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List of Effective Operators

* In SM, charged current mediated by W-boson via left-left operator

* The Lagrangian is

Lo o = = V2GsViy (16 11 = 15) B2, P ¥

1
 The suppression for the operator is not A= (\/EGF) but

-1
A2, = (ﬁGFVcb) ~ (1.2 TeV)?

¢ The list of effective operators . ; :
Right-chiral neutrinos

@3{1/ [ " b][? v, P, v] Do not consider this

a _ O = [¢y* b€y, Prv]
0% " = [ey'ysbliLy, Py o] " i
cblv _ 1= .1
Left-chiral neutrinos cbly _ r= - Oar” = e VrsblIE Y, PRl
Oy ¢ bl P; V] _
: : ObY = [¢ b][£ Pgv]
Consider this bty r _ SR
@PL C Y5 b] [f PL U] @103?51/ = [ 75 b][; Ppu]

OF" = [co bl[f o, P V] oL = (6™ bl[Z 6, Py




Qutline of the Talk

* Model-independent Effective Operator explanations for the anomaly

* Vector » Scalar * Tensor+Scalar

* Correlations between Neutral and Charged Current Processes
* Modification of vertices

 Four-fermion operator

* AF =2 Processes, as counterparts to the AF =1 processes

* Summary

ALL EXPLANATIONS AND
CONSTRAINTS AT 1 SIGMA




The Vector Explanation

* One can attempt an explanation using one operator at a time, or a combination

OF = [Ey*bllZy, PLy]
. Try out a vector combination O = [ yysbllLy, P o]

Rp : Cyp only
Rp«: Cy & C3;
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The Scalar Explanation

 Operator contributing to B — D*rv also contributes to B, — v

 Strong constraints coming from B, lifetime

30% :R. Alonso, B. Grinstein and J. Martin Camalich
Phys. Rev. Lett. 118 (2017) 081802

. (T
Rp : Cg only
10% : A. G. Akeroyd and C.-H. Chen

Rp+ = Cpp only
Phys. Rev. D96 (2017) 075011

6 ChL=ChLlsm=-1
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Ratio = 2 at
high scale

500 1000

Tensor and Scalar Explanation
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* Running important - leptoquark operators generated at
high scale

 Evades the B. — 7v branching ratio bound




From SU(2) X U(1) symmetric operators

» Six-dimensional effective operators with SU(2)xU(1) symmetry

im 1 3 1/ iy
[.:d 6 — _F Z {[Cl(q)],p/,r.lslt/ / r —+ h.C.

i . —j - /i
ol _;)’r’s’t’ (l/p’e’,r’) (d/S’qtg) + h.c. 4-fermion
e () e () ..

p/,r./S/t/

| p/,r.lslt/

_|_[Ol(§q)u];)/r’8’t’ (l_lé/a"uye;/) ; (C}’I;/U“Vu;/) -+ h.c.

Charged & neutral
jl current vertex - leptonic

- I u Charged & neutral
) (C] p 07 qr’) + h.c. [— quark

HCpualynr (€50 i(Dd)*) (@ dL) + h.c.}
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Constraints from correlated processes

* Using a SU(2); x U(1), symmetric operators, there are correlations between
charged and neutral currents, or from such vertices

(1, (47Dl ) (T o'y L)
Modify the charged current vertex to explain the anomalies

CHARGED & NEUTRAL
CURRENT VERTEX W-vertex and Z-vertex are correlated

MODIFICATION
Constrains from Zvv and Wzv

[C(3)]p’r’s’t < VMGII,,,/> (é/s,yﬂo.lqt/)

Contribution to the charged 4-fermion vertex

FOUR-FERMION

VERTEX Processes like b — ctvand b — svv correlated




Scalar - Fermion Vertex

1 g9 —
2 cosfyy Zu (P 6;/))

— [cﬁ)]’[{zw +Zeely_ o+ {Wev+ Wiely_,]

MobiricATION OF CHARGED CURRENT VERTEX

Lepton non-universality at the vertices may explain Rp¢

— _ﬁ T —TyH T yH ) T 1 v? ~(3)ev
3Ww_ \/5(1 +AgL)<WyT7/ PLUT+W,UZ/T}/ Pt A8L=EF [<[C§l) ]) VPMNS]33

B =) 1.077 + 0.026 10 % deviati
B D = + 0.
OUNDS FROM LEP [Br(W+ & M+V) 7 Br(W+ g e+y)]/2 —> o deviation

= ACj = - AC}, <0.05|

Too small to explain the observed anomaly in Rp
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Scalar - Fermion Vertex

MobDIrFICATION OF NEUTRAL CURRENT VERTEX

i 52 v v? (3)ev t
Lo == — HW(l +Ag)) ZDy"Py, Mg = =5 [Vewns 1651 Vs |

BOUNDS FROM LEP Agr| s 1.2x107

Acy | <0.022 '

Z, ((8f + AgDTy"Prv + (8f + AgRTY*Per)

1 ) V2
Agf = (1€%1) v
L7g cos Oy A2 [ | 1) Vs

33

—4
BOUNDS FROM LEP ‘ Agr| S6x10

‘AC\TfL‘ < 0.001 | Way too small to explain the anomaly

11




4-Fermion Operator

*  The SU(2)xU(1) operator can be decomposed
(l_’p/q/uall;/) (q_’slﬁ/“(f]q;) — (V /'V“PL /) u ’fYMPLut’) ‘|_ (é;/ﬁ/“PLe,/r) ( ’}/MPL ! )
— ( '/y“PLe ,) (v, Pruy) — (_’/y“PLV’,) ( Y Prd, ) |
+ 2 <V /‘)’“PLG/ ) (d /%PLUH + 2 ( //’)/H’PL ! ) (v /quPLdt’ , Charged current

' Neutral current

= [{audv + ddee + quee + ddiv},_, + {2 duve + 2 idev},_,|

« Try to constraint possible explanations of CC anomalies by NC measurements
Contrisution to (77,Prv,)(Cy,PLD)

<[C3]3313 cd T [C ]3323 + [CZS)]§333Vcb>(’f}’”P V(€Y Prb) I

* To explain the anomalies, prefactor = 0.16

TeV?

A2
<[C N3313Ved + [C(3 3303V + [Cl(;)]3333VCb> 20-03( SM>

* Each term is constrained by a neutral current process




4-Fermion Operator : Constraints

» CONSTRAINING [C,S)]3313

BounDs FrRoM (DyﬂPLv)(c?yﬂPLb) BounDs FROM (%y”PLVT)(I_o}/ﬂPLu)

b = T

A2 A2 AZ
S (€335 5 0.023 5 -0.15 = | SICP53,5 S 0.025 -
1 TeV TeV 7 TeV

» CONSTRAINING [Clg)]3323

Bounps rrom (D7, Prv)(Sy, P D)

BY - K%y A2 A2
—0.005 = | SICP 3303 < 0.025 .
TeV 1 TeV

A
Thus, we need ([Cl(q3)]§333)Vcb 2 0.03 (Tevz)
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4-Fermion Operator : Constraints

* *

CONTRIBUTION TO (7Y, P, 7)(by, PLb) [CS)“‘Z"]%% + ([C’S)eeddhm) = [Clg’)]§,333 + <[Cl(;’)]§333>

2 Weak bound
3)y/ 3)yr % A
[Clq l3333 + ([Clq l3333)*| < 2.6 ToV2

Also  Contrisution TO (77, P 7)(fY,P; 1)

/

[ C(S)eeuu] ~ [ C(3)
3333

‘ 2
s lq ]3333

|V,

The top quark loop generates a NC vertex and Ag;

But the Z77 vertex is severely constrained by LEP data

0.017< A )2 1
1% TeV A
ch € 1 +0.6log TV

A2

However, from the earlier analysis on charged currents: ([Cl(;)]éggg)Vcb 2 0.03 .
e

* Impossible to explain the anomaly with just this operator

Need additional ops to cancel contribution to NC processes (llpyﬂl;> <q,s7”%’)
14




AF =2 Processes

Assume a model to relate AF =1 and AF =2 process

Relate 2120 to 40 operators (zy" Py )(cy,P D) < (Sy"PD)(Sy,P1D)

Assumption: Either a SU(2) triplet or a leptoquark operator

Tree-level Loop level

: TyH c b ~ I )y
Coupling of (T}/ PLVT) (C}//,tPL ) ~ FVCS [Clq 15303 Leﬁton
[Cialss| [Cig 23, Quark
A A

Separate out the leptonic and quark parts PO =
b Lo

( ;
(G2

Consider the operator giving B, — B, oscillations (E;//“‘PLb)(E;/”PLb) : -
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AF =2 Processes

Bounps FroM OscILLATION DATA

b e (G
[CD)] [C)]

li\’q e 5o 10 e — lj\"’ 2 <0.011 Tev!

\ j \ /

For charged currents o 195 [691,
[Clq 15303 = A A

T T 3y TeV

Required ) )
A(CE, — CT,) = 0.20 |

Difficult with tree-level exchange - problem for SU(2) triplet (W’)

Bounds evaded with loop level LQ exchange
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BaBar, PRL109,101802(2012)

Belle, PRD92,072014(2015) Ay’ = 1.0 contours
LHCb, PRL115,111803(2015)
Belle, PRD94.072007(2016)

Belle, PRL118.211801(2017) R(D)=0.300(8) HPQCD (2015)

C LHCb, FPCP2017 R(D)=0.299(11) FNALMILC (2015) ]
| I “ I I ry C e R(D*)=0.252(3) S. Fajfer et al. (2012) ]

== SM Predictions

_FecP20i7 |4
PO =171 e
0.6

Persistent anomaly in the B-meson sector | | | T rD)

Attempted a model-independent explanation using
the various effective operators

e \ector e Scalar e Tensor+Scalar

Br(B.—1v)<10%

04 06
Cyp(mp) Csi(mp)

SU(2) x U(1) symmetry creates correlation between charged and neutral current processes

e Modifying the CC and NC vertex
* Four-fermion operator

e Difficult to explain with just one operator

Constraints from oscillation data, for AF =2 processes

THANK YOUu!
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Word on Uncertainties

For B - D decay

B(B— D1v ):0.633+0.014% | 2.2%

B(B— DIv)):2.11£0.11% 5%

R 10.300+0.011: 3.7%

D

For B —» D* decay

Br(B — Drv;) = [0.370%]pz + [0.263%] 5
Br (B — Dlyy) = [0.016%]p2 + [2.095%]

[0.633%)] Total
[_) 11 1%-]Total

B(B— Dtv,)1.28+0.09%: 7%

B(B—> D'1v))i5.03£0.43% 8.5%

R,  10.254%0.004; 1.5%

Br(B — D*rv,)

Br (B — D*()

0.072%]y2 + [0.117%] 42 + [1.31%] 2 +
1.28%| Total

0.350%]v2 + [0.012%] 43 + [7.16%] a2 + [0.472%] a3 + [—2.96%] 4 4
5.03% )] Total
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The Tensor Explanation

R, {0.240, 0.796)
Ry (0.709, 0.834)

R {—0.577, —0.191}

_06 -04-02 0. 02 04 06 08
T
Cr(myp)




Branching Ratio of B. — v

Relevant operators: C;; Cp, Cip Cpp
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Flavour to Mass eigenbasis

[C(3) <¢T1Dl¢> (l_,p’ 617'” l;') Gauge basis

el o 1 & ) 3
o Z (v' up y;) = Z (z’ up e;) o (U’y”P -
[ Pl ]pr I 2 COSQW = p}/ £ % COSQW - py - \/5 . 2 =

- [CO, 2

TN v U i)
prEl” oy HW(V) (V)”””(P”PL”’”)JF

VD! VD2, (2 Pre,)

039W

82 3 = 897 Py
__(VZ);p/(VL)r’rW; <Vp}/ﬂPLer) g2 _(VL);pr(Vz)r’rWu <ep}/ﬂPLyr>]

V2 V2

Put constraints on these operators

Mass basis




