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Test of Lepton Flavor Universality (LFU)

¢ Gauge symmetry predicts lepton flavor universal (LFU) phenomena:

e T
v/ Z|W = =

Ve, € Vs W

2 Only charged-lepton mass violates the LFU within the SM

m, = 0.5MeV, m, = 105 MeV , m_= 1776 MeV
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LFU observables R(D) and R(D?)

HFLAV 2019, New SM= Iguro, Watanabe, 2004.10208]
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Comment on QED correction within the SM

¢ Long-distance QED correction could violate the lepton flavor universality

[de Boer, TK, Nisandzic, 1803.05881] + [Cali, Klaver, Rotondo, Sciascia, 1905.02702; Isidori, Nabeebaccus, Zwicky,

2009.00929] 1()_.‘1 e —
@ : long distance
< 8RN ] e leading long di
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. . c | LFU violation ~ R(D%)7/#
It is found that the QED corrections depend oL . =™
on the lepton velocity (=the lepton masses) 0 20 40 60 80 100
with opposite sign (light lepton vs heavy Invisible photon energy (MeV)
lepton) [de Boer, TK, Nisandzic, 1803.05881]
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General operator basis

General NP for R(D™) anomaly can be model-independently described by

SM
\’

Heir = 2V2GEV, | (14 Cy, ) (¢¥* PLb) (TyuPLVz) 4 Cv, (¢Y* Prb) (TYu PLV:)
+Cs, (EPRb) (?PL VT) + Cs, (EPLb) (TPL VT)

2 CV2 appears dimension-eight at the SMEFT, while others are dimension-six

4 Light right-handed neutrinos ( m, < Mg ) can also be included, but are constrained from the

collider bounds
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Single new-particle interpretations

& W’ CV1

4 Severely constrained from AMS, /' — 171 search [Faroughy, Greljo, Kamenik, 1609.07138], and

W’ — tv search [Abdullah, Calle, Dutta, Flores, Restrepo, 1805.01869]

4 Charged Higgs with generic flavor structure : C S > C s,

4 Severely constrained from B, — v and H * 5 v search [lguro, Tobe, 1708.06176: Iguro, 2201.06565]

L Leptoquark : CV1 , Cvz, CS1 , Csz, Cr

¢ Collider bound comes from gg — LQ LQ", and broad parameter regions are still allowed

# We will focus on heavy LQ scenarios, then there is no direct bound from LHC
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[cf. Angelescu, Becirevi¢, Faroughy, Jaffredo, Sumensari, 2103.12504;
I—e pth Lia rk Cata IOgue Athron, Balazs , Jacob , Kotlarski, Stockinger , Stockinger-Kim, 2104.03691]

Leptoquarks that do not lead to proton decay and can contribute precision measurements

ng-2
S1LQ O (5, 1,1/3) Loop V With S3

U: LQ 1 (3.1, 2/3) v/ v X X

R2LQ 0 (3,2, 7/6[1/6)) v Loop v Small
V2 LQ 1 (5, 2, 5/6) Small Flectron Small J
S5 LQ 0 (3, 3, 1/3) ) 4 v/ ) 4 With Si

Us LQ 1 (3.3, 2/3) X v/ X ?
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Crossing symmetry

ﬁ

Direct connection

v p b U

B anomaly LHC event
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Collider search for pp — v

¢ The direct collider bound comes from high-p; tails in mono-7 searches
|Greljo, Camalich, Ruiz-Alvarez, 1811.07920; Marzocca, Min, Son, 2008.07541; Iguro, Takeuchi, Watanabe, 2011.02486]

Crossing symmetry
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LQ signal over Bkg is amplified at large 5 : hard 7 with large missing transverse energy (= v.)

( )

20 upper bound from data (36fb-1)

Assuming EFT limit,

[Greljo, Camalich, Ruiz- Cy,,,| <032, |Cs ,| <057, |Cr|<0.16 YRR
Alvarez, 1811.07920] Namely My o — 0
- Y,
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Leptoquark mass dependence

¢ We investigate LQ mass effects, which relax the collider bound [Iguro, Takeuchi, Watanabe, 2011.02486]

Crossing symmetry

B anomaly

1
X
t — Miq
with < O

To amplify the LQ signal over Bkg ratio,  ~ — O(1)TeV? is expected.
Now, the LQ mass receives additional effective mass via the large negative t
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MLQ when LQ mass is light
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Additional b-jet in the final state

¢ Furthermore, a requirement of an additional b-jet is powerful [Marzocca, Min, Son, 2008.07541]
LQ signal

Additional b-jet tagging suppresses
the Bkg by several of powers

LQ signal suppresses only by a
several factors

b-jet
M
T Signal over Bkg ratio can be
L R # amplified by the additional
b-jet tagging
C Vv
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MC simulation (MadGraph5 + Pythia8 + Delphes)
of both SM Bkg and leptoquark signal

SM Bkg (that mimics T b + missing) Examples of LQs [U1 LQ scenarios]
BG (cutb Wii Ziji(Z—vv tf Z,yDY 174% ingle ¢ 5/b=0 5/b=0 s/p=1 s/p=1
cod) | Wi 2@ Y Uity Utdn Ulfih Ul | BO
number of jets | 6693.4 235099 346.7 1813.2 1258 1518 number of jets 4945 6085 5066 8376 | 244230
number of T 3173.5 5617.1 73.9 894.9 59.7 34.0
number of T 2024 2941 2898 4168 9853
number of b 90.6 305.5 35.9 163.9 5.28 18.8
number of b 460 692 535 754 620.0
isolated lepton 90.5 305.5 29.7 10.4 1.38 17.0
isolated lepton 454 685 485 747 454.5
7 kinematics 78.8 20.8 23.6 90.19 1.13 14.0
MET cut 71.2 4.62 20.9 2.52 098 127 & SINEMANES 2 B0 i 0% | iH2
backioback 7.84 3.61 1.67 0.57 0.18  0.54 MET cut 350 40 371 N0 | 1129
07 <mp<1TeV | 0.58 0.37 0.056 0.28 0.018  0.029 back-to-back 258 402 263 443 14.4
1 TeV < my 0.16 0.06 0.01 0.007 0.005  0.005 0.7<mr <1TeV 53.9 86.4 55.8 92.0 1.33
1 TeV < mr [34] | 0.18(5) 0.21(12) 029(3) 4.2(4)x107° 0.35(5) 0.067(7) 1 TeV < mrt 26.0 71.6 30.7 101 0.25

A transverse mass defined as: mT = \/Zp%EfrniSS [1 — COS A¢ (ﬁ%aﬁ%ﬁss)]



Ro Leptoquark scenario
|[Endo, Iguro, TK, Takeuchi, Watanabe, 2111.04748]

T+MET search
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U1 Leptoquark scenario
|[Endo, Iguro, TK, Takeuchi, Watanabe, 2111.04748]
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U1 Leptoquark scenario: comparison

[CMS, CMS PAS HIG-21-001]

|[Endo, Iguro, TK, Takeuchi, Watanabe, 2111.04748]
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Conclusion

Several leptoquark can easily explain both R(D) and R(D*) 4o levels anomalies

2 We simulate the (HL-)LHC sensitivity of the leptoquark indirect search via

pp - tv+b aswellaspp — v
¢ We show that additional b-jet tagging significantly improves the LHC sensitivity by =40%
2 We show the EFT breakdown behavior in light leptoquark region (see paper)

¢ We investigate the angular correlations to discriminate the LQ scenarios (see paper)
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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 LCZSR result [Gubernari, Kokulu, van Dyk '18]
Qg° = ¢f ax Qg* <0

Z
2 ®  +AlOAY mf) corrections in the heavy quark effective theory in all form factors
% [Jung, Straub '18]
f“<i & + Momentum distributions from Belle data [Bordone, Jung, van Dyk "19]
(V)
3 R(D)g\ = 0.297 £ 0.003 R(D*)gp; = 0.250 £0.003  [BJvD]
¢ + Angular distributions from Belle data [Iguro Watanabe '20] g’;Vfg%tngi”e data
1702.01521;
R(D)y = 0.289 + 0.004 R(D*)q\ = 0.248 £0.001  [IW] 1809.03290]
r N
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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