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Lepton universality (LU) in SM:

The interactions between leptons and gauge bosons are the same for all leptons.
If LU is violated, LUV effect can be determined by R,. and R,.




Lepton universality of B— > K “li decays
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Very clean !
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Experimental observations

The first measurements :

Rpg» = 083+£017+0.08 Rg = 1.03+0.194+0.06 [3]
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However, because of large experimental
uncertainties, there is no significant
deviation from SM prediction.
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CERN _ BB = Kpu”) o 40.090
k/]/ R = BB Keteo) 0.7457 57,4 (stat) £ 0.036(syst)  [5]
S

> Tension with SM ~2.60.
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» Tension with SM ~2.30 and 2.40, respectively.
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Some interpretations for Ry anomaly

NP is a good choice, and its effect can eliminate these anomalies.

Leptoquark model (invariant under the SM gauge group SU(3). X SU(2), X U(1), ):

bf_ V-
(i PhysRevD.94.115021; TN~ —
: 1/3
(ii PhysRevD.95.035027. 4 ‘1‘
Z' model (there is an additional U(1)’ gauge symmetry): r/\r
(i PhysRevD.97.115003; RV R
(i PhysRevD.96.075012; by dONe N st

(iii PhysRevD.96.115022. 7 pT
Wy T

Alternatively, an independent-model method to determine the effects of
new physics is effective field theory (EFT).




Effective field theories: Bottom-up approach to new physics

Guiding principle
Construct £ from most general local operators O, made of ¢ € u,d,s,c, b, l,v. F,,.G,.,

subject to Lorentz and SU(3)c x U(1)em invariance

4Gp P, -
thad — Z [('l (211) + C ’QQf_)) ¥ Z CiP;+ ('SQQSQI ?
g Hhad Hilﬁ . p=u.c =l

-LG

+CsQs + CsQs + CpQp + CpQp + CrQr + ('TQT] :

@ New physics manifest at the operator level through. ..

» Different values of the Wilson coefficients@: C!.SI‘@

» The Wilson coefficients can be complex and introduce new sources of CP
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Our approach and objective

» Objective:

Using theoretical observables for b->sll transition to fit the latest all experimental data,
we can constrain the range of NP degree of freedom (Wilson coefficients) by a chin2 fit.

Further, we also can rule out some unreliable NP models according to d.o.f range.

> Approach:

(1) Statistic approach: Frequentist.

(2)Form factors: LCSR & Dyson-Schwinger + EFT correlations.
(3)Include the contribution of NLO charm loop.
(4)Conservatively estimate the error of input parameters.

(5)Include almost all experiment data at present.
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Low energy effective Hamiltonian approach to b —> s [ [ decays
AB = 1 weak effective Hamiltonian [7] :

4G
phad _ ‘F Z A [Cle + CrQh + Z Ci Py + CSQQSQ]

Heg = 'Hhad + ’chf, V2 p=u,c i=3...6
AGFR | T, » » , » ,
Hetr = /2 At [( Qry + C7Q7y + CoQov + C4Qgy + C10Q104 + C1pQ704

+C5Qs + C5Q's + CpQp + CpQlp + CrQr + Cr Q%]

The operators P, are given in [8], the Q, are defined as
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And the primed operators Q;’ are obtained from these by P ->P ; P ->P in the quark bilinears.

[7] Jager, S. and Martin Camalich, J.,JHEP05(2013)043; P.R.L.113.241802.

[8] Chetyrkin, Konstantin G. and Misiak, Mikolaj and Munz, ManfredPhys. Lett. B 400 (1997) 206.



Operators structure and Feynman diagrams in SM

Charged Current:

b, w S,
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Flavor Changing Neutral Currents(FCNC):
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Wilson coefficient C,(i) are calculated in perturbative theory at u=m,, and rescaled to p=m,..



Interesting decay channels to b —> s [ l decays

Table 1. Effective couplings C'),, , contributing to b->sII- transitions and
sensitivity of the various radiative and (semi-)leptonic B, decays to them.

pProcesses Cg) C’g) 01(3

B — K*vy v
B, — ptp~ v4
B—=KWptuy=| V| vV | V

> Radiative decays are only sensitive to C,!) .

> B> p+ p- is an excellent choice to constrain C,," .

» For study of lepton-universality, we used these decay channels except BR(B->K*y).
Note that BR(B->K*y) can fix better soft form factors.



Phenomenological consequences of Bs —> pu+ p —

CMS and LHCb combined arXiv: 1411.4413

----- Semileptonic bkg.
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Branching ratio: Define R:

Br(B, — ptp )™ = TBS T3 |Vr,b wPmp,m B, (m3 )| Ciol* f5,

» The decay channel is very clean.(Only include a uncertain parameter f;_.)
» Very rare ! (GIM and helicity suppression)



Phenomenological consequences of B->KZ¢/¢

B->k#: three body decay mode:

LHCh JHEP06(2014)133, JHEP05(2014)082,
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The differential decay rate:

dl g - 2 mp fr(g®) :
—Nk|kPf(@)? s, + ot cty o2 C —87%h
dq? |k f+(a*)? | [Clo + Clo|” +|Cs + Cy' + mp +mx [ (g2 K
m4 'm,2 2 A
+ 028y + T 5 O(a, 5 x —),
q my mpy mp

> Kinematics range for the 3-bady decay is > € [4m2,(m;-m)?].
» There are very complicated nonperturbative problems.
» Charmonium region cannot be calculated by perturbative theory.



Phenomenological consequences of B— > K 11

B->K*(Kn)&: four body decay mode: Kinematics of 4-body decay:
F’L = Slc
’ BT
Prmg =AY,
7 2 Awm
B=sqa_my
&_U—HV
P = __Sins .
158 ’—IPL(]_ _ﬂ‘} *
=
. . VEOL—-F)
O Large-recoil region (low q2) 1~ A)
d4r 9
» Dominant effect of the photon pole; 0 dleos B d{cos 60} 00 =%
» QCD factorization, LCSR, heavy quark limit " A0S T ACos Uk n
(power corrections). X (If sin 6y, + I cos® B + (I3 sin® §x + 15 cos? 0) cos 20,
O Charmonium region +I5 5in? 8, sin® 6) cos 2 + I3 sin 26, sin 26; cos ¢
> Dominated by long-distance (hadronic) effects. -+ sin 26y sin 6; cos  + (I sin? . + I¢ cos? A ) cos )
0 Low-recoil region (hlgh q2) +T7 sin 28y sin §; sin @ + I sin 26, sin 26y sin ¢ + Ig sin® 6, sin” 6; sin 2@5)
_ dr  dr
> Dominated by semi-lepton operators. Si=(L+ 1) / (d—q2 N d—qg)

= dr’ dar
=1/ (Gt ap)




27 hadronic paramenters in low g2

Phys. Rev., D93(1):014028,2016, JHEP, 05:043, 2013

Table 2: 27 hadronic parameters

QCD{(11) 1,€1(0), §(0), fi+,aly, a2, (0),al;(0),a2y(0), wo,r1, 7y

Power Corrections(8) V_{la|max}, V= ([Pl max)}s Vi (|@|max), Vi(|bmax)s T (|blmax) s Vo(|bmax)s To{|&]max), To{|blmax)

Cha;rm contributions(g) h— |cE(|a|max)1 h— Ic&“blmax)a qb—lcﬁ: h‘+|c§(|a|max]: h+1c§(|blmax): ‘;b—i-lcéa hlJ1cE1 QSU‘CE

However, in high g? region, uncertainties are from 7 form factors
and charm contributions but not from power corrections.
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Numerical detalls

To limit the range of NP degree of freedom, we can do a ¥2 fit.
> 2 fit
)EZ(C: @7) — ngp(cz @7) T Xgh(g)

The experiment term is taken in Gaussian form

9 (O’exp_(')’th)Q
XeXp T 5(j’e2xp

The theory term is also taken in Gaussian form

— N\ 2
2 N Yi — U

2

Where O are observables, C are relevant Wilson coefficients and y are 27 hadronic
parameters.

» Experiment data

(i R. Aaij et al. (LHCb Collaboration), J. High Energy Phys. 02 (2016) 104;

(ii S. Wehle et al. (Belle Collaboration), Phys. Rev. Lett. 118, 111801 (2017);

(iii ATLAS Collaboration, Report No. ATLAS-CONF-2017- 023, 2017;

(iv M. Dinardo, in 52nd Rencontres de Moriond, La Thuile, March 18-25, 2017 (2017),
https://indico.in2p3.fr/ event/13763/session/10/contribution/108/material/slides/0.pdf.;
(v W. Altmannshofer, C. Niehoff, and D. M. Straub, J. High Energy Phys. 05 (2017) 076.



Predictions in the SM and in selected NP scenarios
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0C = 0Cy = —dC

» we conclude that only the operators 0,,0,, instead of O,,0,,’ are
favored by the data.



3 steps

To better constrain NP degree of freedom better, let us go step by step.
Fit 1: Fits only to Rk and Rg-

Fit 2: Fits only to R ,Rk- and
R(Bs—> u+ pu-)

Fit 3: Fits only to R ,Ri.,R(Bs —
> u+ p-),Br(B—>K y) and
B-> K ppdata



Fit 1: Fits only to Ry and Ry.

Y | | Data(3):
5 sy &~ 1 (3)
- / ;/ x ]
2 4,{/ I [R, bin[1,6] GeV?
| R bin[0.045,1.1] GeV?
ol _ bin[1.1,6] GeV?
4 -2 0 > 4

6Cq

» Both 6C, and 6C,, have no boundary.



Fit 2: Fits onlyto R, ,R..and R(Bs —> u+ u—)

Data(4):

R bin[1,6] GeV?

R, bin[0.045,1.1] GeV?

Bs > py bin[1.1,6] GeV?
-2 | R(Bs-> p+ u-)
1
P43 2 1 0 1 2 3 2 2
5C% Pull = \/Xmin,SM — Xmin,NP

Coefficient Best fit P p-value SM exclusion [o] lo range 3o range
56‘3 —-1.64 5.65 0.130 3.87 [-2.31, -1.12] [<-4, -0.31]
5CY, 0.91 4.98 0.173 3.96 [0.66, 1.18] [0.20, 1.85]
5Cy -0.61 3.36 0.339 4.16 [-0.78, -0.46] [-1.14, -0.16]
Coefficient Best fit Xﬁ] " p-value SM exclusion [o] Parameter ranges
(6Cq,8C) (=0.76,0.54) 3.31 0.191 3.76 Cy € [-1.50,-0.16] Ci, €10.18, 0.92]

» Now, we can see that 6C,, is bounded but 6C, still not.
» We note that significance of the SM exclusion in the fits is close to 4c.



Fit 3: Fitsto Ry and Ry., R(Bs—>pu  u ),Br(B—>K y) andB—>K "'u" u data

2 ; : : ; Data(65):

R¢ bin[1,6] GeV?

Ry~ bin[0.045,1.1] GeV?

6) , j bin[1.1,6] GeV?

)
o 0 —
i R(Bs-> p+ p- )
1 BR(B->K*y)
All angular observables from LHCb, LTLAS,CMS, Belle:
F.,P.,P,P;,P, PP, Pg .
-2 , - : -
-4 -3 -2 -1 0 1 2 2 L
6CH Xmin,SM = 81.1
Coefficient Best fit Jr p-value SM exclusion [o] lo range 30 range
5C, -1.37 61.98 [64 dof] 0.548 4.37 [-1.70, =1.03] [-2.41, -0.41]
5C‘l’0 0.60 71.72 [64 dof] 0.237 3.06 [0.40, 0.82] [-0.01, 1.28]
sC -0.59 63.62 [64 dof] 0.490 4.18 [-0.74, —0.44] [-1.05, -0.16]
Coefficient Best fit Xﬁ] " p-value SM exclusion [s] Parameter ranges
(6Cy,6CY,) (-1.15,0.28) 60.33 [63 dof] 0.572 4.17 Cy € [-1.54,-0.81] Ci, € [0.06,0.50]

» We note that significance of the SM exclusion in the fits is about 4.
» 6Cyis negative. However, the value of 6C,, is poorly determined by the
global fit.



Robustness of fit with respect to hadronic uncertainties

0100 eI ]

: e ] X-dependence study
o 0.010 Solid blue line:
= Fits only to RK and RK*
@
=
;5_ 0.001 Dashed red line:
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107
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X

» The results are shown in the figure by the blue solid curve which demonstrates
the stability(but dashed red line not), with respect to the hadronic uncertainties
in the semileptonic decays, of the fits to the lepton-universality ratios.



Precision probes of a lepton-nonuniversal C,,

1.4 v - T ' 1.4
,’Iw 1.0t | 6C9= '6C10
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| Hy(\) = —iN |V (q7)C T\(qg)Cr — h
3 . Data(4): v(A) = —iN | VA(¢®)Co + " Ma™)Cr 2 NCD
| | , Rela.b Jo Zedq®
a,b| =
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¢ T Ry bin[0.045,1.1]GeV? Gl Jo M PRIV (a)
Clo [ |klg*Re[HY) (4)]V_(¢?)
-1 ‘ bin[1.1,6] GeV?
_2 | /
R.’ bin[0.045,1.1] GeV?
R | Bq binl 1 p=—=  R,=(P¥)/(P)
=4 =28 =2 =i 0 1 2 3 8225

> These constructed observables are almost exclusively sensitive to C,, .
» Experimentally, these observables can be measured by LHCb and Belle.
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Summary

0 We found that only 0,,0,, can explain the experiment data;

[0 We obtained that significance of the SM exclusion
in our fits is about 4c;

O Finally, C,, is poorly determined by global fit but we also discuss
some observables which are almost only sensitive to C,,. And
it is feasible to measure these observations at present.



Outlook

v In the next few years, with the collection of more data at
the LHCb and improvement of experimental precision,
we will continually update our results.

v In addition, new theoretical work on the theoretical side
will be needed. Such work involves assessing better
uncertainties.

v' Meantime, it is necessary to continue to find or construct
new observables which are only sensitive to C,,.
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