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Outline of Talk

@ In recent times there have been some anomalies in B decays that indi-
cate lepton non-universal new physics.

@ These are in semileptonic b — c7v; transitions: Ry puzzle.
@ These are in semileptonic b — s¢/ transitions: P{ and Ry puzzles.

@ There are also other anomalies involving the muons- the (g — 2),, and
the proton charge radius fro muonic hydrogen.
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Outline of Talk

@ Discuss A, — A7 can further constrain NP parameter space in
Ry
D(*)

@ | will focus on simultaneous explanation of the Rp(.) and Rk anomalies.

@ Recent work shows how future measurements can distinguish among
the models.

@ Possible connection between Rk, (g —2), and large neutrino NSI.
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Ry puzzle
D

Asu = Ve (D) e (1 = 39)blB(6))] 73,01 = 39
B(B — Dt~ 1) B(B — D**r~ ;)

R(D) = R(D*) =

B(B — D+i~1) B(B — D*+ (=)
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Model independent NP analysis (See for example: Datta,
Duraisamy, Ghosh)

o Effective Hamiltonian for b — ¢/~ 7; with Non-SM couplings

4GFV. B _ B _
Her = \;{" (1 + V1) [ev,PLB] [W*PLv] + Vg [ev*Prb] [I7,PLv]

+5, [EP.b] [TPv] + Sk [EPRb] [TPLv)] + Ty [0 Pyb] [I_JWPLV,]]
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Helicity Amplitudes

In B — D**7=, and B — D7, decays we can think of the decay as
product of Hadronic and Leptonic Helicity amplitudes.

Asy = Hul* = H,g"L,

= Z [Hueh] [Loes]
A

= > Hil,
A

= ) Amp(B — DXIW) x Amp(W; — (7;)
A

NP modify the SM helicity amplitudes and adds new helicity amplitudes(
Scalar, Pseudoscalar, Tensor).
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B — D®7ru_in SM

The helicity amplitudes and consequently the NP couplings can be
extracted from an angular distribution and compared with models.

If we observe 7 decay then we can measure 7 polarization.
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Interesting Facts

(]
1 R(D)e
RE?te = 2 1%P —130+0.17
R R(D)or 30 +0.17,
; R(D*)e
RE2te = 2= %P _12540.08.
R R0 o 5+0.08
o If NP is just V — A then
expt ) Rexpt
Rratlo — |1 + VL‘z ratlo =

SM SM
RS RS

@ In this case the distributions are just scaling of the SM distributions.
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Other Decays: A, — A.7, Measurements

@ NP can be constrained from other processes: B. — 7~ v;, J /YT Uy,
b — TvX(LEP), Ap — A7, decays have the same quark transition
as RD(*)-

@ Measurements in Ay, — A7, can further constrain the NP parameter
space. (Datta:2017aue, Shivashankara:2015cta).

B[Ap — NcT7]

R(A
(Ae) B[Ny — NLivg]
RRatio — R(AC)SM+NP
c R(/\C)SM

@ Ap — A form factors are calculated from lattice QCD (Datta:2017aue,
Detmold:2015aaa).

Alakabha Datta (UMiss) March 28, 2017 9 /44



Constraints from B Decays

0 REe [ REte M,
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Rfeto = 1.3+ 3 x 0.05

Ratio
Rp

REeto mTs,

- R/}Egtio

Only g present

Only gp present

Imig,]

Only g, present

Only ge present

Im{ga]

Imigr]

Only gy present
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b — sutp~ Anomaly

Heoi(b — stl) = f/g’“ Vio Vis [Co (317"bL) (P,.8)

+ Cyo (517*be) (tvuy0)]
Hot(b — sup) = C\VFGF ViV, €, (57"b1) (7u(1 — 7¥))
Het(b — ctv) = 455 Vo Cy (€7 br) (Lrvuve)
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¢ in BY — K*utp~

1 d¥(r+n)
d(Fr +T)/dg®> dq?dQ
9

= - %(1 — F) sin? 0 + Fy, cos? 0
+%(1 — F) sin® 0 cos 20,
—Fy, cos? 0 cos 26; + Sz sin? 6 sin? 6, cos 2¢
454 sin 20 sin 20; cos ¢ + Sg sin 20, sin §; cos ¢

+‘§‘AFB sin? 0y cos 0; + Sy sin 20, sin O sin ¢

+Sg sin 20 sin 26, sin ¢ + So sin® 0 sin2 0 sin 2¢] .
(1)
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Optimal observables. When Ek is large, small g2, in leading order in SCET

these observables are free from form factors. Corrections are ~ O(ELK)

2 2 2
Exe = 2,;(8 Exy ~ mg,
when g2 small.
253 )
Pp=—"2 = A
YTa-R) T
py== [TB
2T 31-F)’
— S,
py— 29
T a-R)’ (2)
P/ _ S4,5,8
45,8 FL(]. — FL) )
Pl
6 F(l-F)
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LHCb and Belle

o F T T T 3 o T T
i3 LHCD E i3 LHCD
1 55 SM from DHMV 1 1 sM from DHMV
Eo1 ] —
F s ] ¥
T + E E
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.
Charm Loop effects: eprint: 1006.4945

b )

(d)
Even away from the resonance region there are diagrams with the
/\2
soft-gluon are suppressed by —252 when g? << 4m?. These are the
c
unknown power corrections.
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Rk puzzle

@ Ry: The LHCb Collaboration has found a hint of lepton non-universality.
They measured the ratio Rx = B(B* — KTu™p~)/B(BT — Ktete™)
in the dilepton invariant mass-squared range 1 GeV? < g? < 6 GeV?
and found

REPt = 0.74570:9% (stat) 4 0.036 (syst) .

This differs from the SM prediction of RPM = 1 + O(10™*) by 2.60,
and is referred to as the Rk puzzle.

@ This measurement is theoretically clean. Several models for the P{
anomaly can also explain Rk.
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@ There are several fits to NP for all the b — s¢* ¢~ observables (Descotes-
Genon:2015uva, ...). Perform a model-independent analysis of b —
50*4~, considering NP operators of the form (30b)(£0'¢), where O
and @’ span all Lorentz structures.

@ One of the preferred operator that can reproduce the experimental
value of Ry and other observation is of (V — A) x (V — A) form:
(517,bL)(€1y*€L). This corresponds to ACY = —ACY,

@ Remember in the Rp.) puzzle also indicated LH NP interactions.

@ This gives a hint to connect the two anomalies.
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LFV from LUV

e Glashow, Guadagnoli and Lane (GGL) stressed that the NP responsible
for lepton flavor non-universality will generally also lead to lepton-flavor-
violating (LFV) effects.

o (Biubl) (A" l)
NP
where G = O(1), G/N3p < G
@ When one transforms to the mass basis, this generates the operator
(bryusc)(ficy*ue) that contributes to b — 5ut ™. The contribution
to b — SeTe™ is much smaller, leading to a violation of lepton flavor
universality. GGL's point was that LFV decays, such as B — Kpue,
Kut and BY — pe, ur, are also generated.
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-
RK and RD(*)

Assuming the scale of NP is much larger than the weak scale, the operator
of GGL should be made invariant under the full SU(3)c x SU(2); x U(1)y
gauge group (Alonso, Grinstein, Camalich). (Bhattacharya, Datta,
London, Shivshankara) considered two possibilities:

o = A2 = (QUyu QLML)
NP
OF = (o' AT’ L)
NP
G aul YUl /i /
= 2 20T L) — (@ QL)) -
Avp

Here @ = (¢, b)) and L' = (v.,7')T. The key point is that ONP
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

Crevellin considered possible UV completions that can give rise to O{‘f’;

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

e (ii) an SU(2),-triplet scalar leptoquark (S3) [(3,3,—2/3).
e (iii) an SU(2),-singlet vector leptoquark (U;) [(3,1,4/3).
@ SU(2),-triplet vector leptoquark (U3) [(3,3,4/3)]

@ The vector boson generates only (99”3, but the leptoquarks generate
particular combinations of ONF and O} .
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Couplings

The four models contribute differently to ONF and ONF:

VB @ gg=0, g@= —ggagfﬁ , &> can be positive or negative ,
3

S o g1=3g221|h§§’2>0,
1

Up g1=g2=—§|h%/3§|2<0,

3
Us : g1=-3g= —§|h3u33]2 <0.
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N
Models: Bhattacharya, Datta, Guevin, London, Watanabe

Transform to the mass basis:

U;_ = UUL, diZDd[_, E/L:LEL, V/L:LI/L,

The CKM matrix is given by Vexy = UTD. The assumption is that the
transformations D and L involve only the second and third generations:

1 0 0

D = 0 cosfp sinbp
0 —sinfp cosfp
1 0 0

L = 0 cosf; sinf;
0 —sinf; cosf;

VexmD! = UT
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I
SM-like vector bosons

This model contains vector bosons (VBs) that transform as (1,3, 0) under
SU3)¢c x SU(2). x U(1)y, as in the SM. The coupling is to only third

generation. In the gauge basis, the Lagrangian describing the couplings of
the VBs to left-handed third-generation fermions is

Ly = gy (QL3 Vo' QL3> Vi + &y (Z/L3 Vo' L/L3> 78

g vgev — —
E(\eff 1 (QL3’Y“U QL3> (LL3’YMUIL/L3) :
v
g1=0, g=-gyey.

The VB model also generates 4 quark and 4 lepton operators that

contribute to Bs mixing, 7 — pup e.t.c. Variation of this model with more
parameters.
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@ When one transforms to the mass basis, two new parameters are intro-
duced, 9D, 9L-

@ The NP contributes to b — sutpu™, b — sviv and b — ¢t~ . These
contributions are give functions of g1, g, 0p, 6;.

@ Another decay to which all four models contribute is 7 — up(n, n').

e In addition, the VB model contributes to other processes, such as B?-
B? mixing and 7 — 3.

S

@ The experimental measurements of, or limits on, these processes pro-
vide constraints on the NP parameter space.
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) 2

We fix Ayp = 1 TeV and assume a common value for 2g3\3/gg’\?}, !h‘g’i ,
3312 332

|h?|” and \hU3} .

We apply all the experimental constraints to establish the allowed region
in the (0p, ;) parameter space.

If there is no region in which all constraints overlap, the model is
excluded.

For the models that are retained, we predict the rates for other processes
based on the allowed region in parameter space.

Since this region can be different for different models, it may be possible
to distinguish them.
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Models: allowed parameter space:
Ry ~ sinfpcos Op sin® 0,

VB model: giy = giv = V0.5 S5 model: P2 = 1

80 ' s Es
8 4
()
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.
Models: allowed parameter space

VB model: ggi', =

W =VoS

S3 model: |h32f* = 1

R =153

Op
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.
Models: allowed parameter space

U, model: |h§/3I |2 =1 Us model: |h%,33 |2 -1

=g

Op
=18 °°|§ Iy
v T

oolx

ENEY

=] F = = £ DA
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Models: allowed parameter space

Uy model: |hg; > = 1 Us model: |hg)|* = 1

Rt =1.02

Eirciivn: NMacnifind fixiivac
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Direct Search limits

@ One can set limits on gz//\2NP from direct searches, assuming a certain
mode of production for the new mediator states ( Faroughy, Greljo,
Kamenik)

Using the bb — 77 process mediated by s- or t-channel vector-boson
or leptoquark exchange, one can get the following rough upper bounds:

|g3\3/gz3\3} maX//\12\IP ~ 3 TeV 2 for the VB model

~ 5 TeV 2 for the U; model.

‘ U1 max

@ That is, for Axp =1 TeV, ggagfa < 3 and |h3l‘Js;’2 =5
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Predictions

® Rpe:
VB REU ~1.04,
U @ L02<RE<129.

If it is found that 1.04 < Rpx) < 1.29, this will indicate Us.
o RKZ

VB : Rk ~0.90 ,
Ui : 0.51 < Rk <0.90 .

If future measurements find 0.51 < Rk < 0.90, this would point clearly
to Ui (and exclude VB).
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T — 3

This decay is particularly interesting because only the VB model
contributes to it. The present experimental bound is

B(r~ — p ptp™) <2.1x 1078 at 90% C.L. . Belle Il expects to reduce
this limit to < 1071% . The reach of LHCb is somewhat weaker, < 107°.

Now, the amplitude for 7 — 31 depends only on ;. The allowed value of
0, corresponds to the present experimental bound. That is, VB predicts

Bt~ = p ptp”) ~21x1078 .

Thus, the VB model predicts that 7 — 3u should be observed at both
LHCb and Belle Il. This is a smoking-gun signal for the model.
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7 Modes

° BS —7rtr

VB BB —=7trT)~24x1077,
U+ BB = 77 )|max =54 x107%.

However, we cannot evaluate whether this decay can be used to distin-
guish the two models as we do not know the reach of LHCb or Belle Il

for Bg — 7t
o B— K& rtr

VB B(B—KWrtr)~44x1078,
Ui BB = KM 7 ) max = 1.1 x 1074

It may just be attainable at Belle Il (its reach is ~ 2 x 10=%. Thus,
B — K®) 7+~ could perhaps be used to distinguish the two models.
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LFV Decays
o B— K& s
VB B(B— KWur)~40x10710
Ui BB = K®ur)|max = 1.6 x 1077 .
Unfortunately, it is still below the reach of Belle Il (which is 5 x 107".
o BY — pur:
VB B(BY = pur)~67x107°,
Ui @ B(BY = p7)|max = 2.8 x107° .

However, we cannot evaluate whether this decay can be used to distin-
guish the two models as we do not know the reach of LHCb or Belle Il

for BY — ur.
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T Modes
e T(3S) — ur:
VB B(T(3S) = pur) ~3.0x 1072,
U+ B(T(3S) = p7)|max = 8.0x 1077 .

We made a rough estimate that Belle Il should be able to measure
B(T(3S) — ut) down to ~ 10~7. If this decay were seen, it would
exclude VB and point to U;. This demonstrates the importance of this
process for testing NP models in B decays.

@ Quarkonium Decays to leptons can be used to constrain Rp) new
physics Models ( Aloni, Efrati, Grossman,Nir. ) .
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.
Light Z/ Rk and g — 2

o ( Farzan:2015doa ....) presented a model based U(1) gauge interaction
with a gauge boson of mass mz ~ few 10 MeV and gauge coupling
of gz ~ 10> which couples to the second and third generations of
leptons (but not to the electron) as well as to the quarks. This gauge
interaction leads to large neutrino NSI.

@ B anomalies can be explained by heavy NP with

g> 1 10710

AT TevZ T (10MeV)?

Coherent forward scattering (g% = 0) which leads to O(1) NSI corre-
sponds to

g 1010
N2 (10MeV)?
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Light Z’ Searches

o Constraints: Come from Kaon and pion semileptonic decays with miss-
ing energy, Mixing with photon, BBN, Supernova, High Energy Cosmic
neutrino(ICECUBE), Neutrino scattering, Neutrino trident production.

@ Search; p+A — u+A+2, 272 — vi: Z' can be produced by
scattering of muon beam off nuclei and can then decay into a v pair.
There is a proposed experiment using muon beam with energy of 150
GeV from CERN SPS to search for such a signal. It is shown that with
10*2 incident muons, values of g’ as small as 10~° can be probed.
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-
Light Z’ Rk and (g — 2), ( Datta, Marfatia, Liao)

The most general form of the bsZ’ vertex with vector type coupling is
Hesz = F(q*)59"bZ),,

where the form factor F(g?) can be expanded as

2
F(Q®) = abs+8hs—rs+.on
Mg
where mg is the B meson mass and the momentum transfer g < m23.
The leading order term aps is constrained by B — Kvv to be smaller than
107°. The solution to the Rk puzzle would then require the Z’ coupling
to muons to be O(1) or larger which is in conflict with the (g —2),
measurement. The absence of flavor-changing neutral currents forces
bs ~ 0, so that
g
Hpszr = 8bs™ > 557"'bZ), (Hpsz: ~ 3700 Z),,),
mp

where gps is assumed to be real.
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Now we introduce a Z’ coupling only to left-handed neutrinos. We write
for generation oo = p, T,

- /
HzxauaZ’ = gVaVaVaLFYMVaLZM 5

The Hamiltonian for b — sv, 7, decays,

2
8bs8love 9" — iy -

) = 2a 2 spyubl/aLF)/uVozL g
q° — mz Mg

H bsvavea

From B — Kvi. we obtain the 20 constraint,
lghs| < 1.4x107°.

Note that this constraint does not dependent on g, as the NP
contribution is dominated by the two body b — sZ’ transition. The Bs
mixing gives

lgps] < 2.3 x107°.

This is consistent with the bound obtained on gps from B — Kub.
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~g,,x10*

0 | B->Kww
8.0 05 10 15 20 25 30
Obsx10°

Figure: The allowed regions in the (gps, gu,) plane for mz: =10 MeV. The
shaded bands are the 1o and 20 regions favored by Rx. The regions between the
horizontal solid and dashed lines explain the discrepancy in the anomalous
magnetic moment of the muon at the 1o and 20 C.L. The vertical line shows the

20 upper limit on gps from B — Kvir. The cross denotes the parameters used for

studying neutrino NSI. =
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@ With vector coupling to light quarks the K — 7 puzzle cannot be solved.
@ We can fix the coupling of the quarks by requiring the generated b —
sgq coupling to be certain fraction of the SM electroweak penguins.

e In this case |guu — 8dd| ~ 1072, We will assume that Zuu is the same
size as gqq and take these couplings to be ~ 107> to discuss neutrino

NSI.

(53]

Sensitivity (standard deviations)

[K=)

1 0 1 2 3

€up
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Conclusions

@ Several anomalies in B decays indicating lepton non-universal interac-
tions. Additional anomalies involving muons.

@ Several anomalies may arise from the same New Physics.

@ Anomalies indicate LUV. In general we should also observe LFV pro-
cesses.
@ Interesting modes are 7 — 3p and T(3S) — u7. Observation of these

modes can point to specific models of new physics.

There may be a connection between Ry, (g — 2), and large neutrino
NSl involving v, ;.
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