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Anomalizs in rarz semileptonic b-meson decays
¢ Present b— s¢¢ data reveal intriguing tensions with the standard model:

« LHCb measurementson B K®utpu~ and B, —¢utpu~ branching fractions favor

values below their SM estimates. 1403.8044, 1506.08777
« LHCb in angular analysis of B®—» K*%utu~ found differences with SM predictions
at the 3.40 level. 1512.04442
Belle saw a similar discrepancy, but with lower statistical confidence. 1612.05014

« LHCb data on Rg=B(BT* =K u*tu~)/B(B*—Ktete™) for q2,€(1,6)GeV? and
Ry-=B(B—K*utp~)/B(B—K*ete™) for ¢2,€(0.045,1.1) [(1,6)]GeV? differ by
2.60 and 2.1[2.4]o, respectively, from SM lepton universality. 1406.6482, 1705.05802

¢ These anomalies are not yet conclusive due to their low statistical significance
but interestingly new physics beyond the SM can account for them.

¢ One of the best fits to the data results from NP contributing via

a Gp ViV, _ v 2,NP
Log = \%; 5P Pb v, (CL + Clyvg)€ + Hec., ct=cCcM+ C

mainly in the £ = p channel with Cy""'=—-C{""~—0.6 and Cg7 ~ 0.

The SM contributes universally with C;M~—C3M ~4.2.



b — s¢? operators
e Relevant effective operators respecting SM gauge symmetry
O, = ELVnAeLL QL7nAqQL ’ 0, = EL'YnAzTaLL QL'VnA;TaQL

L1 (Qr) contains the SM left-handed lepton (quark) doublets from the 3 families

o .
Ay are generally complex 3 X3 matrices in flavor space

® QOperators with (pseudo)scalar or tensor structures are not favored by the
data.

e One could explore ¢, and ¢, within the framework of so-called minimal
flavor violation (MFV)

s with MFV implemented in both their quark and lepton parts

s without considering the underlying new physics.
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Minimal flavor violation

® The standard model has been successful in describing the current data on
flavor-changing neutral currents & CP violation in the quark sector.

® This motivates the hypothesis of MFV for quarks: Yukawa couplings are
the only sources for the breaking of flavor & CP symmetries.

s Effective field theory approach with MFV.

® The notion of MFV can be extended to the lepton sector
s which may help pin down the origin of neutrino mass

s but there are ambiguities in implementing leptonic MFV.

e We consider a Z' boson scenario with MFV in the Z' fermionic couplings
s MFV is imposed in both the quark and lepton sectors

s The lepton sector involves the type-| seesaw mechanism with 3 degenerate heavy
right-handed neutrinos.
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Flavor symmetry
¢ The kinetic Lagrangian for SM fermions plus 3 right-handed neutrinos
Ekin — sz:LﬁQkL + ZUkRaUkR + ZDkR@DkR + ?"l_—/k:LaLkL + kaRal/k:R + ?’EkR@EkR

. U. V.
k=1,2,3 is summed over, QL = (DJL>’ Lj;, = <£3L>, j=1,2,3
JL G L
(U]_,U2,U3) = (u, C, t), (Dl,Dz,D3) = (d,S,b), (El,E2,E3) = (£1,£2,£3) = (6,[1,, T)

¢ It's invariant under the global flavor rotations

Q;p — (VQ)jkz Qury Ujr— (VU)jkz Uyr» Dr— (VD)jk: Dy
L., — (VL)jk L., Vip — (VV)jk ViR o E,p— (VE)jkz Eyr Vi € SU(3)x

¢+ The flavor symmetry of the theory is explicitly broken by fermion mass terms
‘Cm — _(Yu)jkz QjL UszI:I o (Yd)jk QjL DszH
— (V)i EjL v H — (Ye) ji, EjL EypH — %(MV)jkV_;;R v, + H.c.
Y,.av. are Yukawa coupling matrices, H is the Higgs doublet, H = it, H*
M, = M diag(1,1,1) Is the Majorana mass matrix of the degenerate v, |,
¢ L., is formally flavor-symmetric if the Yukawa couplings are spurions transforming as

Y, — VQYuVJ, Y, — VQYdVg, Y, -V, Y.V}, Y -V, YOT
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Flavor sourion combinations

* In the basis where Y; and Y, are diagonal

_V2m,

Y — diag(yd, Y. yb) , b diag(ye, Y, y,r) , Yr = = ’ v — \/§<H)

and U,, D, and E, refer to the mass eigenstates. Thus

v |\ U . U T
Qj,L — (( CK_I\B)JI@ k,L) 9 Yu == VJKM dl&g(yu, ’yc’ yt) . Lj,L - (( PM_NES,)gk k,L>

er j’L
v 2M .
For degenerate heavy vs Y = U, s miﬂo with complex orthogonal O
v Casas & Ibarra, 2001
02
Forlightevs m, — ——-Y¥Y % U m U _, m, = diag(m,,ms, ms)

v 2M | 72 74 PMNS

*x T he Yukawa combinations of interest

A, =YY =V diag(y;, v2, 4) Vo - B, = Y,Y, = diag(y3, v}, ;)
2M : ! ,
A£ — YIIYVT — UPI\/INS mi/200Tmi/2UgMNs J B£ - Y;Y;T - dlag (yg’ yi’ yi)

,02

* Since y? > y2 and large enough M is chosen so that |(Be) x| < |(A)jx| <1
the pertinent spurion building blocks are

Aq B C()]l —I— Cl Aq —|— C2 Afl ’ AZ - 50]1 ‘|— €1 A£ ‘|’ €2 Ag Colangelo et al., 2009
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Z" with MFY couplings

® The desired NP operators need to be invariant under the flavor rotations
and SM gauge symmetry.

e Minimally flavor violating Z’ interactions
£, (@yAPOILyADPLZ

Aq:CO]l+C1Aq+C2A(21’ A£:£O]l—|—£1A£—|—£2A§

A, =Y, Y] ~ VI diag(0,0,9,)V,

CKM CKM!

A, =YYl Y = U, ..mY20MN?

e Of the operators for g — q’¢¢’
O, = ELVnAe L, QL'YnAq Qp 0, = EL'Y??AE T. Ly QL'YnA; T, Qr

only ©; can be induced by £/, as ©, contains charged currents.

® The Z' couplings to SM fermions also generate 4-quark and 4-lepton
effective interactions which are subject to various constraints.
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Constraints on diguark-dilepton couplings

e Effective interactions responsible for b — se¢’

/2 a A, G, | =
. SM SM SM
AL, VY Copr =04 Cg " + Cppr € = =L,

In terms of elements of A,

= 7 (Aq)23 (Aﬁ)jkz ~ _95.3 TeV?2 (Clytz 1 Czyf)(Af)jkz

C —
L.£ 2 2
gk ﬁaeASbGFmZ, my,

(Ag)as = A (C1y7 + Cyf)  after neglecting y,, . terms

e Analogous formulas for b—>d¢¢' and s—d¢?’

e We adopt the global fit result (at 2o0)
Cee =0, -1.00=<c, =-0.32

implying (A,),, =0
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Constraints on diguark-dilepton couplings

e Nuclear y—e conversion may restrict the vupe and ddue couplings, but
the current experimental bounds are not yet stringent enough.

e Constraints from LEP data on e*e-—qq are evaded because (A,),, = 0.

e |HC measurements on pp— €€~ are not yet restrictive.
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Constraints on 4-quark couplings

® At tree level, the Z' contributes to 7 7
|AF| =2 meson mixing B, } N { B, B,

e The sum of SM and Z' contributions to By mixing yields

A]Md(s) = AZM;E\SI) 1+ (s) | g(s) ~ q 123(23)2 . (Cly; §2yt)
SO (wt) )‘db(sb) s Mz gi, mz,

Sy(zt) ~ 2.4 due to SM loop diagrams, g2 ~ 2 x 1077 GeV 2
® Experimental & SM values AMS® = 0.5064 + 0.0019, AMM = 0.57510 000

AMSP = 17.757 £ 0.021, AMS = 18.61733

® Assuming 2o ranges leads to |¢ 42 ¢ 94| 0.13
=

m,, - ey

@ Kaon-mixing data yield a somewhat weaker bound.
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Constraints on 4-lzpton couplings

e The Z' induces charged-lepton-flavor violation at the tree and loop levels.

—AEQm/~<€_ §7 gfy 57

3

0y ‘ 4 ¢ 00 ¢
1 7/ EI Z"\,\/\lj 77,\,\/\‘3 W

» The experimental bounds on u—ey and r—3u can be important

® The loop-level Z' contribution cannot explain the muon g-2 anomaly, but
does not lead to a strong constraint.

Z/
aﬁj T Z’ Af j]{?‘
k

127T2 mZ/
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Choices for lzptonic MFY

» With 3 degenerate right-handed neutrinos, My = M diag(1,1,1)

2M
Ap=E M+ EA+E,A2, A=YY = U, /200101 2UT

vouv 02 PMNS " v PMNS

» [f O is real, the Z’ parameter space cannot satisfactorily explain the 6 — sputp~

anomalies

= To get viable solutions requires a less simple structure of Y, particularly with

; ) 0 ry T
a complex O, so that 0OO" = e*®, with R = (—rl 0 'r3) and r ,, real
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Leptonic Dirac phase & b — suu coupling

® From scans over 2c ranges 350 I O D I I T LT T T
N I0 .o
. R A
¢ .o.' LIS :"0. ol e
T S I
300 B o e %. ° .0."0..:': 0
’5\.0 .. 0’:: .: 1 N
D) i : ¢ %00 [ ::.. [ 1Y
2 2501 . A
o i o & : ‘ :o: 2% .s
200 :
sop o NO el
Required value ~0.9 ~0.8 ~0.7 ~0.6 ~0.5 ~0.4
—1.00 < Coup < —0.32 Cuu
The 10 scenario is preferred over NO
Parameter NH IH
sin?6,, 0.306 £ 0.012 0.306 £ 0.012
sin26, 0.44179:027 0.58710 0y
sin?6, 0.02166 + 0.00075 0.02179 + 0.00076
5/° 261735 2770
Ami, = mi —m? (7.507012) x107° eV? (7.50701%) x 1070 eV?
Am?, m3 —m? = (2.5241’8:838) x1073 eV? | m3 —m3 = (—2.514f8j8§1§) x 1073 eV? Data from Esteban ef al, 2017

J Tandean

5 Dec 2017

14



/

Sample distrioutions of charged LFY decays

e Ratio of calculated branching fraction to its experimental upper limit versus c,,.

NO ®Toeul  eT-oeel
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0.0

@ Some of these examples are also predictions of the model potentially testable in
the near future.
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Branching fractions
Decay mode Measured upper limit | Prediction maximum [or range]
Predictions for at 90% CL [8, 84] NO 10

lepton-flavor-violating B — Ketut 3.8 x 1078 2.9 x 1079 3.0 x 1079

B and ¥ dzcays B — K*e*p™ 5.1 x 1077 7.8 x 107° 7.8 x 1077

By — etu™T 1.1x 1078 8.6 x 10712 9.0 x 10712

B — metuT 9.2 x 10~8 1.2 x 10710 1.3 x 10710

B — petuT 3.2 x 1076 3.1 x 10719 3.2 x 10719

BY — ety 2.8 x 1079 2.6 x 10713 2.7 x 10713

Interestingly, the predictions for BT Krert 30107 S0 20107

n )

a few of tﬁeymodeps are within 2 BY — K*Vetr™ N 1.6 x 107° 1.2 x107°
orders of magnitude from their Bs = 77 B 8.0 x 1077 5.8 x 107
experimental bound and thus BT s nte 1T 2.0 x 107° 1.9 x 10710 1.4 x 10710
may be probed in near-future Bt — pTetr™ —~ 7.1 x10710 5.2 x10710
searches. BY — et 7T 2.8 x 107 2.4 x 10710 1.7 x 10710
Bt — KtptrT 4.8 x 1077 0.3,3.1]x1072 | 2.6 x 107°

BT — K*tptr+ 4.8 x 107 [0.7,6.1]x1072 | 5.1 x 107

By — p*rF - 0.3,3.1]x1072 | 2.6 x 107°

BT — rtu®rT 7.2 x107° [0.2,1.5]x10710 | 1.2 x 10710

Bt — ptptrT 7.2 x 1075 [0.3,2.7]x10710 | 2.3 x 10710

BY — ytrT 2.2 x 1075 [1,9] x 10~ 11 7.7 x 10711

K; —e*puT 4.7 x 10712 1.4 x 10712 1.5 x 10712

TABLE II: The maximum predictions for the branching fractions of exclusive b-meson (kaon) decays
involving ey, er, and u7 (ew) in the final states. The lower end of a prediction is also displayed if
exceeding one per mill of its upper end. For comparison, the data are quoted if available.
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Predictions for lepton-flavor-violating Z decays

f(k+p) (p) 7 X (k) X (k) A
k= 7 Ny ) + lo——Fp—g "

Branching fractions
Decay Measured Prediction maximum [or range]
mode upper limit NO IO
at 95% CL [49] 0.6 TeV 1 TeV 0.6 TeV 1 TeV
Z —setuT| 75x1077 8.3 x 10710 1.8 x 1071 [ 83x10719 | 1.8x 1071
Z ettt 9.8x1076 3.2 x 1076 7.0 x 1078 4.7 %1077 | 1.0 x 107®
Z — ptrT | 1.2x107° | [0.8,8.5] x1077 | [0.2,1.9] x 1078 | 8.8 x 107" | 1.9 x 107

TABLE III: The maximum predictions of the branching fractions of Z — eu,er,ur due to loop
contributions of the Z’ with mass myz = 0.6 and 1 TeV, compared to the experimental limits. The
lower end of a prediction is also displayed if exceeding one per mill of its upper end.

The et and urt predictions can be less than 20 times below their respective experimental
bounds and hence may be within the reach of upcoming searches
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Conclusions

e If the recently observed b—sf? anomalies are new physics signals, it is
possible that they arise from a Z' boson which interacts nonuniversally
with SM fermions according to the hypothesis of minimal flavor violation.

® The application of MFV allows us to establish links among various lepton-
flavor-violating decays, as well as the neutrino sector, and make
predictions for some of these decay modes which may be testable soon.
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