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Muon g-2 Collaboration | “ “ y \.
Muon g-2 Collaboration
BNL 9_2 [PRD 73 (2006) 072003]

a, " = 116592

FNAL g-2 +———@—+

a, " = 116592(

Ag, "M HNAL = (251 + 59) x 107
4.20

ap," = 116591810(43) x 10~
—®— Aoyama et al. +—@—

Standard Model [P"Ys: Rep- 887 (2020) 1 Experiment

Average

N80(63) x 10~

This work [
Gérardin et al.32 |-
Davies et al.33 |

Giusti et al.34 |

140(54) x 10~

——fF— Lattice +—&— R-ratio

Blum et al.’® |
Borsanyi et al.’* |
Davier et al.® |

Keshavarzi et al.4 |-

Colangelo et al.5, |
Hoferichter et al.®

——
=
—o—
S :
O No new;physics
6(I30 6é0 760 750 74.10

17.5

180 185 190 195 200 205 210 215
9
a,x10 -1165900

See however from Lattice QCD
Sz. Borsanyi et.al. Nature 593, 51-55 (2021)
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https://www.nature.com/

(

)

o A I A N AL A LA AL B R AL R _
@/ B average AY>=10 t ] D(*) o -
Z o, :_ [ HFLAV averag Y contours _: BI'(B N D(*>€V€)€:e,,u
- LHEDbIO 1 Rp =0.340 4 0.027 4 0.013 +1.40 from SM
035 BaBarl | RD* = (0.295 £ 0.011 £ 0.008 +2.50 from SM
“F | : : - from SM
C 1 Lcw . Rp/Rp+ combined ~ +3.080 from
03 ‘ =| HFLAV Group
C I 1 [EPJC 77 (2017) 895] [1612.07233 (hep-ph)]
025 C Ei\BeHe19 ___________ ]
L 1 BaBar Collaboration Belle Collaboration LHCDb Collaboration
- Bellel7 7 [PRL 109 (2012) 101802] [PRD 92 (2015) 072014] [PRL 115 (2015) 111803]
021 T aerage of SM predictions msprmg 2019 |- Belle Collaboration LHCb Collaboration
- L IR(DT):(I).258I¢O.I005I o P(xf)=l27%l i [PRL 118 (2017) 211801] [PRL 120 (2018) 171802]
0.2 0.3 04 0.5 R(D) Belle Collaboration
HFLAV average : https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html [PRL 124 (2020) 161803]
(*) R 2.0 IS L LA B L L B AL L I I I
R Br(B— K™y u=) < | _
x) = S ] . BaB
K Br(B — K(*)e"‘e_) -~ 150 - 0.1<22r<8.12GeV2/c4
i - ]
(... S N SN N _ , Bell
RK* 1O} ] ' 1.§< 22<6.0 GeV¥c*
LHCDb Collaboration F}' I | ]
[JHEP 08 (2017) 055] 05 _ ® LiCh _ N LHCb © b
" LHCh : gal?ar ] 1.1 < ¢><6.0 GeV¥/c*
I ST S R T RS S S L |
95 _ "% 5 10 15 20 05 1 15
BaBar Collaboration ¢® [GeV2/cY Ry
[PRD 86 (2012) 032012] LHCb 2021, Run 1+2 full data set 9 fb~*

Belle Collaboration
[JHEP 03 (2021) 105]

LHCDb Collaboration
[2103.11769 (hep-ex)]

LHCb 2017, 7+8 TeV data set 3 b1

RO — 0,66101140-03 (9 1.9 3)5

RIEDOO = 0,6970:1140:05 (9 4 9 5)0

R[é.l,fi.()] _ ().84¢10.042+0.013

—0.039—-0.012

3.10 from SM
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All possible LQs couples to quark + lepton |

LO - g+ 7
1.Boson (s=0, 1) s=2: not impossible
2. Quantum numbers e.g.

1 2

1 1
Y = Yq+ Yf = (E’E’_g) @ (_59 _ 1)

W. Buchmiiller, R. Riickl, and D. Wyler [PLB 191, 442 (1987)]

Spin 3B+ L SU(3). SUQw U(ly

Allowed coupling

SM+LQ SM
R 7" > Rpe

SMA+LQ SM
R " < Rgio

@ Isospin singlet ===

vector leptoquark o

A. Angelescu et al.
[JHEP 10 (2018) 183]

0 —2 3 1 1/3
0 —2 3 1 4/3
0 —2 3 3 1/3
1 —2 3 2 5/6
1 —2 3 2 ~1/6
0 0 3 2 7/6
0 S s 2o memeram

1 0 3 1 2/3
1 0 3 3 2/3

qLy*er or dgyter }

qrlr or uperR

e o dbly
u R'Y'L%L
JI.eR Or uRls
Rl ‘
qLY"eL

1 y . :
LD _§U1JF,LWUf + Ul,u Z [ng( Lfy,uejL T (VCTKMa:LUPMNS)

) QCD&EM
Interactions

[From PDG LQ review]

i,j=1,2.3

Y]

(uiytvy) o

ARy el) | +hue.

(effective) LQ interactions

Ul,uu — D,LLUll/ — DVUl,u
2

Dy, = 0 — igsGT" — iz gy B,



All possible LQs couples to quark + lepton

W. Buchmiiller, R. Riickl, and D. Wyler [PLB 191, 442 (1987)]

Spin 3B+ L SU(3).

SUQ2)w U(l)y

Allowed coupling

0 —2 3 1 1/3 qrlr or uperR
R%\gLQ > R%h({) 0 —2 3 1 4/3 1%eR
R%{l\(&:)rLQ < R%\({) 0 —2 Li) 3 1/3 QEEL_
1 —2 3 2 5/6  q7yter or dpyHly
1 —2 3 2 ~ large p-t-L(Q) coupling
CO 0 3 2 7/6 qL.ER OI‘ﬂfﬂZ! )
. . 0 0 3 2 1/6 dplr
@ Isospin singlet (1 0 3 1 2/3 __qry*r, or dpyter )
vector leptoquark ) 0 5 : 5/3 dnen
A. Angelescu et al. C ] 0 3 “@ 273 Ty

[JHEP 10 (2018) 183]

1 y . :
LD _§U1JF,LWUf + Ul,u Z [ng( Lfy,uejL T (VCTKMxLUPMNS)

2,=1,2,3

) QCD&EM
Interactions

large v-b-L(QQ) coupling

¥

(uiytvy) o

If one does focus on

a simultaneous explanation
of

RK(*) / RD(*) anomalies
only with a single LQ,

other choices cannot make

correct contributions for
RK(*) & RD(*), or excluded by
other rare decay processes,

Model | Ryv) | Rp) | Rg) & Rpee)
S X+ v X*
R, X v X
R, X X X
S5 v X X
U v v v
Us v X X

such as

Br(r — u)
Br(B — Kvv) andso on.

(effective) LQ interactions
Ul,uu — D,LLUll/ — DVUl,u

2

Dy, = 0 — igsGT" — iz gy B,

A. Angelescu et al.
[JHEP 10 (2018) 183]

A ( _%fy“e%)} + h.c.




Possible contributions to Low-E anomalies from Leptoquark

i b,s )t S LQ
| > I , d N
\ /
N _ / 2. [ bLSA \ M
LQ o "
% 0!
>
b > 32\ * BN 22) S
(z7) LQ Ly,
po a

|
A_1(MLU“ HRr)E (9 —2)u
N. .
Aa ~ 5 - ARe(e} (@3)") T (200 — 2Qu0)
1 R+
— (57, PLb) (" "
_5’5%2(‘5%2)* C [0.83,1.41] x 1073 TeV 2
miq
1 = =~/
A—g(C’YuPLb)(TW Prv,) RD(*)

CKM .23 CKM .33 33\ x
(Ves™ 27 H/gb ) (L) C 0.12,0.18] TeV 2

mLQ 5




Ballpark for Anomalies(?)

W. Altmannshofer, P. Stangl [2103.13370]
2.0 / /

flavio

B, — pp lo
—— Rk & Rk~
b— spp lo, 20

lo, 20

32
|PL/R

151 — rare B decays 1o, 20

62

b1y __
Oy =

<

Br(Bs — p*p~)
Br(Bs = ptu~)sm

Br(B — K(*)u 0w

R =
K Br(B%K(*)eJFe_)
2.1 —2.50 (Rgr)
3.10 (Rg)

S

Upper Iimits from LFV in B-meson decays

exp — 0. 73—|—O 13

(2.10 away from SM)
[ATLAS-CONF-2020-049]

e2

18y
010 -
0.0

0.10

(wac[ 0.5, —10

-1.0

—-2.0 —-1.5 -1.0 —0 ) 0.0 0.5

wau
(depends on scenarios / Wilson coefficients)

1.0

C = U+ S > _
731 OKM @B R ——
LQ+ LQ{ TN
b B |$L/R _+ b < |5U§33/R -
Br(B. — 77 )exp < 0.1 Br(Bs = 771 exp < 2.1 x107°  Br(Bt - K+T+M ) < 2. 8 x 1075

LHCDb Collaboration
[PRL 123 (2019) 211801]

A. G. Akeroyd et al.
[PRD 96 (2017) 075011]

Upper limits from LFV in tau decays

BaBar Collaboration
[PRD 86 (2012) 012004]

-~ LQ
N

Belle Collaboration
[PLB 666 (2008) 16]

BaBar Collaboration
Br(t — wy) < 3 x 107° [PRL 104 (2010) 021802]

— >
\\LQ \\) I
Belle Collaboration

r(t — pug) < 5.1 x 10~ 3 [PLB 699 (2011) 251]

(4m)?

(4m)?

(37uPLb) (417" l2)

(87, PLb) (L1v" )
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e LQ can be pair-produced with a large cross section. (QCD process)

[PRD 99 (2019) 032014 (CMS Collab.)] [JHEP 10 (2020) 112 (ATLAS Collab.)]

35.9 16" (13 TeV) S 18717 (13TeV)

- S I 'E! T I T T T 3. 1Ev|llllllvll E — 1:|1|Ivllllllll| T T B fc 1»_! llllll!lllllll:
2 RN 1 2 10° — Ovserved iimit (96% CL) pp - LQLQ S 09EA TLAS 3 . - ATLAS 3 o ] ATLAS E
iy S CMS - % - . 4 Q 0.9F 4 1 09F =
g I S Median expected limit  B(LQ — b v) = 100% 0 0.8 s=13TeV, 139 fb’ = 1 0 85 Vs=13 TeV, 139 b 18, eE Vs=13TeV,36.1fb" -
; 3 10% [l 68% expected P10, 10, o = —— Obs 95% CL limit ENe N E —— Obs 95% CL limit 1 &
- o j 95% expected — olheory, Lo k=1) | 0.7 . i 3 0_7 — EXp 95% CL limit = 0.7 E — observed =
- : = . 10 pp —1Q, LQ, o - Il 1o 3 K - @ o 3 0.6F ----expected 3
: 12 Y E \ oy, Lo~ (=0) (=" 2 2 @ 06F Hla 32 . 5
E ‘ - s ] 1 PP LQ, LQ; 0.5E E 0.5  =Totheory g 05 —#+EMS0r -
= -1 BN\, T - = - - - P -
- ; : 0.4 = 0.4 X I = 0.4F —H+EMS1
- 95% CL limits E 0.3E = = 3 0.3F t7b + E7* =
3 — CMS g + v (Obs.) = 3 0.3 = 3 0 25 —btbt =
: gx: i :o;;vn)(sxp-) ] 0.2 = 0.2F 3 “E bb + EMss
- . - uvj) (Obs. = = L _> E - L b - 1 3
- o —---CMS wvii (Exp.) E 0.1 Q S/J/ = 0.1 Q ) /_,1/ = 0 15 . E
- — CMS pujj (Obs.) E =N B B B B BN BT o |...1...1...1...1-“1---5 °4oo5006007(1)08(1)0:5)601010.(‘)111001210013160
: 1 oMSwiEe) 800 600 800 1000 1200 1400 1600 1800 200 £00 600 800 1000 1200 1400 1600 1800 200¢ m(LQY [GeV)
500 10m 1500 2000 10—4 PR S SIS ST S S || 1\ ll | . 1
500 1000 1500 2000 2500
m, q [GeV]

m , [GeV]

 For Single LQ production, current/future LHC searches can be sensitive to

- 11
LQ couplings fj IR . 35.9 fb (13 TeV)

35.9 fb' (13TeV)

9 LI NLELELE NLEL LA BLEL NS NLELELA NLELELE B (<2.5_--,..V/.Tr..
= CMS - Observed 95% CL . CMS Z
q X ---- Expected 95% CL I <] Preferred by %
10p = — \\\ -anoma % Z
g © E .Expected + 10experiment g 2.0 : . 2XC|uded|)(IQ(5gso/CS)L) é o\ \\
L Expected = 2 Ovooriment ] N JHEP 07 (2017) 121 7 \ 3
LQ, ! B Sonmen ] 1sp o Eeee Jf N ture
/( . . | E : EXP. £ 10, 0 riment /
q» A g 10! E - 0:_ = Obs. 95% CL ¢"§§§§
: of T\
) ! \\\\‘\ %:g;
E osf \&\\\
O S \\\ SN
! ¢ : SRR

10_35 L . A
[JHEP 07 (2018) 115 (CMS Collab.)] 200 400 500 800 3000 1200 1400 ' 500 1000

Leptoquark mass (GeV) Leptoquark mass (GeV) 8




e With the target integrated luminosity, Belle Il experiment will test Leptoquark
scenario with ~O(3-4)% uncertainties in [? ;- () measurement.

Observables Belle 0.71ab™! Belle Il 5ab™! Belle II 50ab™!
Rx ([1.0,6.0] GeV?) 28% 11% 3.6%
Ry (> 14.4 GeV?) 30% 12% 3.6%
Ry~ ([1.0,6.0] GeV?) 26% 10% 3.2%
Ry~ (> 14.4GeV?) 24% 9.2% 2.8%
Rx. ([1.0,6.0] GeV?) 32% 12% 4.0%
Ryx. (> 14.4GeV?) 28% 11% 3.4%

e Observation of tau-involved rare processes

Belle Il Collaboration
PTEP 2019 (2019) 12, 123CO01

B - Kttt ,B - K’t"t,B" - K*'t"1t,B" - K*°t 1t~

> SM expectations: @10~ )
> Cannot be observed with 50 ab™!
> UL prospects: O(107°-107°)

e LFV process in B and tau decays at Belle Il
BT - K™/~ 1T — uy
B?s) — 7T T — U@




o Z-factory
Z boson precision measurements are sensitive to LQ via loop corrections

Precision measurement/Lepton universality LFV
[PDG 2020] I'(Z — u*u~)/T(Z = e*e™) = 1.0001 % 0.0022 Br(Z — pur) < 1.2 x 10°° (LEP-I)
I'(Z - ™)/ T(Z - utu™) = 1.0010 £ 0.0026
['Z - tc)IT'(Z - ete™) = 1.0020 £+ 0.0032 At Future colliders with ~ 10'* Z production,
I'(Z — bb)/T(Z — hadrons) = 0.21629 £ 0.00066 Br(Z — ur) < 6(10~°) is expected

Current experimental precision level: ABr/Br ~ @(10—3) CEPC Conceptual Design Report [arXiv:1811.10545]

* Both can be significantly improved at future e-e+ colliders (ILC/FCC-ee/CEPC)

e LQ contributions to Lepton universality/LFV

Precision measurement/Lepton universality | FV

Br;,/B i | 2 m? -3 Br(Z 6(1077

ABr;,/Br ~ o2 f’(nif/mLQ)N@(IO ) HZ = put)rg ~ O(107)
ogarithmic

loop function For XL/R ~ @(1), mLQ ~ 2T€V 9



 \We focus on the single vector LQ scenario in this study, and found
that, by enhancing RH coupling to LQ, it can have parameter space
for a simultaneous explanation of

(9 — 2)# R e+ R pe

and all current constraints are consistent with preferred parameters.
Future LHC/B-factory experiment can help to test this scenario in near

107 107 0.15 ——— *
8l -2), 1 1 8 -2), 1o 0.1+
1071 82 o o 1071 P10 £ = -
3. = 1 0-_> <+ 90" D ~ ':j_
-10 3 E (4] - 3 ,_:':Q& \/l\ QK8 OO0 0 9%0° X L
S 10 S 10 s \) | 13 0
1011 ] 1011 c‘?‘om-0.0S —
x
10-12_ ] 10-12_ 01t c;
1013 —— AR .. 10713 : 1 . 1 - @ ' ‘ ' ' ' 015
08-06-04-02 0 02 04 06 08 015 -01 -005 0 005 01 0.15 015 -01 -005 0 005 01 015 08-06-04-02 0 02 04 06 08
X %/(my [TeV) Xg /(my /TeV) Xg  /(my /TeV) x *Z/(my [TeV)

w7 ~ +1.2, o3 ~ F0.18 provides a simultaneous explanation for (¢ — 2),,, R, and Ry
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