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High-energy vs. high-precision

¢ The Standard Model (SM) is known to be an incomplete model that can not explain matter—

antimatter asymmetry, dark matter, gauge hierarchy, quark mass hierarchy, neutrino mass, etc.

Beyond the standard model (New Physics/NP) is, therefore, required
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B physics

¢ Rich phenomenology; CKM, FCNC, CP violation, tau lepton, Lepton-flavor universality (LFU),

Hadron spectroscopy, dark sector, etc

¢ Three major B factories:

BaBar experiment @ SLAC, physics run was finished at 2008
ete” = Y — BB 10°BB per year

Belle and Belle Il experiments @ KEK, Belle |l started at 2019
ete” > Y — BB 10'BB peryear

LHCb experiment @ CERN, Run 2 were done, Run 3 will start at 2022
pp — bb — BB 10'?bb per year

CMS CMS experiment will become B factory at Run 3 (called B-parking),
newcomer 10 - . :
Run2data[ 10 (b — uX)b ] will be shown near future [Takahashi, PPP2021]
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Test of Lepton Flavor Universality (LFU)

¢ Gauge symmetry predicts lepton flavor universal phenomena
& v T
v/ Z W = =
Ve, € Uiy W Vpry, T

¢ Charged lepton mass changes kinematics and modifies scalar form factors in the

hadronization, which eventually violates the lepton flavor universality

¢ Long-distance QED correction (beyond PHOTOS MC simulation) could violate the lepton

flavor universality [de Boer, TK, Nisandzic, PRL '18; Isidori, Nabeebaccus, Zwicky, ‘20]
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LFU observables R(D) and R(D?)

R(D™) =

BR(B - D™¢v,)

BR(B - D7v)

~

Vb dropped

J

New physics, e.q., Leptoquark

B(B — Dtv) =2%, B(B — D"{v) = 5%,
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Latest SM predictions of R(D) and R(D*)

HFLAV theory average2019 R(D)g = 0.299 = 0.003 R(D*)g = 0.258 £ 0.005

¢ + All lattice data, QCD sum rule, and the latest LCSR result [Gubernari, Kokulu, van Dyk '18]

Qg* = ¢ ax Qg* <0
Z
(ED L 4 + All @(Azlmg) corrections in the heavy quark effective theory in all form factors [Jung, Straub '18]
Q)
S ,
f‘<i . + Momentum distributions from Belle data [Bordone, Jung, van Dyk "19]
(Vp)
o R(D)q\ = 0.297 £ 0.003 R(D*)gy = 0.250 £ 0.003  [BJvD]
¢ + Angular distributions from Belle data [Iguro Watanabe '20] [1A5Vf(‘)'j)b3'2§7e;”e data
1702.01521;
R(D)g\ = 0.289 £ 0.004 R(D*)gy = 0.248 £0.001 [IW] 1809.03290]
R(D): 1.4 [HFLAV2019] = 1.4 [BJvD], 1.7 o [IW]
R(D*): 25 —532340
! combine: 3.1 - 3.9,420 )
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Other channel: RUJ/Y)

¢ The LFU violation was measured in B, — J/y transitions

B(B, — J/yt~v;) b

RUI) = B(B: — J/yl~ ) B. @g

R(J/Y)exp = 0.71 £ 0.17gat £ 0.185yst  [LHCb, 1711.05623]

:

s £

R(J/vY)sm = 0.2582 + 0.0038  Based on first lattice result [HPQCD, 2007.06956]

:

1.80 consistent using Ni=2+1+1, with “HISQ” c and heavy quark b

Candidates / ( 0.6 GeV?/c*)

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

5 0 5 0
m?_ .. [Ge\/z/c‘l]
D bk — A Early new physics study, e.g., [Watanabe, PLB '18; Alok, Kumar, Kumar, Kumbhakar,
W J4p comb.bke. NN BT - JAH
— I Lt Sankar, JHEP '18]

Signal reconstructed with tau leptonic decays and LHCb Run 1 data (3fb-")
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Let us consider New Physics



New physics interpretations

¢ New physics (NP) for R(D(*)) anomaly can be model-independently described by

Heff = 2\/§GFVCb [(1 + CVI )(EYHPLb) (TYMPLVT) + CV2 (E'}"uPRb) (?YﬂPLV‘F)
+ Cs;, (EPRb) (fPLVT) m & (EPLb) (?PL Vq,-)
+Cr (ot PLb) (fauvvaT)] the.,

. SM contribution is the first term

¢ CV2 appears dimension-eight at the SMEFT

¢ Light right-handed neutrinos ( m, < Mg ) can also be included, but constrained from the collider bounds
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Single new particle interpretations (1/2)

¢ Single WC scenarios ¢ Two WCs scenarios

W’
SU(2).-singlet vector LeptoQuark (LQ),
SU(2).-triplet or -singlet scalar LQ (S{) (Cy,, Cg = —4Cy) SU(2).-singlet scalar LQ (S)

Cq Charged Higgs,
SU(2).-singlet or doublet vector LQ (U4, V) (CVI, Csl) SU(2).-singlet vector LQ (U,)

C,  Charged Higgs with generic flavour
structure (CSI’ Csz) Charged Higgs with generic flavour

structure
C, =4C; scalar SU(2).-doublet LQ (R»)
. (“4” comes from Fierz identity
and is modified by RG evolution)
¢ There are so many detailed studies for each single particle scenario
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Model-independent prediction: R(Ac)

¢ Baryonic counterpart:

S B O 042}
SU(2).-singlet scalar LQ (Sq) 040l 5 sk 040
L L& | = i
, é [ .
: 30'38. ‘ : ~ 0.38)
Charged Higgs s | ‘ 2
0.36/ ! 036/
|
L : | |
34+ | l Wb k=10 344 \
N T I 1 e B
o3t Lo L 032l (B RescolmGdn))
026 028 030 032 034 026 028 030 032 034
R(DY) R(D")

Sum rule for R(Ac¢) prediction from the hadronic form-factor analysis
Model-independent sum rule R(A.) R(D) R(D*)
| | | | ~ (.26 - 0.74 -

(also valid for light RH neutrino scenarios) R(AC)SM R(D)SM R(D )SM
R(A.) =0.38 0.01p(py £ 0.01pF

-

R(A)

305% |

B(Ag — A7)

Alg(l\éz — I\Jiig'_i7g)

R (Ad)gy = 0.324 £ 0.004

@ LHCb [Bernlochner, Liegt, Robinson, Sutcliffe '18]

SU(2).-singlet vector LQ (Uq)
SU(2).-doublet scalar LQ (R»)

Similar ellipses!

Crosscheck of R(D'™) anomaly
is possible by R(A )

There is no data yet

[Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, '19]
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Single new particle interpretations (2/2)
¢ wW’

4 Severely constrained from AM, Z' — t7 search [Faroughy, Greljo, Kamenik '16], and W' — v

search [Abdullah, Calle, Dutta, Flores. Restrepo '18]

¢ Charged Higgs with generic flavour structure
4 Severely constrained from 5. — 77, H* — tv search [Iguro, Tobe '17: Iguro, Omura, Takeuchi ‘18]
¢ Leptoquark

¢ Collider bound comes from direct search via QCD coupling gg — LQLQ*, and broad parameter

regions are still allowed when M| 2 1 TeV

—

We focus on (heavy) LQ scenarios
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Collider search for pp — v

¢ The direct bound comes from high-p tails in mono-t searches

|Greljo, Camalich, Ruiz-Alvarez '19; Marzocca, Min, Son, '20; Iguro, Takeuchi, Watanabe ‘20]

B anomaly Crossing symmetry LHC

) 2
T Aog  Lebros X Vel % (m§W Cvl) X NP signal 2y (2

V O- 2 ™m u 1
L, 200 X |Vidl ><( §w) W
I+d o SMBG

q LQ signal/BG is amplified at large § : hard 7 with large missing transverse energy (v_)

! b
-

4 )

20 upper bound from data (36fb-1)
Assuming EFT limit,

Cy, ,| <032, |Cg .| <057, [Cr|<0.16 namely M; o — co

[Greljo, Camalich, Ruiz-Alvarez '19] | y
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What we did: LQ mass dependence

¢ We investigate LQ mass effects, which relax the collider bound [lIguro, Takeuchi, Watanabe 20|

B anomaly Crossing symmetry LHC
TR o0

Here, to amplify the LQ signal/BG ratio,  ~ — O(1)TeV? is expected.
Now, the LQ mass receives additional effective mass via the large t

# Collider bound should be relaxed when lighter LQ mass range
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What we did: Additional b-jet tagging

¢ Requirement an additional b-jet would be powerful [Marzocca, Min, Son '20]

LQ signal

Additional b-tag suppresses the
BG by several of powers, because
the b-tag comes from only the b-
mistag from QCD jets

LQ signhal suppresses only by a
AT S b-jet several factors

b-mistag jet v~

T

w* Signal/BG ratio can be amplified

LR by the additional b-jet tagging

Note: stat. uncertainty becomes large
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Single operator scenarios
|Endo, Iguro, TK, Takeuchi, Watanabe, PRELIMINARY]

T TTTT] : I ' TTTTT] I I I TTTTT]
V; single 0.4; S; single 0.4¢ T single
= ——v— = 03 = 03 —v  139fb7': tv
ER: RS I e 139fb7": v+ b
< 0.2p% = & 0.2} & 02E N ~a- 3000fb~": Tty
2 :o\ ANNA‘“*A---*---A--A = o . \’K\ e 3000fb~": t*v + b
0.1f “®-o—--q oo 0.1} N = =
: : Tl g--0-®
: : WEREET1 1o vl “« - "
e aans s BIE  resramanr wver IR e asss sves: BARA AL
» -- B o with 3000fb-1
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R2 leptoquark scenario

T+MET search 0.6
36fb-1 exclusion |[Endo, lguro, TK, Takeuchi,
Watanabe, PRELIMINARY]
T+MET search 0.
139fb-1 sensitivity
&~
T+MET+b search O 0.2
139fb-1 sensitivity é
N 0.0
T+MET search RS?
3000fb-1 sensitivity — =02
E Ro LQ scenario
T+MET+b search 7 | can be probed
3000fb-1 itivit _0. Qs _
SETSIHVILY e 7 | by b+tau+MET search
¥ RN ‘ with Run 2 data (139fb-1)

-06 -04 -0.2 0.0 0.2 0.4 0.6
ReCs, =4ReCyr
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Pseudorapidity distribution
|Endo, Iguro, TK, Takeuchi, Watanabe, PRELIMINARY]
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Conclusions

¢ Lepton-flavor universality violation [R(D) and R(D*) anomalies] is observed at ~4c levels
* Several leptoquark can easily explain the R(D) and R(D*) anomalies

¢ We simulate the LHC sensitivity of the leptoquark indirect search via

pp — tv and pp —> v+ b

¢ We show that additional b-jet tagging significantly improves the LHC sensitivity, and light LQ mass

can relax the collider bounds.

¢ We also study the angular distributions of pp — tv + b to distinguish the LQ scenarios

LHC phenomenology in light of R(D) and R(D*) anomalies @/ o
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Measurements of |V
.
¢ For determination of |V|, one W f — €, U

compares measured branching ratios

vV
b c
and the theoretical formulae B (ﬁg Vey O ¥ Hadron states X
S ) = D**, D*, D, D, Dnirt...
d

¢ Inclusive decays: B — X v
4 It corresponds to quark-level decay rate (b — cZv) + g, Agcep/my, corrections
¢ Last data in 2010 — Belle Il result coming soon [Moriond2021, preliminary]

L No lattice = the first lattice study [Gambino, Hashimoto, PRL '20]

¢ Exclusive decays: B = Dfv,B — D*fv

¢ Many data with different schemes. One can use several lattice simulations.
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M., GO IV, 1[107]

[
=)

~30 tension between

A
(og

inclusive vs. exclusive o 4.8
Ve and Vb = 46
= 44
NP interpretation is > 4.2
difficult [Iguro, Watanabe, 4
2004.10208]

3.8
3.6

[HFLAV 2019, based on CLN]
B — Dfu B D*¢y 4
Av=1 CLEO - 3.2

N, FDIV_I [107]

[Ricciardi, Rotondo, 1912.09562]

3
28 "
2.6

A _-»p\*v

/

llIllllI

37

Average of the exclusive determinations

38

Average of the inclusive determinations

Inclusive |[V_

TRXY

bl

Y

L1 1 1

cb‘

[10°]

Kaon physics prefers
inclusive Vb

CKM unitarity

Belle Il

preliminary result
[Moriond2021]

Inclusive Vcb
=41.7 (12) x 1038

Belle preliminary
[ICHEP2020]

Inclusive Vub
=4.06 (24) x 103
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Polarization observables in b — ctv

¢ The following two polarization observables could be important to confirm/distinguish new physics
\ 4 Longitudinal D* polarization (D* — D) S ::Z \Ik\ [Belle, 1903.03102]
(é) 120; \ I

Bhel is the angl 2l '

T'(B — D*Ty hel IS € angie . eoE—

Fr, (D*) = ( LTV) between D and B in the F |

I (B — D*TV) 40;_—FitwithF,D'=0.6

D* rest frame 200 s

1.4 o consistent

cos@mel

¢ 7 polarization asymmetry along the longitudinal directions of 7 (t — zv, pv) [Tanaka, ZPC'95]

Fit of angle dependence:
[ (B — D@ A=t1/2)) — T (B — D) A=-1/2,) e P

P (D™) = 8 between m, p and W*(tv)
* .
I'(B— D7y in T rest frame
LHC phenomenology in light of R(D) and R(D*) anomalies @/ o
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Predicted ranges of polarization observables

¢ Polarization observables can discriminate these LQ scenarios
[lguro, TK, Omura, Watanabe, Yamamoto, '19, UPDATED]

PP PP pPr- Rp Rp-
Ro LQ | [0.442, 0.447]  [0.336, 0.456] [—0.464, —0.424] 1o data 1o data
[Predicted ranges] S1 LQ | [0.436, 0.481] [—0.006, 0.489] [—0.512, —0.450] 10 data 1o data
Ui LQ | [0.440, 0.459]  [0.156, 0.422] [—0.542, —0.488] 1o data 1o data
SM 0.46(4) 0.325(9) —0.497(13) 0.299(3)  0.258(5)
data 0.60(9) i —0.38(55) 0.340(30) 0.295(14)
(50 ab1)  Belle II 0.04 3% 0.07 3% 2%
¢ P_(D) can well discriminate the new physics
\ 4 LHC mono-7 search gives more severe bound than BR(B — 77v) < 30 %
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SU(2).-singlet scalar LQ ($)
Charged Higgs

P, (D) vs. P.(D*)

P.(D) vs. F (D*)

P-(D")

Fi (D)

[Blanke, Crivellin, TK, Moscati, Nierste, Nisandzic, PRD ’'19]
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Tensor operator vs. F; (D*)

4 Tensor operator in new physics scenario is significantly constrained by F; (D*)
[lguro, TK, Omura, Watanabe, Yamamoto, '19, UPDATED]

\ Cr(p) = Cplet”

0.34 —
0.32} \
Hegr = 2V2G Vi, Cr (1) (o PLb) (o Prvy) | -
0.30}
() | — () *Q 0.2 8 ' ; 0.25
B o | : “
0.26' 0.35 “
F;(D*) =0.60 = 0.08 £ 0.04 : SMk  § 20.2
[Belle, 1903.03102] 02417 (D*): o4 :
 blue line 1 *
022 — A4 L
0.25 0.30 0.35 0.40 0.45
R_> Excluded by F; (D¥*)
D
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