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1.;Anomalies in B Decays

phy5|cs anomalies Previously
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All these processes are induced by b -> s Il interaction.
Consistently lower than SM predictions. Combined effects are now about 4!
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2017: The R« Anomaly previously

S. Bifani, CERN Seminar, 18" April, 2017
e ratio to reduce systematic efrects

> R+ determined as

B(B°— K*u*tpu™)
B(BY— K*Jp) (= ptp~))

> Control of the absolute scale of the efficiencies via the ratio

B(B°— K*%¢te™)
B(B°— K*0Jh)(— ete™))

Ry anomalies in earlier data

RK*O —

Previous Rk and Ry results (LHCb Run 1 data) M [ Coleae

T Humair @ Moriond 2019

B(B°— K*J/p (= ppu7))

T‘J = ——LHCh ——BaBar ——Belle
® = B(B'— K (— ete)) p Y ST
= LHCb: PRL113(2014)151601| . HCh . -
o k
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' | SM
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LHCD Preliminary low-¢ central-q All LHCb results below SM expectations:
R0 0.660 * Jav0 £0.024 | 0.685 T :as3 £ 0.047 > R = 0.745%99% 1+ 0.036 for 1.0 < g2 < 6.0 GeV2, ~ 2.6 from SM;
> Ry = 0.6675:31 +0.03 for 0.045 < g% < 1.1 GeV2, ~ 2.2 from SM;
95% CL [0.517_0.891] [0.530_0.935] > Ry- = 0.69t%;é§ £0.05 for 1.1 < g% < 6.0 GeV?, ~ 2.40 from SM;
99.7% CL [0'454_1'042 ] [0'462_1‘100] Together with b — syt results, Rk and Ry. constitute an interesting pattern of anomalies,

LHCb arXiv: 1705.05802

but the significance is still low.
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|R(D(*)) anomalies (previously)
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R. Aaij et al. [LHCb Collaboration], arXiv:1711.05623 [hep-ex] SM prediction

R(J/1) = 0.283 & 0.048




What's new in 20197

New results: Ry from LHCb

Ry result with 2011 to 2016 data LHCb Paper2019-009

(K Frperial College

T Humair @ Moriond 2019
Using 2011 and 2012 LHCb data, Rk was:

RK(*) = B(B to K(*) MM)/B(B to K(*)ee) 0.090 < 3-05 LHCb

RK = 0.745i0'074l St"dt.) + 0.036(5\'5'. ).

~ 2.6 0 from SM (PRL113(2014)151601). C T
RK(*) =1 SM Lof T ]

Adding 2015 and 2016 data, Rk becomes:

r » BaBar
0.5 « Belle
0.060 v +0.016 i e LHCb Ren 1 + 2015 + 2016
Rk = 0.846 Ty e, (stat.) Tl (syst.) Y| P N EA il
5 10 15 20

~ 2.50 from SM. g [GeV¥/et]

New results: Ry from LHCb

Search for lepton-universality

violation in BT — K1T¢1¢~ decays

London
T Humair @ Moriond 2019

Branching fractions and other results LHCb -Paper-2019-009
If instead the Run 1 and Run 2 were fitted separately:

new _ +0.083+0.017 . _ +0.089+0.020
Rk Run 1 = 071770071 "0.0160 Rk Run 2 = 0.9287¢ 676 0017

old _ +0.090 2] 3(2014)15160
LHCb collaborationl] RK Run 1 — 0.745 0.074 +0.036 (PRL113(2014)151601) ,

Compatibility taking correlations into account:

Abstract » Previous Run 1 result vs. this Run 1 result (new reconstruction selection): < 1 o;

A measurement of the ratio of branching fractions of the decays BY — K Tu*u~
and Bt — Ktete™ is presented. The proton-proton collision data used corre- > RUI'I 1 result Vs. RUI’I 2 result: 190.
spond to an integrated luminosity of 5.0 fb~! recorded with the LHCb experiment
at centre-of-mass energies of 7, 8 and 13TeV. For the dilepton mass-squared

range 1.1 < g2 < 6.0GeV%/c! the ratio of branching fractions is measured to be B+ g K+/.l+/.l._ branching fraction:
Ry =0.846 70080 #0016 where the first uncertainty is statistical and the second . . . o )
systematic. This is the most precise measurement of Rx to date and is compatible > Com patlble Wlth previous result (JH EP06 (2014)13 3) at < 1 a,

with the Standard Model at the level of 2.5 standard deviations. > RUn 1 and RUn 2 reSUItS Compatib|e at < 1 o.

arXiv:1903.09252v1 [hep-ex] 21 Mar 2019




- Test of lepton Havor universality m B — K*£7f decays at Belle

arXiv:1904.02440

We present a measurement of Hx«, the ratio of the branching fractions B(B — K*u*u~) and
B(B — K*e*e™), for both charged and neutral B mesons. The ratio for charged B mesons, Ry .+,
is the first measurement ever performed. The analysis is based on a data sample of 711 fb—*,
containing 772 x 10° BB events, recorded at the T(4S) resonance with the Belle detector at the
KEKB asymmetric-energy e*e~ collider. The obtained results are compatible with standard model

Bs -> utu- from ATLAS

expectations.

Karbnine hrshse ol Teihea gy

R(K™): (Preliminary) Result

M Prim @ Moriond 2019
T

20— T 20 — T
Belle preliminary Belle preliminary
154 15+
i v L
EEINN_—ss I [ B fl'o'l ol . B
I 1 A
o sen
05} § 05} ¢ Hew
b—§< Data for B” and B modes W Babar
B sM prediction B 5w predicion
00 L PR 1 - 1 0.0 L Lo PR - L .
0 5 10 15 20 5 10 15 20
¢ (GeV?/ct) 7 (GeV?/ct)
q2 in Govzrc‘ All modes BD modes B" modes | .
[0.045,1.1] 0.52/%5% +005 04855 +007 062 5% 010 ® All measured Ya ues aren
[1.1,8] o.gs*_"(,'%f? +0.11 140610.533 +043 072555 +0.18 accordance with the SM and
30. +0. +0.58
[0.1,8] 0.90:00‘2521 +0.10 0.86:6,_621A +0.08 0'96-:10'9:95 +0.14 other recent measurements.
[15, 19] 1,18:05‘:,72 +0.10 1-‘2:062:4;10-‘0 1.40:00‘25310.11 . .+
[0.045.] 00475, £0.08 112155, £ 0.00 070155, £ 0.07 » First measurement of R(K™ ).

sar §

B(B® — u' u)[10°°]

A
T
L
A
S

—y

Nik|hef
Results i
s
0 Igonkina @ Moriond 2019
® sMm:
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—— LHCb Run 1 + partial Run 2 data ]
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PDG 2018: B(B.»up) = (2.7

“46' ‘ 7
B(BS — ' 1) [107)

)x107°

Br(B°—up) =(1.06+0.09)x10"1°

@©Best fit of Run 2 data :
Br(Bs—pp) =(3.2+0.9)x10-°
Br(B°— ) =(-1.3£2.1)x10-1°

@Run1+Run 2result @ 95% CL
Br(Bs—up) =(2.8+0.8)x10™°

Br(B°—pp) < 2.1x10°"°

B limit is most stringent at the moment

Processes induced by b -> s |l interaction are still consistently lower
than SM predictions. Combined effects are about 3.80'!




Measurement of R(D) and R(D*) with a semileptonic tagging method arXiv:1904.08794

We report a measurement of the ratios of branching fractions R(D) = B(B — Dr v, )/B(B —
Df"vy) and R(D*) = B(B — D*t v, )/B(B — D*£ i), where £ denotes an electron or a muon.
The results are based on a data sample containing 772 x 10° BB events recorded at the T(4S)
resonance with the Belle detector at the KEKB e*e™ collider. The analysis utilizes a method
where the tag-side B meson is reconstructed in a semileptonic decay mode, and the signal-side 7 is
reconstructed in a purely leptonic decay. The measured values are R(D) = 0.307 £+ 0.037 £ 0.016
and R(D*) = 0.283 + 0.018 + 0.014, where the first uncertainties are statistical and the second
are systematic. These results are in agreement with the Standard Model predictions within 0.2
and 1.1 standard deviations, respectively, while their combination agrees with the Standard Model
predictions within 1.2 standard deviations.

R(D¥*)

035

03

025

0.2

['(B — D;tv)

Fj. = ==
['(B — D*1v)

(F5.)™ = 0.457 +0.010

arXiv:1903.03102  |pk. — 0.60 + 0.08 (stat) = 0.035 (sys)

1.70 deviation

|

—T
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LA S S B BN S S |

BaBar12

Ay’ = 1.0 contours

C LHCb18 ]
- Bellel7 n
— + Average of SM predictions HFLAV &
- R(D) = 0.299 = 0.003 .
- R(D*) =0.258 = 0.005 P = 2% ]
1 PR P SRR SR A ]

02 03 0.4 0.5

Still 3.1 sigma effect

for world average.

Most precise measurement of
R(D) and R(D*) to date

First R(D) measurement
performed with a semileptonic
tag

Results compatible with SM
expectation within 1.2c

R(D) - R(D*) Belle average is
now within 2o of the SM
prediction

R(D) - R(D*) exp. world average
tension with SM expectation
decreases from 3.80 to 3.10

Preliminary Rpw) results from Belle G Caria @ Moriond 2019
Sowf LT
o - # Belle 2019 SLB, . t - | v ¥ (Preliminary) A

- ~— Belle Combination"2019 (Preliminary) 1
0 38—_ —;Vsrpld‘mz‘nalion 2019 =
0.34f 7 o .
0.3[ ) =
0.26F | f =
- 1 T RD) s = 0.209 £ 0.003 |1
022f LR s = 0258 £ 0005
0.2 025 |03 035 04 045 0.5
\4 . R(D)
This result
R(D) = 0.307 £0.037 £ 0.016
R(D*) = 0.283 £ 0.018 £ 0.014




%at Anomalies tell us?

anomaly -Cambridge Dictionary

noun[CorU] «- UK &B /o nom.a.li/ US &I /o' na:..ma.li/ FORMAL

€) aperson or thing that is different from what is usual, or not in agreement with
something else and therefore not satisfactory:

Statistical anomalies can make it difficult to compare economic data from one year to the next.

The anomaly of the social security system is that you sometimes have more money without a job.

B decays that are different from SM predictions and
therefore not satisfactory.

The B physics anomalies might be some hints of
something more that just SM.

Will these anomalies stand with time??? More Data!!!




Measurement of the branching ratio of B —» D™z~ v, relative to B — D¢~ V¢ decays with hadronic tagging at Belle
Belle Collaboration (M. Huschle (Karlsruhe U., EKP) et al.). Jul 12, 2015. 14 pp.

Published in Phys.Rev. D92 (2015) no.7, 072014 Evidence for an excess of B —» D™®) 7~ ¥, decays
KEK'-REPORT-2015-18 BaBar Collaboration (J.P. Lees (Annecy, LAPP) ef al.). May 2012. 8 pp.
DOI: 10.1103/PhysRevi).92 072014 Published in Phys.Rev.Lett. 109 (2012) 101802

e-Print: arXiv:1507.03233 [hep-ex] | PDF yS-Rev.

BABAR-PUB-12-012, SLAC-PUB-15028
DOI: 10.1103/PhysRevLett.109.101802
e-Print: arXiv:1205.5442 [hep-ex] | PDF

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote

References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service; OSTl.gov Server; Link to Scientific American article

Detailed record - Cited by 476 records

 Measurement of the ratio of branching fractions B(I-J0 — D**g~ \'/,)/B(E0 - D**uv,) ~Servce: OST.a0v Server: k10 JISCOVERY; Lirk 10

LHCb Collaboration (Roel Aaij (CERN) et al.). Jun 29, 2015. 10 pp. ed by 664 records
Published in Phys.Rev.Lett. 115 (2015) no.11, 111803, Erratum: Phys.Rev.Lett. 115 (*~“=* —~ = *==~~< + _
DOL: 10,1103/ hysRevLet. 115 159901, 10.1103/PhysRevLeft115.111803 Test of lepton universality using B* — K*Z*Z" decays
. s ysreviLell 5 N A ysreviell . . as
e-Print: arXiv:1506.08614 [hep-ex] | PDF LHCp Collgboratnon (Roel Aaij (NIKHEF, Amsterdam) et al.). Jun 25, 2014. 10 pp.
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote Published in Phys.Rev.Lett. 113 (2014) 151601
CERN Document Server; ADS Abstract Service; Link to livescience article; mCERN-PH-EP—2014-140, LHCB-PAPER-2014-024
Detailed record - Cited by 580 records DOI: 10.1103/PhysRevLett.113.151601

Print: arXiv:1406.6482 [hep-ex] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote

e-
Angular analysis of the B —» K *°u+ u~ decay using 3 fb~!
LHCb Collaboration (Roel Aaij (CERN) et al.). Dec 14, 2015.

Published in JHEP 1602 (2016) 104 CERN Document Server; ADS Abstract Service
CERN-PH-EP-2015-314, LHCB-PAPER-2015-051 Detailed record - Cited by 802 records

DOI: 10.1007/JHEP02(2016)104
e-Print: arXiv:1512.04442 [hep-ex] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote

CERN Document Server; ADS Abstract Service; Link to Article from SCOAP3; Link to Figures, tables and
Data: INSPIRE | HepData

Detailed record - Cited by 453 records
- Lepton-Flavor-Dependent Angular Analysis of B - K™/~
Belle Collaboration (S. Wehle (DESY) et al.). Dec 15, 20 Search for lepton-universality violation in B¥ — K*#*#~ decays

Published in Phys.Rev.Lett. 118 (2017) no.11, 111801 . .
BELLE-PREPRINT-2016-15, KEK-PREPRINT-2016-54 LHCb Collaboration (Roel Aaij (NIKHEF, Amsterdam) et al.). Mar 21, 2019. 28 pp.

DOI: 10.1103/PhysRevLett.118.111801 LHCb-PAPER-2019-009, CERN-EP-2019-043

e-Print: arXiv:1612.05014 [hep-ex] | PDF e-Print: arXiv:1903.09252 [hep-ex] | PDF
References | BibTeX | LaTeX(US) | LaTeX(EU) | H References | BibTeX | LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
ADS Abstract Service CERN Document Server; ADS Abstract Service

Detailed record - Cited by 197 records [[ilil}

Detailed record - Cited by 16 records
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After 2019 new data

Citing LHCb Ry arXiv: 1903.09252: 1903.03016;1093.09632;1903.10086;
1903.10440;1903.10434;1903.10302;1903.10932;1093.11517;1903.05890;1904.08399;
1904.10954;1905.00315;1905.04074;1905.04046;1905.06339;1905.06614;1905.07690;

1905.07982...

Citing Belle Ry« arXiv: 1903.02440: 1904.08267;1904.08399;1905.04245;
1905.07690;1905.07982...

Citing Belle F (D) arXiv: 1903.03102: 1903.10486;1904.07530;1904.10432;
1905.01795;1905.03311;1905.08209;1905.08498...

Citing Belle Rp+arXiv: 1904.08794: 1903.03016;1904.09311;1905.01795;

1905.02702;1905.03311;1905.04074;1905.05211,;1905.08257;1905.08253;
1905.08498...

Compared with 2017 LHCb Rk« arXiv: 1705.05802 and the CERN seminar 18/4/2016 talk
by S. Bifani cited 35 times (now ~ 410) the end of May. Although the excitement went
down a little bit, people are still very much concerned with the B anomalies!
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i Theoretical issues

How robust are SM theoretical calculations?
Why Ry (exp) < Ry (SM)?
Why Rp(exp) > Rpx(SM)?

Is there a g2 dependence, why?
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2| Standard Model and Beyond for B Physics

Standard Model is based on SU(3)-xSU(2),xU(1)ygauge interaction.

In SM mis-match of weak and mass
eigen-bases, leads to flavor mixing
and CP violation, part of the story of
flavor physics.

The theory for B physics!
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Number of SM generations

e SM, only 3 generations of quarks and leptons are allowed.
gg -> Higgs ~ (number of heavy quarks)?, if fourth generation
exist, their mass should be large, 9 times bigger production of :j> ffffff :
Higgs. LHC data ruled out more than 3 generations of quarks.

LEP already ruled out more than 3 neutrinos with mass less than m;/2. /V\<

Cosmology and astrophysics, number of light neutrinos also less than 4. \/J £

SM, triangle anomaly cancellation: equal number of quarks and leptons

P e

There are only three generations of sequential quarks and leptons! ~ -

Why 3 generations? How do they mix with each other?

Beyond SM, conclusions may change, X-G He and G. Valencia, PPLB707 (2012) 14



uark and Lepton mixing patterns

The mis-match of weak and mass eigen-state bases lead quark and
lepton mix within generations.

Quark mixing ~ the Cabibbo -Kobayashi-Maskawa (CKM) matrix Ve,
lepton mixing  the Pontecorvo -'l\'ia.ki-Nakawaga.-Saka.ta (PMNS) matrix Upnns

4 += L7 17 (_ LTT N T — i
L= -2 U y"VexmDL W = “E i Upans Nu W + H.C..

V2 V2
(0,0) (1,0)

Uy = (ug.cp.tr,..)t, Dy = ((IL..s'L.bL....)T, Er = (("‘L./I‘L.TL....)T, and Np = (11.19.13....)"

For n-generations, V = Viegas or Uppins 18 an nox n imitary matrix.

A commonly used form of mixing matrix for three generations of fermions is given by

g S L =10
C12€13 $12€13 s13€

V= —sioc03 — c12823513€"” 12023 — S12523513¢"  S23C13

512823 — (,.12(23.\13(1z —(125923 — .512(,23513(:' €23C153

where s;; = sinf;; and ¢;; = cos#;; are the mixing angles and 0 is the CP violating phase.

It neutrinos are of I\-’Iajora,nua, type, for the PMNS matrix one should include an additional diagonal

matrix with two Majorana phases diag(e't/#, ¢'*?/“ 1) multiplied to the matrix from right in the above.

15



Status of Quark and Lepton

Quark Mixing PDG Neutrino Mixing

Am? = Amgl - Am%l/Z > 0, if m; < mg < mg3, and Am? = Amgz + Am§1/2 <0
for mg < m1 < ma.

1.5 T T T
E e y %‘;9 : Parameter best-fit 30
1.0 —
- 1 Am3, [1075 eV 2 7.37 6.93 — 7.97
05 |Am?2| [1073 eV 2] 2.50 (2.46) 2.37 — 2.63 (2.33 — 2.60)
e sin? 612 0.297 0.250 — 0.354
= 00 = et sin? 03, Am2 > 0 0.437 0.379 — 0.616
] ™ sin? 63, Am? < 0 0.569 0.383 — 0.637
hadn 1 sin?653, Am2 >0 0.0214 0.0185 — 0.0246
i 1 sin? 013, Am?2 < 0 0.0218 0.0186 — 0.0248
e Ly armas | O/ 1.35 (1.32) (0.92 — 1.99)
R S N I T L WA ((0.83 —1.99))
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
1—2/2 A AX(p—in) A =0.22537 £ 0.00061, A =0.81410-023
~A 1—X2/2 AN2 +onty ) 0.024
(AA3(1—p—z'n) _Ax2 ] ) p=0.117+0.021, 7 = 0.353 £+ 0.013.
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-> s |l induced anomalies
B-> s 1I'in the SM and beyond

H‘;?f‘fpr — N (C;.’SO + OOk E E (Cgseeogsee n Cgbsaagbs%)) +he.,
{=e,u1=9,10,S,P

with the normalization factor
N =2GEy e € J 2 L/
= —= VirVis : ;
1672 t = +
\/_ 6 b ([ S b W W s
The dipole operators are given by’ W ©
m m
oY = ?b(sa,wPRb)F“” 0Ok = ?b(§a,,,,/PLb)F“”,

where o#¥ = %[fy“, v*], and the semi-leptonic operators

Obsa (S’YuP Lb)( L), O’bsee (S'YMP rb)(E¥"L) ,
0% = (574 PLb) (v v51) Of5% = (57,Prb) (Ev"5¢)
05 = (5Prb)(%), 0g* = (sPLb) (),
O%% = (5Pgpb)(Lys0), OB = (5Ppb)(fyst).
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Coeff. best fit lo 20 pull

Coomk ~0.95 [—1.10, —0.79] [—1.26, —0.63]  5.80

Cyoms +0.09 [—0.07, +0.24] [—0.23, 40.39]  0.50

Chonk +0.73 [+0.59, +0.87] [+0.46, +1.01]  5.60

o4 as ~0.19 [—0.30, —0.07] [—0.41, +0.04]  1.60

Cherb = Cloms +0.20 [+0.05, +0.35] [—0.09, +0.51] 140
Coevt = _hors ~0.53 [—0.62, —0.45] [~0.70, —0.36]  6.50
Chsee +0.88 [+0.62, +1.15] (+0.36, +1.44] 3.40

(G5 +0.32 [+0.09, +0.61] [—0.16, +0.91] 1.30

Chsee —0.82 [—1.06, —0.59)] [—1.31, —0.37] 3.7

(@ies —0.27 [-0.52, —0.05] [—0.78, +0.17] 1.20

Cgsee = Chsee ~1.65 [—1.93, —1.36] [—2.19, —1.02] 4.00
Cheee = —(¥eee +0.45 [+0.31, +0.59) [4+0.19, +0.74] 3.60
(Chrt = —C%) x GeV  —0.005  [—0.008, —0.003]  [-0.013, —0.001]  2.60
(C3°M = CPp™) x GeV  —0.005  [—0.008, —0.003]  [—0.013, —0.001]  2.60

Latest fit: J. Aebischeret a;., arxiv:1903.10434
Older fits: arXiv:1307.5683, 1510.04239, 1703.09189




43 -> CTV,

eﬁ' — 2\/_GF

(1+ CL)OL + CEOR +CLOL + CrO7)

M. Blanke et al., arXiv:1901811.09603 %> < 5 z 5{

Of = (ey*Prb) (v, Prv-)
OF = (¢Pgb) (TPLv,) ,
0% = (ePpb) (TPrv,) ,

Or = (co" Ppb) (o, Pryy) ,

1D hyp. ||best-fit| 1o range 20 range |p-value (%) |pullsm
C? 0.11 | [0.09,0.13] | [0.06, 0.15] 35 4.6
CElio% || 0.15 | [0.13,0.15] | [0.08, 0.15] 1.7 3.8
C#l30%.609% | 0.16 | [0.13,0.20] | [0.08, 0.23] 1.8 3.8
C§ 0.12 | [0.07,0.16] | [0.01, 0.20] 0.02 2.2
C§ =4Cr || —0.07 |[-0.12, —0.03]|[—0.15, 0.02]|  0.01 1.6

Similar work: P. Asadi and D. Shih, arXiv: 1905.03311
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3. |Mode|s for R(DM™) and b->su*u- Anomalies

A lot of model building activities trying to provide solutions to
R(DM™) and b->s u*tu- induced anomalies.

Making b->s utu- smaller or b->s ete-larger than SM predictions.

Z' and W’ models, Multi-Higgs models, leptoquark models,
Susy, R-parity violating models,

Solve two types of anomalies separately or solve them
simultaneously. Hundreds of papers written on related subjects!

20



Theoretical modeling for b -> s |l anomalies

A Z" model based on gauge family symmetry
A Variation of each generation has a SU(2)xU(1) , Ernest Ma and X-Y Li
SU(3) X SU(Z)I X SU(Q)h % U(l)y C-W. Chiang, X-G He, G. Valencia,PRD93,074003.
Motivated by the fact that the third generation mass is bigger than the first two generations.)

22:(3,2,1,1/3), @3 :(3,1,2,1/3), Ug*®:(3,1,1,4/3), Dy*°:(3,1,1,-2/3),

L}jz : (1a2a 1) _1) ) Li : (la 1321_1) ) E112‘2,3 : (la 1) 1) _2) ) Z,
L= 15'7,, eA"Q + iZ}f (Té - T3h — Qs%y) +9Z% (S—ETé — C—ETg‘)] (

Cw CE SE
SECE( 2 2 ™% 25%Ck

2
CW }3 E) ’ mzz/ C%)V ’
h

Z;,=—sin€Zp+cos€Z;, Zy=coskZy+sinéZ;, §~

Rx = 0.745 = sin? 0 = 0.37 going to fermion mass eigenstates via unitary matrices
T, introduces FCNC ~ A¢ — 1712 Rf = THT,

B(B — K77T) 1 36
177 = * , A q . . . .
B(B — Kup) oo = —EVaVilednts, (s —10Y + O}
B(B — K(eT,Té€)) 0.037 e Aqt ts
— V. . T ~ i i
B(B — Kpup) - \/thbW;a€2 th{‘%* (sB0i5 — Aij) (Cf)gj - (’)1%> :

Lu- LT model (He, Joshi, Lew and Volkas, 1991; Foot, He, Lew and Volkas,1994) can help to resolve the anomaligs too.



Very constraining electroweak precision data!
Chiang, Deshpande, He, Jiang, PRD81, 015006(2010). Chiang, He, Valencia, PRD93,074003(2016)

Updated by Fang Ye, 2017
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Difficult to explain Peisi Huang's talk at susy2019
why lower g2 has lower event number

BM Scenarios

Tension in the low g2 bin

Conclusion * Hadron effects become
important when introducing : —— s, — o
h ) 3.0 ‘,‘,‘ _ Sumdagi Moddl ) 0 ,n"l —_ smdnﬁ‘ Model
/\ new pnysics 25l ,:i‘.‘ v oy o =2 9‘_ i “‘ e e n;:,?: ploy
\ * The hadron effects are not ol H “1 e
K\\ well understood in the & | i £
081 —— . . Y 15 ','
—— interested g2 region N ol :
< 061 * Possible explain both bins I .
with modified form factors o a0l
0.4 —— Standard Model . . . 1 3 3 1 K 2 3 H
G * Calls for lattice calculation in ¢ [CeV?] ¢ [GeV?)
— G=Co=05 2 pi . . .
I _ 4ue thelowg®bin A wide peak (dip-peak structure) near the light Z’ pole
&1 NI * New physics with light and 2 i . ion f he licht 7/
7* [Gev?] Low g° bin receives extra suppression from the light Z

h diat .
cavy mediators The asymptotic value smaller than the measured value because of the peak

A |ight 7' excha nge The corresponding Wilson coefficients are

V,A
INP _ \/§7T s 9,
9,10

A. Datta et al., arXiv: 1702.01099... C GrVaViag —my +impTy

23



The B ->D0) Tt v anomalies

neglects differences between
(Ro+/Rp)exp = 1.3 and (Rp« /Rp)sm = 1.16,
then modification of the form

Gy
V2

Vj; — KM matrix element
With A,2? ~0.13 and other AJk=0
will solve the problem.

}Icff = - Vmg(é," -+ Af'm)l_WHPLUpﬂm’}’uPLbL

But if one cares, then needs to have
different modifications for Ry« and Rp.

New Physics modify charged
current interaction... in a way that
a) The first two and third
generations interact differently;
b) Modification for charged
current interaction in SM!

0.8F
~ 0.6}
S C
® 04F

02f

0.4f

R(D*)

0.3f

02 :_ 1 1 1 1
0 0.2 04 0.6 0.8 1
tanB/my+ (GeV™?)

Charged Higgs contribution is not enough

Babar collaboration, arXiv 1303.0571

24



A sample model modify Ry« and Ry differently

SUB)e xSU2), x SUR)rxU(1)p_, Qi:(,2,1)(1/3), Qr:(3,1,2)(1/3),
X-G He, G. Valencia, PRD87, 014014(2013) L3 :(1,2,1)(-1), L%:(1,1,2)(-1).
£ (3,2,1)(1/3), Ug*:(3,1,1)(4/3), Dg’:(3,1,1)(-2/3),
Ly?:(1,2,1)(-1), Egx*:(1,1,1)(=2). The 3rd generation is differnt than other

generations. Motivated by Rb problem in
EW precision test.

£W = f/%(VL’YuU TeL - VR3’)’ RL]3£LJ)W (COS§ W — sin §WW )
- \g/%(VLz’Y Ut rijlr; + Vrs"Ups;lr;) (sin wW,5 + COS§WW ") + h.c
e R -
H YW HOY W H YW
W W’ | AR, Z
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| R(D(*)) anomalies can be solved.

dl(B — Drv)  dT'(B — Drv)

dq2 dq2
I'(B — Drv) = I'(B— Dmv)sy (FS +2 FZ.)

Re (V3 V. - A\ ,
Fiix = b ( L Mb) (l - (—MW) ) (1 + (gnMnH) |V1€3¢|2)

(Faie +2 Fri)
SM

o |Val? Myy: 9. My
M 4 VE 12|Ve.ul2
F‘?‘ — (1« (gn w) | R3£| | 2qu|
gr. My A
I'(B. - 717v
125 Fe, <16 (B; ) _ e _oF,

0.009 S FSy S 0.08 [(B; = 77 vr)sm
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* He and Valendia, arXiv:1711.09525, PLB779, 52(2018)

dl'(B — D*Tv) dl'(B — D*Tv)

dg? dg?

VI|? - |A|2>
Ff 42 Fgcix'
SM ( ‘ V|2 + |AJ?

dl'(B, — J/y1v)  dU'(B. — J/¢Tv)

dq? dq?

V/|2 . |AI|2
Fit 42 Fi ] )
v ( di 5 Fmix |2 4T
V =< D*|ey,b|B >, A=< D*|ey,vsb|B >
V=< J/pleyub|Be >, A=< J/¢|eyvsb|Be >
R(D*) ~ R(D*)sm (Fii — 1.TTFY,)

R(J/¥) = R(J[4)sum (Fgi — 1.94F5, )
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1T dridq?

dridq? (10'€ Gev~1)

— Fit
— SM

-
O
T

-
o

o

0.30
0.25 -
0.20f
0.15¢
0.10
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0.00

10

1 1
6 8 10

q2(GeV?)

12

— Normalized distributions

dride? (10'® Gev1)

R(D")

-
N
v

- — Fit

-
N a2 O ® O
N~
w
=

o
T

0.45

0.40¢

0.35¢

0.30f

0.25}

0.20..‘.1....1....1....A....A....1.A..
0.20 0.25 030 035 040 045 0.50 0.55

Fgh =128, Fy, =004 ——



ing R(DM™) and b -> s mu mu anomalies together

. Scalar Leptoquarks

Leptoquark interaction, Bauer&Neubert, arXiv: 1511.01900 Yes

R-parity violating interaction, N. Deshpande&X-G He, arXiv:1608.04817 No

Leptoquark, D. Becirevicet al., arXiv: 1608.07583 No. A different one
A. Crivellinet al., arXiv:1703.09226 Also a different one
Y. Cai et al, arXiv: 1704.05849. Yes

A. Angelescu et al, arXiv:1808.08179. Conditional
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o

Scalar Leptoquarkls

QrerRy, UrLLRy, ;DpLy, LiQLS:3, €RURrS: ,€,DrS, ,
Sy :(3,1)(1/3), S3:(3,3)(1/3), Ry:(3,2)(7/6), Ry:(3,2)(1/6.

Ry : Cyg = Cyo out; Rg cannot explainR ., out ;

Sy cannot explain Rp.) out; Ssdose not allow R}7, > Rg% out
S3 and S; = ¢ interactions

Ly =L5XQué+ UrYe* + he., X = (i), XVi, = (25), Y= (y;)
Ly = L5 XQLSs + UpYe5Ss + he., X = (&), XViy =55, Y =(3) .
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e S; case: problem with Ry

xkal t i—k . i
VKMuL)] vyt

Hj

(dL’YudLeL'Yuei + (L Vienr)
m%,

+ ((uLvKM) YudLE5 vy, + di v (Vi pur Y o))
+—(c?' & APV + (Vi)' Yu (Vi ur Y e yPel)
2L'YuLL’7L LVKM) Tu\VkMUL) €LY €L) |

The contribution to Rj.) is proportional to

~ ~ % VCd ~ % V. ~ %
—1:33(1:33 -+ Vcbxsl +- VZIE”) .

The first term dominate.

This make R},% < R, and therefore is ruled out.

D(*)?
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The S, case: tree and one loop level

1
_ 7 j j
Lint — Im 2 [‘T L/ ’VL’YMVLdL’Y,udL + zzjzz’j’eL’Y eLuLWuuL]
K-> mt vv, B-> KO vv D->uu, Tuw
1
T om2 [0,y 6LdL'Y#uL Zij 2 €LY VLUL’Yud ]
. Mo R(D(*)) B->D™ (p,m) Iv, Be -> v .
i =] ] J
+2m2 [Yiiysr J’6R7 eR“R’Yu“R T ZijYirj (6RVLUR’YudL 26R0MVVLURU#Vd )]
¢ D->uu, m up R(D(*)), B->D™ (p,xt) v, Be -> v
—»— —_——t p
¢ (s) V”" ‘ j E
r (v) b —‘_ -‘ o
Solution to R(D®M) Solution to b-> su*u-induced anomalies Solution to (g-2)u

If R-parity violating interaction, exchange sd-quark, the last line is absent. That is the reason why
R-parity cannot solve R(p+)) and b -> s u*u~ anomalies (Deshpande and He)

Also why Baur&Neubert, and Becrivic et al could not work, neglect last term contributions to
R(D(*)) and lead to conflict for b -> s u*u-when other constraints are included, important one B ->
K(*) vw! (R = B(B -> K vv)ey/ B(B -> K(*) vv)su < 4.3! (Becirevic et al.)




‘E)Iution to R(D™) anomalies

B 4G+ N B .. _
Zoc = —T;Vcb [0{3 (ev*PLb)(ivuPry;j) + Cg (ePLb) (LiPrvj)

+Cy (co" Pub) (Ei0,0 Prvy)| + hec,

T o
il | 30 03T ] w30 .
[ 'B : ’ CY — - Zio%3j3 + 61
.' ! A v 2 ’
03] 0. ool \ | W, 202G RV, 2m;
o oo NC A | cii— 1 Yia%j3
S X S 5 2V2GrV, 2m2’
: | D20 -0.5, RN . F¥eb =
-0.5} ] ‘ i _ 1
| g - Of = 4%
—l.():- ] 15 —l.()}- ] 15
25 220 -15 -1.0 -05 00 05 00 01 02 03 04 05
G 1.0 o 1.0
Y. Cai et al, arXiv: 1704.05849
Figure 2: The values for C3? and C%? corresponding to a good fit to the Rp and Rp- data b (r) e
at A =1 TeV. The colors indicate the o values of our fit. The right plot is zoomed to the gy
area around regions A and D. %“

Significant contribution needed from €rY Uz@ coupling! Can also solve (g-2)u anomaly!
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Solution to and b -> s utu- induced anomalies

1 _ _
4GF Or1 = 5(08 — 1) = (37" Pub) (B Prp),
e = \/—Vw t34WZC}‘Jﬁ;‘J P VO . i
OLr = 5(Og + O1) = (37" PLb)(B7uPru)
m 1°O:_ | | m LFU observables
O __
Cit = 8 :ni - 647l'aG1"m2 Vo Vi szswﬁz 0.5 m Allb — sdata
2 m>2 2 ()_0-. |
Ot = ot gt [m;s—f@%)] o
¢ ‘ v S 0.5}
647raGpm ALAD ;$z3wlzz|yzj % -1.0f
_150
3 3 :
— 1 — 1 Y v

Y. Cai et al, arXiv: 1704.05849




tisfying B -> K™ vv constraints

| Without erYUg¢ coupling (R-parity violating model)

FIG. 1: Cév P pove and RﬁM(c) as functions of A, from left to right, respectively. To

get RﬁM(c) — 1 down to 10%, one needs to go to the lower range the 30 range for C3' "

to about -0.18[7]. However, in that case, rave also comes down and cannot explain the

observed R(D*)) anomaly. N. Deshpande&X-G He, arXiv:1608.04817
> _ = o) — = o) — Include dark matter also
r(B — D®71p) = R(B — D®710)/R(B — DX710) g, help to easy the problem.

r(B — DWTD)4. = 1.266 £ 0.070 This meeting Trifinopoulos

S1 + S3 in Pati-Salam

R’™(c) = Br(B — D®Iv)/Br(B — DWIv) sy model, Heeck.
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Vector Leptoquark

arbieri et al., arXiv:1512.01560; G. Hiller et al., arXiv:1609.08895; B. Bhattacharya et al,
arXiv: 1609.09078; L. Luzio et al., arXiv:1708.08450; L. Calibbi et al., arXiv:1709.00692; A.
Angelescu et al., arXiv: 1808.08179; C. Comella et al., arXiv: 1903.11517.

Quy.LLU!;, (—jR'YueRU5/3, Dgry.erUt

QL'Yu (I:JRﬁs/s’ 012'7# R1/6 ) DR’Yu (I:JRlis/e

Uy = (3,1)(2/3), Us:(3,3)(2/3), Us3:(3,1)(5/3),
RZ;6: (3,2)(— 5/6) Ry - (3,2)(1/6) .

Potential vector leptoquarks can solve Rj.) and Rg.) are U{f 3
Hj3 ~ Jn,,d;,éyy“e;, — ﬁL’)'#dLéL’)’”VL + ...

Similar problem as S3, Uf' cannot obtain R7%) > R7}) out.
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U{ interactions

L1 = QLX’}’#LLU{‘ + DRYGRU{‘ + h.c.
X = (zij) , VeuX = (2i5), Y = (y;5)
1 . _ .

Hy = 5" (2 ((@LViem ) yuvd, + diyuel,) + yisdipy dy,)
Uy

X (xfk(ﬂf’Y“(V}MUL)l +epytdy) + yfkd’;ﬂ”dlz,)

IE22X* . . T Vcd$13 -+ V. T3 + Vcb$33 . .
Heff = 2 S yubL LY L + i = )CL’YprTL’Y“ VI -
m, m,

Has solutions for both Ry« and Ry« anomalies!
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Triplet vector and SU(3)xSU(2),xSU(2)xU(1)y

D. Buttazzo et al., arXiv: 1706.07808, X-G He, G. Valencia and C.-W. Chiang
Xu: (3,1)(0)

v _ L (X} Vax; ) )
H V2xX, —-XJ Lint = Q" X, A%Qp + Ly X, AL,

V2
1 —
Hers = M+ [ﬂLAf#VKMAQdLéL’VuALVL + dL'Y#AQVIIMULDL'YuALeL]
X
1 —
T o2 [@ry" Viem A%Vi ypurvpyu A v, — diyt ARdp gy, Alvy
X0

—ﬂL’y#VKMAQVIEA,IuLéL’y#ALBL + JL'y“AQdLéL’y#ALeL] .
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Xxchange Xu obtains

ViemA%)o3 AL _
Hesf(Rpe)) = ( )z ‘oL bLTL’YuVlL )
My s
A AL
Heff(RK(*)) ~ 5 5L7“bL,UL'Yy,UL
m%.,
4G
H.pp = —=Vy(dsy + €31)cy" Ppbry, P!,
For R+ V2
V2 VuARAL
== AGpVy mie
o 4(_:
Hepp = Fth ZCO
For RK(*) ONP — _ONP _ Vor  AZAL .

CBGFV'th 477?,2
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Nymbers OK for both anomalies and also satisfy all known bounds.

Try the best fit values: €3, = 0.11 and C}¥ = —0.53. V =~ 0.04, V;, ~ —0.04

Allow 2™%; to be 0.1 (20 bound), A%, ~ +0.0068 with my = 1TeV.
Bg
Solve Ry, anomaly, C}'" ~ —0.56 — AL, ~ F0.26.

Solve R, anomaly, ), €3; ~ 0.11.

€ ~ (VoaAS + Voo AS + Vi AD)AL

Prefer to have A% positive.

Then A% AL ~ 4, taking each about 2,

large, but OK solution, although kind of large.

limit from Rp_x,; < 4, OK
D — ptp~ OK, since can set A% = 0.
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A gauge model realization

S. Bouncenna et al., arxiv:1604.03088
C-W. Chiang, X-G He, G. Valencia,PRD93,074003.

SU(3) X SU(Z)I X SU(2)h X U(l)y
p(3,2,1,1/3), Q1:(3,1,2,1/3), Ug™*:(3,1,1,4/3), Dg**:(3,1,1,-2/3),
L}Jg - (1721 ]-a _1) ) Li : (1) 1:2a_1) ) 123 (1, ]-a 1: _2)

The charged quark currents can be in the quark mass eigen-basis as The quark neutral currents can be expressed in the physical basis as

_ +u _ — SE CE 9z
Leharged \/ESECE W, (SEUL'Y;LVKMDL ULTUNTDDL) Lnc = wyu{eA"Q +9Z'Ty [ETé - —ET;f] T) + uj [—s5Q + Tg]}

+ EWI (UL’)’”VKMDL) + h.c. .

The matrices Ty, y,p diagonalize the left handed fermion weak eigen-states
to obtain the mass eigen-states. The weak eigen-states are given by T;;1.
In the limit s%,c5 — c¢§s3 =0, Z;, and W, are mass eigen-states with

_ Jm{eA#Q+Lz;; [s",’.;T3 T,,,Ta"NTT] i [- st+T3]}

with T3 = T3 + T2, @ = Y + T3 and N = diag(0,0,1).

Exchange W, solve Rp!

S N S s (e 0 S s
AT agsp T 4 AT 4 TR Exchange Z solve Ry!
LNC = - EZh [DL’)u(SETg + T'D]VT]L )DL + UL’)‘L(SET:;, — _VKMTDNTDVKM)UL]
Lcharged = \/—SECEW (S%ULVKM%DL — ULVKM'T;LTDNTE[)DL)

Similar for Z,, and W,, interactions with leptons. Se small limit works well !
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5|. Conclusions

Anomalies exist in R(D™) and b -> s u*u- anomalies at about 3 ~4o.

R(DM) : NP add to SM contributions.
b -> s utu-: NP destructively contributes to loop SM contributions.

New data seems to moving the trend back towards SM.
Still need confirmation whether the anomalies are real!

Models exist for solve the above two types of anomalies separately.
Can also have model to solve both simultaneously.

Rich B physics ahead with future new data from LHCb and Belle II.

A lot to do for theorists!
A lot for experiments to do also.
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