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Test of Lepton Flavor Universality (LFU)

¢ Gauge symmetry predicts lepton flavor universal (LFU) phenomena:
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Lepton-flavor-universality observables: R(D) and R(D¥)
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Experiment Rp+« Rp Correlation
BaBar 0.332 £ 0.024 & 0.018 0.440 =+ 0.058 + 0.042 —0.27
Belle 0.293 + 0.038 £ 0.015 0.375 + 0.064 + 0.026 —0.49
Belle 0.270 4 0.0357)-02¢ - -
Belle 0.283 +£0.018 +£0.014  0.307 £ 0.037 £ 0.016 —0.51
LHCb 20220Oct 0.281+0.018 £0.024  0.441 4 0.060 =+ 0.066 —0.43
LHCb 2023Mar 0.257 + 0.012 + 0.018 ~ -
World average  0.284 +0.008 +0.010  0.356 + 0.024 4 0.016 —0.37

P-value= 0.25; implying data are consistent
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Lepton-flavor-universality observables: R(D) and R(D*)
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[HFLAV 2023 + Iguro, Watanabe, 2004.10208 for SM value]
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https://arxiv.org/abs/2004.10208

QED correction within the SM

Long-distance QED correction could violate the lepton flavor universality

[de Boer, TK, Nisandzic, 1803.05881; Cali, et al, 1905.02702; Isidori, Nabeebaccus, Zwicky, 2009.00929]

Note that B — D¢ measurements are not soft-photon inclusive
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Vg
The QED corrections depend on the lepton
velocities; non-rela t vs relativistic u = opposite sign

Soft-photon interference (FS-FS & IS-FS) is significant,
see slide
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https://arxiv.org/abs/1803.05881
https://arxiv.org/abs/1905.02702
https://arxiv.org/abs/2009.00929
https://kds.kek.jp/event/42653/contributions/215882/attachments/156102/201595/Teppei_B_QED.pdf
https://kds.kek.jp/event/42653/contributions/215882/attachments/156102/201595/Teppei_B_QED.pdf

Recent progress in SM: Dispersion matrix approach

¢ Dispersion matrix approach is novel form factor’s description for B — D"

Based on the lattice QCD data only. By applying the unitarity condition, one can extract

the form factors for all g2 region with non-perturbative and model-independent manner

¢ No experimental data are needed [Di Carlo, et al, 2105.02497; Martinelli, et al, 2105.07851]
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Recent progress in SM: Dispersion matrix approach

It is pointed out that there are 30 tension in the dispersion matrix approach with light-

lepton data [Fedele, et al, 2305.15457]
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Related channel: R(J/Y)
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¢ The LFU violation was also observed in B, — J/y

5
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5 (B . J / ?7@7' - 57-) m?_  [GeV?/c*
C R(J/’(p) — — — —+— Data B B, — Jyuty,
B(Be — J/{l~ i) — i ot
B, — x (IP)"v B B, — y(29)"v,
\ J + c + l + +

W B Ty,

/- R(J/Y)exp = 0.71 £ 0.17gat & 0.185ys¢  [LHCb, 1711.05623]

R(J/v)sm = 0.258 4 0.004  Based on first lattice result [HPQCD, 2007.0695¢]

V. .
&8%0 /4 1.80 consistent
C

Same-direction tension as R(D) and R(D*) anomalies

using Nf=2+1+1, with “HISQ” ¢ and heavy quark b
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https://arxiv.org/abs/1711.05623
https://arxiv.org/abs/2007.06956

New physics interpretations of b — c7v anomaly

7'/
/ < UV~

¢ W (additional SU(2) gauge symmetry) W
b ﬁ»

C

¢ Severely constrained from AM, (BY-BY mixing), W' — tv search [Abdullah, et al, 1805.01869]

and Z' — 77 search |[Faroughy, Greljo, Kamenik, 1609.07138] / T
< VT

H:: ’

2 Charged-Higgs with generic flavor structure ; A

4 Constrained from BR(B,. — 7v) and H* — 1v search, but still allowed [Blanke, Iguro, Zhang,

2202.10468; Iguro,2201.06565, 2302.08935] (next slide)

T V-
& Leptoquark (LQ) b J@/ &

¢ Collider bound comes from pp — LQ LQ", and broad parameter regions are still allowed
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Charged-Higgs scenario H/ r

For heavy charged Higgs, strong LHC bounds come from 2t +MET, 2b (+v), 2j, T +MET (+b);

my= < 250 GeV is allowed [Blanke, Iguro, Zhang, 2202.10468; Iguro,2201.06565, 2302.08935]

¢ Unique prediction

— my-[GeV] F,(D*) > 0.5, P(D*) 2 — 0.35
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https://arxiv.org/abs/2202.10468
https://arxiv.org/abs/2201.06565
https://arxiv.org/abs/2302.08935
https://arxiv.org/abs/2003.04831

New physics interpretations of b — ctv anomaly

[lguro, TK, Watanabe, 2210.10751 + Iguro, Omura, 2306.00052]
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Can be deviated from SM
Leptoquark (LQ) One can distinguish each model by these observables
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https://arxiv.org/abs/2210.10751
https://arxiv.org/abs/2306.00052

Le pth ua rk Cata IOgue [cf. Angelescu, Bedirevié, Faroughy, Jaffredo, Sumensari, 2103.12504;
Athron, Balazs , Jacob , Kotlarski, Stockinger , Stockinger-Kim, 2104.03691]

Leptoquarks that do not lead to proton decay and can contribute precision measurements
[LQ* requires additional symmetry that forbids the proton decay, see 1603.04993]
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https://arxiv.org/abs/1603.04993
https://arxiv.org/abs/2103.12504
https://arxiv.org/abs/2104.03691

Polarization obserbavles

4 )
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-0.50}
2 Belle Il sensitivity is enough

to distinguish NP models 0.2 0.3 0.4 0.5
PP [Iguro, TK, Watanabe, 2210.10751]
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https://arxiv.org/abs/2210.10751
https://arxiv.org/abs/hep-ph/9411405

New idea: LFU violation in Upsilon decay

Correlation in the U1 LQ scenario

¢ Y(nS) [n=1,2,3] leptonic decays can provide

new LFU observable (bb — 77)

4 )
R - B(Y(nS) =»77717)
TS = B(Y(nS) — £+4-)

- )
R?rl\és) = 0.9948 £ O(107°), b o
ex Y LQ
RT(%S) = 0.968 = 0.016 . r .
[CLEO+BaBar data] p )

4 Belle Il can measure Ry precisely

¢ less than 1% accuracy is needed
xT(my,) [Iguro, TK, Watanabe, 2210.10751]
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https://arxiv.org/abs/2210.10751

New idea: sum-rule between R(Ac) and R(D™)

4 )
B(A) - Afr7 ;)

B(Ag — Aig_ﬁg)
\_ J

There is a model-independent sum-rule for R(D), R(D*), and R(A¢), through new physics

¢ | Baryonic counterpart (b — ctv): R(A.) =

form factor analysis (originated from heavy quark symmetry)

4 )
R(A) ~ (.28 R(D) - 0.72 il (13 ) [Fedele, et al, 2211.14172 ]
It (Ac)SM R(D)SM R (D )SM
\_ J
It can crosscheck of R(D") anomaly by coherent amplification of R(A,)

R(D™) R(A:) =0.380 + O°0123(D<*>) + 0.005F

Znomaly R (Ac)gy = 0.324 £ 0.004 Currently, a slight (~20)
ata : -

RA )y = 0.242 £ 0,075 [LHCb, 2201.03497) inconsistency appeared
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https://arxiv.org/abs/2201.03497
https://arxiv.org/abs/2211.14172

CPV from U1 vector LQ  jeuwo. Tk in progress]

In general, LQ-Yukawa coupling contains CPV phase: L = (YLQWHPLL;), + YRB”}/MPRT) Uy
4 Interestingly, U1 LQ provides robust correlation of the CPV phase with R(D(*))

When UV model is 3rd generation-philic gauge symmetry with universal gauge coupling:

' CPV pha neutron EDM bound
CSR (ALQ) — —2€Z¢RCVL (ALQ) 0.32———— P Se 0.32 gy T >

0.30F

single CPV phase ¢, is predicted

CL v (éi%ﬂ S

U Ur g\/\/\/L4  pr=0
> > > —K—> = 0.24F

br/br TL/TR br/m T0/br Tr/brR br/TR

0.45

(CPVin b — sy would be interesting as well) neutron/proton EDMs can probe the allowed region
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Crossing symmetry

MB

Direct connection

non-resonance search B anomaly!
— new study direction




Leptoquark indirect collider search

T+MET search
36fb-1 exclusion

T+MET search
139fb-1 sensitivity

T+MET+b search
139fb-1 sensitivity

T+MET search
3000fb-1 sensitivity

T+MET+b search
3000fb-1 sensitivity

|[Endo, Iguro, TK, Takeuchi, Watanabe 2111.04748 ]
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https://arxiv.org/abs/2111.04748

New LQ anomaly from CMS @ICHEP2022 LQ
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3.40 level excess at M| ; ~ 2 TeV was reported from CMS  [CMS, CMS-PAS-EXO-19-016 (2022)]
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http://cds.cern.ch/record/2815309
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Conclusions

®  R(DY)) anomaly persists in b — ctv, cfv processes at 3.2-4c level

¢ The charged Higgs boson and Leptoquark models can accommodate the anomaly

The crosschecks of the new physics are very important by

P.(D™), F,(D*), R(A,), R(Y), R(D)(g?*) and LHC indirect search, see table:

LELE NI BRI NLELEL RS NLELELELEY BRI BUELELELE NLELELELE BLEL
- m Ay’ = 1.0 contours Spin  Charge Operators Rp Rp«- LHC Flavor
| Prelim. 2023 _
- BaBar12 — *
. - ) H* 0 (1,2,1/) Os, v brv  B.— Tv, FP", PP", My,
:_ LHCb23 } LHCbH22 _: LQ Sl 0 (3, 1, 1/3) OVL, OSL, OT J / g i AMS, PP, B — K(*)Vl/
: \‘\\ : 2/3 *
- FooBellely 1 K R 0 (3,2,7) O0s,0r,(0Ov,) v ¥ brv,7t  Ryps), PP, Mw
: Bellel7 PRD 94 (2016) 094008 AR : 2
—  $HFLAV SM Prediction  JHEP 1712 (2017 060 Y(Dii%sss%o.oz%al — LQ Ui 1 (33 1, / 3) OVL: OS R \/ / brv 'S i R K (%) RT(n S)s By — 1T
C Tmpiemoe mTaDE, mopemsonl, 1
_l L1 I L1 1 1 I 1 [ [ 1 IPFDIIOSI((Z?ZZ)IO,3|450|3 L1 I L1 1 Pl(xi)TQ’lS(ylo [ I L 1 1 I 1 |_ LQ Vg /3) 1 (3’ 2’ 5/6) OSR / 20 TT Bs % TT, Bu % TV’ MW
0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
R(D)

New physics interpretations of R(D")) anomaly and their exciting predictions
Teppei Kitahara (ITP, CAS), WIN2023, Sun Yat-sen University, Zhuhai, July 7, 2023

() =



Backup slides

uoN ~
}% g Gthhg’kA e % a @_/A_‘IO/’\"\/_V CHE
%Y' LN ¢ 0 % p 3
Il @t P RB O gar
g K (B W NS J
R P Z g ~ % o ’é’ @ ch OLE
: g4 F PRS2 & @ Gamxy
3 S e g-q e
3 . » PR N a LARG
2 " DAk MaTrER TS oE Scduz
. FoeTuRg
THE ORIGIN OF ?ARTICLE,S (0 s (00S 3,,,03},
ANp THE UNIVERSE Top »

(c) KMI/Nagoya-U



