LQ couplings to 1st & 2nd generations
[e.g. M > 200 TeV from KL → μe] 

Main Pati-Salam idea:
Lepton number as “the 4th color”

s

d

μ

e

U1

Toward a UV completion: the PS3 hypothesis

Interesting recent attempts to solve this problem adding
extra fermions and/or modifying the gauge group 
[Calibbi, Crivellin, Li, '17; Di Luzio, Greljo, Nardecchia, '17]

G. Isidori –  New prospects for BSM physics                                                                  HC2NP 2019, Tenerife

Three generations of fermions (identical gauge group reps)
added. Masses and mixings much like in the SM

Plain vanilla PS model: bounds on the LQ couplings to light
generations require M > 200 TeV

Possible to solve this problem adding extra fermions and/or
modifying the gauge group

[Calibbi, Crivellin, Li, ’17; Di Luzio, Greljo, Nardecchia, ’17; Fornal, Gadam, BG, ’18 ]

Pati-Salam group:    SU(4)×SU(2)L×SU(2)R 

Fermions 
in SU(4):

QL
α

QL
β

QL
γ

LL

QR
α

QR
β

QR
γ

LR

Starting observation: the gauge theory proposed in the 70's to unify quarks and
leptons by Pati & Salam predicts a massive vector LQ with the correct quantum
numbers to fit the anomalies:

The massive LQ [U1] arise from the
breaking SU(4) → SU(3)C×U(1)B-L

The problem of the “original PS model” are the strong
bounds on the LQ couplings to 1st & 2nd generations
[e.g. M > 200 TeV from KL → μe] 

Main Pati-Salam idea:
Lepton number as “the 4th color”

s

d

μ

e

U1

Toward a UV completion: the PS3 hypothesis

Interesting recent attempts to solve this problem adding
extra fermions and/or modifying the gauge group 
[Calibbi, Crivellin, Li, '17; Di Luzio, Greljo, Nardecchia, '17]
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Still not a theory of flavor!
But there is hope: some models are being proposed, eg, PS3 model
Slide from: Bordone et al, Phys.Lett. B779 (2018) 317-323

ψ1

PS1
ψ2 ψ3

ΦR
12  Φ

L
12   

Ω12

ΦR
23  Φ

L
23   

Ω23

Σ1 H3

ψ3

ΦR
ℓ3  Φ

L
ℓ3   

Ωℓ3

H3

PS2 PS3

SM1+2

ψ3

SU(4)3  

Ωℓ3

H3SU(3)1+2

ψ1,2,3

SM H3

 ψ1,2 ψ1,2

 ψ1,2

SU(2)L×U(1)'

    → WL' +  WR' [~ 5-10 TeV] 

→ LQ [U1] + Z' + G' [~ 1-5 TeV] 

PS3

YU = 
            

            yt

 Δ       V 

⟨Ωℓ3⟩

Λ23

⟨ΦR
ℓ3Φ

L
ℓ3 ⟩

(Λ23)
2

Below ~ 100 TeV
U(2)5 flavor symmetry

(but for link fields)

Sub-leading Yukawa terms
from higher dim ops:

The PS3 model
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More hope: For loop mediators, a Froggatt-Nielsen-like model has been proposed

BG, Pokorski, Ross, JHEP 1812 (2018) 079
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And this is why we love LUV

The End
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