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Several New Measurements- Many anomalies.

@ Measurement of CP violation in the up-sector ( NP 7).

Semileptonic B anomalies- Rp(.) and Rk puzzles.

Nonleptonic B decay anomaly: B — wK puzzle.

In K Decays: Re[%].
o (g —2), of the muon, (g — 2). of the electron(?).

CPVint~ = K 7%.,.

@ LSND, MiniBoone, Reactor... Anomalies.
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Are the Anomalies related?

@ Combined explanations of the CC and NC semileptonic B anomalies.
@ (g —2), and the semileptonic B anomalies: Constant FCNC coupling.

@ (g —2), and the semileptonic B anomalies: Loop induced couplings:
FCNC coupling ~ ¢°.

@ Loop induced couplings and effects in neutrino scattering (arXiv:1808.026
JHEP).

@ Combined framework for the semileptonic and nonleptonic anomalies
and effect on neutrino mass and mixing.
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Rp, Rp+, HFAG
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The average of R(D) and R(D*) measurements evaluated by the
Heavy-Flavor Averaging Group are

R(D)exp = 0.340 4 0.027 & 0.013,
R(D*)exp = 0.295 - 0.011 4 0.008.

According to 1904.09311

R(D)sm = 0.3000:002
R(D*)sw 0.25175-0%3

There are also measurements of g? distribution, FLD*, T polarization.
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.
Model independent NP analysis

At the my scale: SU(3)c x U(1)em

o Effective Hamiltonian for b — ¢/~ with Non-SM couplings. The NP
has to be LUV.

4GFV,
Heir = \';_Cb (1+ Vi) [69,PLb] [N Prvs] + Vg [ev*Prb] [Ty, PLui]

1S, [EPb][TPv] + Sk [EPRB] [TPLv] + To [0 PyLb] [IUWPLI//]]

The NP can be probed via distributions and other related decays. Recent
fit 1904.09311 find a good fit with LH interactions.

Other options viable: 1211.0348, 1704.06659,1711.09525,
1804.04135,1804.04642, 1804.04753, 1810.06597, 1811.04496...
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b — su™p~ Anomaly

aG,:

Heg(b — stl) = ~ on Vo Vis [Co (57" b1) (£vut)

+ Gy (59"bL) (tvuy®0)]
He(b — sv7) = j‘; VioVis G (uv"be) (77,1 = 1))
Het(b — s7*) = G @ (50, (msPL + myPR)b] F**
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Hadronic Uncertainties: Charm Loop effects: Ciuchini
et.al. 1512.07157

b — su™p~ can also receive corrections from non-leptonic operators
M = (K'u'u~|3bgq|B)
Gq — v* — ptpu~. There can also be resonant contributions
aq — J/Y = ptu
This long distance dominated contribution cannot be calculated from first

principle. There are factorization theorem for small g2 in leading order in
Mpeavy. But sub-leading corrections are not known.

_ H(q?)]
M = S’YMPLb[ E;Z )]m“u
H(qz) = a+b—2 .....

H(g?) ~ g* and you reproduce ACy from pure SM hadronic effect.
Alakabha Datta (UMiss) Joint Explanation of Flavor A li




Rk puzzle, Ratios of b — su™ ™ and b — sete™.

Rk =B(BT = KTutu~)/B(BT — KTete™)
The SM prediction of R}S<M =1+0.01

(e) (d)
These effects can fake a ACy but this is lepton universal and so cannot

explain Rk and Rk if g% > 4mi.
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Rk puzzle, Ratios of b — su™ ™ and b — sete™.

Rexpt _
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Recently, LHCb announced new Rk.

First, the Run | data was reanalyzed using a new reconstruction selection
method. The new result is

RE B 1 = 071773858 (stat) 201 (syst)
Second, the Run 2 data was analyzed:
Ri Run 2 = 092870052 (stat) £70029 (syst) .
Combining the Run 1 and Run 2 results, the LHCb measurement of Ry is
Ric = 0.84670,082 (stat)"go14 (syst) -

This is closer to the SM prediction, though the discrepancy is still ~ 2.5¢
due to the smaller errors.
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Figure: Comparison of the measurements of Rk« from LHCb with (left) SM
predictions and (right) BaBar and Belle.
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Rk and Rk« in the SM very close to 1 in the central bin and
Rk« ~ 0.92 in the low bin.
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Model Independent

The b — su™ ™ transitions are defined via an effective Hamiltonian with
vector and axial vector operators:

aGE

Hyg = VirVis Y (G20, + C,0L)
\/i a=9,10
Og10)y = [BVuPLbl[Ev" ()]

where the Vj; are elements of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix and the primed operators are obtained by replacing L with R.

The Wilson coefficients (WCs) include both the SM and NP contributions:

c) = a,SM + C‘sjl)\]p

Alakabha Datta (UMiss) Joint Explanation of Flavor A li July 18-20, 2019 14 /49



I
Recent Fits after Ry

Fits by many authors- recent ( 1902.04900, 1903.09617, 1903.10086,
1903.10434....) to all b — s/ observables: arXiv:1903.10086

Scenario WC Rx | RE™ | Rw | Pl | pull
() 0% ~110+0.16 | 0.78 | 0.84 | 0.89 | —0.50 | 5.6

() Gy = —Clgp | —0.53+0.08 | 0.76 | 0.76 | 0.86 | —0.70 | 5.3

Table: Best-fit values of the WCs (taken to be real), the predictions for Rk, R,

RI" and P., evaluated at these best-fit values, and the pull = 2 — 2
K 5 XSM — XSM+NP

for the global fit including all b — su™ ™ and Ry observables. For each case
there are 115 degrees of freedom.

Here NP effects only the muons.

Remember in the Rp.) puzzle also indicated LH NP interactions. This
gives a hint to connect the two anomalies.
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Interesting trend

Scenario Data Set WC
() Coep [ —0.82+0.28
b— sputpu~ | —1.17£0.18
(1 C(_%(IP = —Cl"o’fNP Ry —0.38 +0.11
b— sutp~ | —0.6240.14

Table: Best-fit values of the WCs (taken to be real) for separate fits including the
b — suT T or Ry observables.

@ Before new results there was overlap of NP in R, () and b — su™u™.

e Internal tension in Ry and b — su™u~ NP could indicate NP in
b— sete.

e NP in b — sete™ also indicated in low g? Ry« measurement.
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.
Model Building: Neubert: 2018 SUSY

Model building

B3

* Several (but not all) models aim at explaining all
anomalies, sometimes along with (g-2), (optimistic &)

[Bhattacharya, Datta, London, Shivashankara 2014; Alonso, Grinstein, Martin Camalich 2015; Greljo, Isidori, Marzocca 2015; Calibbi, Crivellin,
Ota 2015; Bauer, MN 2015; Fajfer, Kosnik 2915; Barbieri, Isidori 2015; Das, Hati, Kumar, Mahajan 2016; Boucenna, Celis, Fuentes-Martin, Vicente,
Virto 2016; Becirevic, Kosnik, Sumensari, Zukanovich Funchal 2016; Becirevic, Fajfer, Kosnic, Sumensari 2016; Hiller, Loose, Schoenwald 2016;
Bhattacharya, Datta, Guevin, London, Watanabe 2016; Buttazzo, Greljo, Isidori, Marzocca 2016; Barbieri, Murphy, Senia 2016; Bordone, Isidori,
Trifinopoulos 2017; Crivellin, Miiller, Ota 2017; Megias, Quiros, Salas 2017; Cai, Gargalionis, Schmidt, Volkas 2017; ...]

+ Rp and Rp+ require tree-level NP near TeV scale

# Rare decays b — s¢T¢~ (R, Rk, P5, ...) require
suppressed NP contributions

2
B3

If common origin: suppression either dynamically or by
means of a symmetry
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-
RK and RD(*)

Assuming the scale of NP is much larger than the weak scale, the
semileptonic operators should be made invariant under the full

SU(3)c x SU(2). x U(1)y gauge group. (Bhattacharya, Datta, London,
Shivshankara, 1412.7164) considered two possibilities for LH interactions:

G, =
O{VP = AT(QILWQL)( ”L/)
NP
NP G2 bl !
0, = N2 (QLWU QL)(L a'Ly)
NP
G

= o [20Q QDT L) ~ (@@ (T L)) -
NP

Here @ = (t/,b')T and L' = (v.,7')T. The key point is that ONF

contains both neutral-current (NC) and charged-current (CC) interactions.

The NC and CC pieces can be used to respectively explain the Rk and

Rp() puzzles.
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.
UV completion

@ UV completions considered by many authors e.g. L. Calibbi, A.
Crivellin and T. Ota, 1506.02661 considered possible UV completions
that can give rise to (’)f{g.

@ (i) a vector boson (VB) that transforms as (1,3,0) under SU(3)c¢ X
SU(2) x U(1)y, as in the SM.

o (ii) an SU(2)-triplet scalar leptoquark (S3) [(3,3,—2/3).

o (iii) an SU(2),-singlet vector leptoquark (U1) [(3,1,4/3).

e SU(2),-triplet vector leptoquark (Us) [(3,3,4/3)].

@ The vector boson generates only OéVP, but the leptoquarks generate
particular combinations of OM and O)NP.
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Models:

VB model: g?‘%, =g =05

.
allowed parameter space: 1609.09078, 1806.07403

Uy model: |n3 > =1

Z' models highly constrained. U; LQ is the favored model.
Alakabha Datta (UMiss)
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Predictions( Leptoquarks)

-
e May observe T(3S) — ut:
VB
Uq :

B(T(3S) — put) ~ 3.0 x 107°,

B(T(3S) = p7)|max = 8.0 x 1077 .

Belle 11 should be able to measure B(T(3S) — u7) down to ~ 107 7.

or b — sTu and possibly LFUV in B — 7y, Decays.

o & = = wa
Alakabha Datta (UMiss) July 18-20, 2019 21 /49
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e
Collider Search: 1706.07808

High-pT searches are concerned, particularly stringent bounds are set by
pp = 1T+ X

2 v2

(EL’YMbL) (%LWMTL) ) AO = Gl 4 G2 . (]-)

1
AﬁbbTT = T o
S
The present bounds on the EFT scale Ay were derived recasting different

ATLAS searches for 77 resonances, and read Ag > 0.62 TeV. Newer fits:
Ao = 1.2 TeV, which is well within the experimental limit.

Lepton flavor violating decays: gg — 7u ( 1802.06082, 1802.09822) or
gg — ttrp (1412.7164).

1 _
ALttry = A2 (tevute) (Toyusd) (2)
0
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e
Collider Search: 1706.07808

Z' (1,3,0) is strongly constrained(ruled out) unless width is large. Z’
(1,1,0) explaining only Ry is fine: Mz ~ 30 TeV.

[1§12.01560] AY

\

Vector LQ
1.5 2.0
My (TeV)

- _
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(g —2), and B anomalies

u b u
Ne(hY)? [ 4m? 5m>
Alg — 2\ = _ ip e e
(g )p, 167T2 3m%/ Qb 3m%/ QU 5 (3)
where N¢ = 3 is the number of colors, i = d,s, b and Qp = —% and
Qu = —% are the electric charges of the bottom quark and the U
leptoquark. Putting in the numbers for the muon mass, we find,
Ag-2)V = —14x 10 0(pVy (V) 4
(g—)“_—.x (iu) m_u ) (4)
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Add NP for (g —2),

e We try to solve. (g — 2), with a light mediator with mass around
50-200 MeV with mass below the two muon threshold.

@ Such light mediators are also motivated by the neutrino anomalies.

o Light mediators have also been motivated by the low g2 bin of Ry
with couplings to electrons.
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(g —2), and B anomalies: General Comments

Light Z’, Rk and (g — 2),, ( Datta, Marfatia, Liao)

The most general form of the bsZ'(S) vertex with vector type coupling is
Hoszr = F(q*)5y"PLbZ],,

Tree level or Loop induced: F(g?) ~ constant.

Loop Induced:F(g?) ~ g? : example conserved vector current.

In this case F(g?) # 1, it can be expanded as expanded as

2 q2
F(@?) = sy 4.
mi

when momentum transfer g% < m2B.

We assume Z’(S) coupling to electrons is suppressed and mz < 2m,,.
There are negative searches bump in X — p"p~ in B — KX and then
X = php~
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-
b — sZ', Constant Form Factor F(q?) =1

@ For Rk we have off-shell contribution : B — KZ™*(— putpu™) .

8bs8uu ~ 107° Mz ~ 100MeV .

@ There is contribution to Bs mixing which strongly constrains

gbs ~ 1077 — 1078

e SU(2) invariance = coupling to (v,£)]. If Z' couples to neutrinos
then B — Kvi is a 2-body decay.

BR[B — Kuvit] = BR[B — KZ'| x BR[Z' — v].

B — K®ui constrain = Ghs ~ 1079,
@ gy ~1 ( too large) = problem with (g — 2),, = gy, ~ 107%.
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What do we learn

If a light particle solves (g — 2), then the B anomalies (
neutral current) cannot be explained by a constant FCNC
b — s vertex

You need additional new physics to explain the B
anomalies. Maybe these new particles have some
interactions with the light states.
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I
F(q?) # 1 Loop Induced.

2
q _ -
Hsz/ =  &bs m2 S’}/“PLbZL (Hsz’ ~ Sfy“bﬁ”Z[w),
B

for g> << m3.

e Bs mixing constrains F(q*> = m3%).

e B = Kuiv = gps ~ 107° = g, ~ 107* and (g — 2), can be
explained.

Note,
2

3 — 1,

q2 — mz,

when ¢ >> m%,. So this low mass NP appears as ACgy from heavy
NP. So "all” observables, Rk and angular measurements are explained.
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.
(g —2), and B anomalies: Model: Dark Higgs

o A light scalar with coupling = ~ 4 x 10~ solves the (g — 2),..
@ Dark photon ruled out as solution to the (g — 2),,.

o Dark Higgs: Singlet field S.
Voortal = (1S + apS?)HTH

@ We assume S does not develop a v.e.v.

@ S mixes with Higgs and couples to SM fermions ~ g, 7
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.
(g —2), and B anomalies: Model: Dark Higgs

@ S is produced through the penguin B — KS,D — nS and K — 7S

@ For mg below muon threshold S decays to electron-positron pair and
diphoton with decay to electron-positron pair dominant for mg between
50 to 200 MeV.

e Constraints come from Bs — putu~, B — K + invisible, K — 7 +
invisible and beam dump experiments.

02\ 2 50MeV
CTs R~ 50m<00) 50Me
8+ ms
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my
v

.
(g —2), and B anomalies: Dark Higgs
g« ~ 107* cannot explain (g —2),: Require gy, ~ g. "2 ~

~4x107*

constraints.

Suppress the penguin and make S short lived to avoid beam dump
Alakabha Datta (UMiss)
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.
(g —2), and B anomalies: Dark Higgs in 2HDMII

Our model is an extension of the Type || 2HDM.

We extend this by adding a singlet scalar ¢, which couples to the Higgs
doublets through the portal interactions

Voortasl = A(HIHg + HIH,) ¢
+ | NHIHy + XaH Hy + Mg (HIHa + HIHL) [ 62

H, and Hy get vevs, but ¢ doesn't.

After electroweak symmetry breaking, then, the trilinear scalar couplings
mix the new scalar with the Higgs bosons of the 2HDM, and the quartic
scalar couplings contribute to new Higgs boson decays h — ¢¢ and to the
mass of the ¢.

Alakabha Datta (UMiss) July 18-20, 2019 33 /49



Physical Basis

In the physical basis ¢ — S.

1
Ls = 5(aﬂs) —fm552—sm9tanﬁz “rERs —
f=d,l
_ my - 1 .
sin HICOthZfoS - Z/‘QSF/UJFM )

2
sin9:—ﬁ sinG’:—2VA< mh).
m

% ’ m,27 2mH

The last term of is an S~ coupling parametrized by the mass scale m,.
This coupling is generically induced by heavy states, such as leptoquarks,
as will be discussed next.
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v
/
/
s, 7
/
i
v
u

o If coupling to photon is absent then (g — 2), requires

(g —2), in the Model

Y

u

sinftanff ~ 1

o We will require my < 1TeV which from 2HDMII fits could allow
tan 8 < 40.
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(g —2), in the Model
@ Assume my < 1TeV then we can choose sinf ~ 0.005 which corre-
sponds to sin @’ ~ 0.6.

@ Note sin @’ controls the FCNC penguin terms and cannot be made too
large.

@ This implies tan 3 ~ 200 which is ruled out for my < 1TeV from
2HDMII fits.

@ So additional contribution to (g — 2),, from the diphoton term is re-
quired.
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B anomalies and the Sy~ term

@ To solve the B anomalies we introduce the LQ U;.
@ The Sy is generated through the LQ triangle loop.

1 ]
Ly = =7 FLFU —mf U, 0" = b (Qur*Lit) Uu + Hec| —gmuSU,U"
()

=Yy

The U; LQ coupling to S has to be too large to generate the required Sy~
for (o — 2)
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Sy

Introduce additional LQ field.

1 v v _
Ly, = =3 FUFY — i Vi VI — [ B (Qr*Li) Vi + Hec.|

— gvmySViu V',
where for simplicity we add only leptoquarks with SM quantum numbers

(3,1,3).

@ Models: LQ maybe bound states of some confining dynamics. See e.g.
(1710.02140......)- So expect large multiplicities of states.

® (g —2), requires S decays dominantly to di photons and tiny BR to
ete.
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(g —2), and B anomalies

10. 0.1 1. 0.4
1. 1. s
- & do=10"°m
L 3z 5 z "
e E 0 Ms=100 Mev e ] 6=10"m
- = Ms=200 MeV < £ — d=10%m
0.4 10. — dp=10?m
0.01 100. 0.01 100.
20 40 60 80 100 50 100 150 200
tang Ms[MeV]

£
£ — BaKyy
2 — BoKyy
g
@ — Konyy

B — KU)yy ~ 107*. Some of the decay will look like B — K(*)y for
small mg ~ 50 — 100 MeV. L=
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-
B — Km- SM

In the SM the amplitudes for the four decays can be related by isospin.

The four decays can be represented by the following amplitudes:

Tl _ VaViea g 1€ 11T (o4 [Pewl 014
Pl = VoVae ~ 0 : :
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B — 7K puzzle

We begin by reviewing the B — wK puzzle. Including only the leading
diagrams the B — K amplitudes become

A+0
\/§A0+
A—+
\/§A00

_Ptl'c ’
~T'e" + Pie = Pay
~T'e" 4+ P,

/ /
_PtC_PEW'

In A%, PL_ and T’ have the same strong phase (PL, oc T’ , while P,
and Pj. have the same weak phase (= 0), so that P., does not contribute
to the direct CP asymmetry. This means that we expect

Acp(Bt — m°KT) = Acp(BY — = K™).
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Not only are Acp(B* — 7°K ™) and Acp(BY — 7~ K™) not equal, they
are of opposite sign! Experimentally, we have (AAcp)exp = (12.2 £2.2)%.
This differs from 0 by 5.50. This is the naive B — 7K puzzle.

Mode BR[10~°] Acp Scp
Bt — ntK° [ 23.79+0.75 | —0.017 +0.016
Bt — 7K™ [ 12.94 +0.52 | 0.040 =+ 0.021
B — = KT | 19.57 +0.53 | —0.082 + 0.006
BY — n°K°% | 9.93+0.49 | —0.01+0.10 | 0.57 +0.17

Table: Branching ratios, direct CP asymmetries Acp, and mixing-induced CP
asymmetry Scp (if applicable) for the four B — wK decay modes. The data are
taken from HFAG.
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Semileptonic and NonLeptonic

LQ solve the SL anomalies.
For the nonleptonic two kinds of NP are possible: Z’ and Diquarks (
1709.07142).

b—sZ' —b—sgqq b— gD(D — sq).

Consider a model with with triplet LQ (3,3, —1/3) and a color sextet
(6,1,—2/3) Diquark.

With the particle content discussed above, the most general interaction
lagrangian is given as

Line = =Y] LS i0a QF S5 = Y 5 dig Sp™* + u S5 S5y Sp7 + (h.c.),
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Colored Zee Babu Model

éSD

vi, + dkr _dgri dir diny v

Figure: The two loop neutrino mass generated by (3,3, —1/3) leptoquark and
(6,1,—2/3) diquark.

M = 24 YK Y 1 ] Y (6)

A consistent framework to address the SL, NL B anomalies and neutrino
masses is possible: 1905.04046
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Diquarks produce Mixing

Neutral Meson Mixing

*ij Yk/ _

Omix = dm2 g kafY‘ulpiR wlRleﬂv/)jR
S

The 90 % C.L bounds on the corresponding Wilson coefficients is then
given as:

Y*ll Y22

K° — K° —d_d _| <« 29x10°8
4\/§Gpm§
Y*ll Y33

BS — Bj —4_d | < 7.0x1077
4\/§G,:m§
o Y*22 Y33

BS — B —d4_—d_| < 33x107°
4\/§G;:m§

To be consistent with collider searches( diject searches).ms ~ 5 — 20_TeV,
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Nonleptonic Decays

The diquarks of neutrino mass generation can contribute to nonleptonic
b — didjdi and in particular B — 7K decays ( Giudice:2011ak ) and the
measurement of these decays put constraints on the model.

He = X dakvu(1+7°)ba ds 7y (1 +4°)ds s,

where the superscript d in X9 equals 6 or 3 corresponding to the color
sextet or the anti-triplet diquark. The greek subscripts represent color and
the latin subscripts the flavor. We have

d\/*d
Vevi

x4 =
2
4m5

i

where the Yukawa Y are symmetric for the sextet diquark and
antisymmetric for the ant-triplet diquark and we have assumed the same
masses for the diquarks.
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e
B — 7K

@ Since diquark couples to down type quarks we can have nonleptonic
decays of B and K mesons.

@ Since diagonal terms are suppressed many decays are highly suppressed.
For b — sdd( b — dsd and b — dds) transitions we have the following
Hamiltonian
Hip = X957u(1+7°)ba dsn"(1+1°)ds
+ X531+ 7°)bs dgy" (1 +7°) da,

with

d d

xd — _Y13Y1*2
N 4m2

S

d d

Xd _ _Y13Y2*1

¢ 4m§
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The only other unsuppressed transition is b — s5d( b — 5sd and
b — 5ds) which has the effective Hamiltonian,

’,L[gp = X9 Sayu(l+ ’ys)ba 357“(1 + 75)55
+ Xg §a”yﬂ(1 + ’75)[)5 dgV“(l + ’YS)SQ,

with
Xd _ Y2d3 Y
4m%
Xd Y2d3 Y
¢ 4m5

In this case at the meson level we can have the decays B — ¢7 and the
annhilation decays B — ¢¢. These decays are highly suppressed in the SM
and the observance of these decays could signal the presence of diquarks.

Constraints from neutrino masses makes these decays highly suppressed.
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Conclusions

@ Measurements B decays indicating lepton non-universal interactions.

@ Combined explanations: These anomalies may arise from the same New
Physics.

o Combined Explanations: (g —2), and the S.L. B anomalies

@ If true then new states like new gauge bosons, leptoquarks could be
discoved.

@ Combined Explanation of nonleptonic and semileptonic anomalies have
interesting implications for neutrino physics.
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