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Δ	aμ	=	aμexp		-	aμSM	=	(279	±76)	×10-11			

Muon g � 2: current status

Contribution aµ ⇥ 1011 Reference
QED (leptons) 116 584 718.853± 0.036 Aoyama et al. Õ12
Electroweak 153.6 ± 1.0 Gnendiger et al. Õ13
HVP: LO 6889.1 ± 35.2 Jegerlehner Õ15

NLO -99.2 ± 1.0 Jegerlehner Õ15
NNLO 12.4 ± 0.1 Kurz et al. Õ14

HLbL 102 ± 39 Jegerlehner Õ15 (JN Õ09)
NLO 3 ± 2 Colangelo et al. Õ14

Theory (SM) 116 591 780 ± 53
Experiment 116 592 089 ± 63 Bennett et al. Õ06
Experiment - Theory 309 ± 82 3.8 �

Discrepancy a sign of New Physics ?

Hadronic uncertainties need to be better controlled in order to fully proÞt from
future g � 2 experiments at Fermilab (E989) and J-PARC (E34) with
�aµ = 16 ⇥ 10�11.
Way forward for HVP seems clear: more precise measurements for
�(e+e� ! hadrons). Not so obvious how to improve HLbL.

116	592	089		±	63	(recent	update	by	Aoyama	et	al.,	2020)				

Brookhaven	experiment,	2005/6	
Keshavarzi	et	al,	2018,		
Davier	et	al.,	2019	



New	Physics	explana@on	of	Δ	aμ			

In	comparison	with	the	weak	interac@on	contribu@on		aμweak	=1.54	×10	-9		
NP	effects	huge!	
	

assump@on	 ! aµ ' aNP
µ

C ! 1

Leff =
cd

⇤2
NP

L̄�µ⌫ lR H Fµ⌫

⇤NP ⇠ 80TeV

⇤NP ⇠ 1.9TeV

aNP
µ ! C

mµ mt

⇤2
NP

aNP
µ ' C

m2
µ

⇤2
NP

NP	par@cles	
-	SM	fermion	+	new	boson	
-	new	fermions	+	SM	bosons	
-	new	fermions	+	new	bosons	

Simplicity:		only	one	new	boson	
scalar	or	vector	

Increase	significant	for	the	large	mass	in	the	loop!	
Scalar	leptoquark?		

16	π2	
1	loop	factor	



Scalar	LQs	

Doršner,	SF,	Greljo,	Kamenik,	Košnik,	Phys.	Rep.	641,	1,	2016	

F≠0	proton	destabiliza@on	

Symbol (SU(3)c, SU(2)L , U(1)Y ) Interactions F = 3B + L

S3 (3,3, 1/3) Q
C
L ! 2

R2 (3,2, 7/6) uRL, QeR 0

eR2 (3,2, 1/6) dRL 0

eS1 (3,1, 4/3) d
C
R eR ! 2

S1 (3,1, 1/3) Q
C
L, uC

R eR ! 2

Single	scalar	LQ	explana@on		

µ̄L tR S

øµR tL S both	couplings	are	necessary	Ð	chirality	flip	

Q = I 3 + Y
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mq mq
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S S



the	same	chirality	
both	chirali@es	

aNP
µ ! C

mµ mt

⇤2
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µ ' C

m2
µ

⇤2
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only	S1	and	R2	can	explain		aμ				
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Figure 1: The chirality-enhanced one-loop contributions to muon dipoles (! mq/m µ) due
to a presence of scalarS that couples to both left- and right-chiral muons, whereS is either
R2 or S1 and q " {u, c, t}.

In this work we investigate the viability of those scenarios where the one-loop contribu-
tions towards the anomalous magnetic moment of muon are induced through the mixing
of two scalar LQs of the same electric charge via the SM Higgs Þeld, where the LQs in
question need to couple to the muons of opposite chiralities. We accordingly study the ex-
isting constraints on the parameter space of this particular mechanism due to electroweak
precision measurements, relevant ßavor observables, and the current LHC analyses.

The paper is organized as follows. In Sec.2, we describe single LQ contributions to
(g # 2)µ to set the notation. In Sec.3, we classify those pairs of scalar LQs that can mix
via the SM Higgs Þeld and subsequently generate chirality-enhanced contributions towards
(g # 2)µ. We Þnd three possible LQ pairs ÐS1 & S3, !S1 & S3, and !R2 & R2 Ð that might
generate large enough contributions towards (g # 2)µ through the mixing with the SM
Higgs Þeld. We proceed to discuss electroweak precision constraints on the LQ mixing and
discuss relevant di! erences between the three scenarios, if any. We then confront, in Sec.4,
the S1 & S3 scenario with (g# 2)µ and various phenomenological constraints to investigate
its viability. The ability of the !S1 & S3 and !R2 & R2 scenarios to address (g # 2)µ is brießy
discussed in Secs.5 and 6, respectively. We summarize our Þndings in Sec.7.

2 Single LQ contributions to (g # 2)µ
The most general formulae for the interactions of the generic scalar LQS of the deÞnite
fermion number F = 3B + L with the quark-charged lepton (q-! ) pairs, in the mass
eigenstate basis, are [12]

LF =0 = qi (l ij PR + r ij PL ) ! j S + h .c.

L|F |=2 = qC
i (l ij PL + r ij PR) ! j S + h .c. ,

(2)

where i (j ) represents generation index for quarks (charged leptons),PL,R are projection
operators, andl ij and r ij are Yukawa coupling strengths. The LQ contributions to the
muon anomalous moment can then be written in the compact form [2]

"aµ = #
Ncmµ

8#2m2
S

"

q

#
mµ(|l qµ|2 + |r qµ|2) FQS (xq) + mq Re(r qµ! lqµ) GQS (xq)

$
, (3)
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Figure 1: The chirality-enhanced one-loop contributions to muon dipoles (/ mq/mµ) due
to a presence of scalar S that couples to both left- and right-chiral muons, where S is either
R

2

or S
1

and q 2 {u, c, t}.

In this work we investigate the viability of those scenarios where the one-loop contribu-
tions towards the anomalous magnetic moment of muon are induced through the mixing
of two scalar LQs of the same electric charge via the SM Higgs field, where the LQs in
question need to couple to the muons of opposite chiralities. We accordingly study the ex-
isting constraints on the parameter space of this particular mechanism due to electroweak
precision measurements, relevant flavor observables, and the current LHC analyses.

The paper is organized as follows. In Sec. 2, we describe single LQ contributions to
(g � 2)µ to set the notation. In Sec. 3, we classify those pairs of scalar LQs that can mix
via the SM Higgs field and subsequently generate chirality-enhanced contributions towards
(g � 2)µ. We find three possible LQ pairs – S

1

&S
3

, eS
1

&S
3

, and eR
2

&R
2

– that might
generate large enough contributions towards (g � 2)µ through the mixing with the SM
Higgs field. We proceed to discuss electroweak precision constraints on the LQ mixing and
discuss relevant di! erences between the three scenarios, if any. We then confront, in Sec. 4,
the S

1

&S
3

scenario with (g� 2)µ and various phenomenological constraints to investigate

its viability. The ability of the eS
1

&S
3

and eR
2

&R
2

scenarios to address (g� 2)µ is briefly
discussed in Secs. 5 and 6, respectively. We summarize our findings in Sec. 7.

2 Single LQ contributions to (g � 2)µ
The most general formulae for the interactions of the generic scalar LQ S of the definite
fermion number F = 3B + L with the quark-charged lepton (q-! ) pairs, in the mass
eigenstate basis, are [12]

LF=0 = qi (l
ijPR + rijPL) ! j S + h.c.

L|F |=2 = qCi (lijPL + rijPR) ! j S + h.c. ,
(2)

where i (j) represents generation index for quarks (charged leptons), PL,R are projection
operators, and lij and rij are Yukawa coupling strengths. The LQ contributions to the
muon anomalous moment can then be written in the compact form [2]

"aµ = � Ncmµ

8#2m2

S

X

q

h

mµ(|lqµ|2 + |rqµ|2)FQS(xq) +mq Re(r
qµ⇤ lqµ)GQS(xq)

i

, (3)

3

S3	=		

S34/3			
	
S31/3		
	
S3	-2/3	

can	mix	

both	chirali@es	of	quarks/leptons	

Only	leq-handed		quarks/leptons			

S3=	(3,3,1/3)	
-	

S1=	(3,1,1/3)	-	

S1=	(3,1,1/3)	
-	

-	

LQ pairs Mixing Þeld(s) (g � 2)µ ! -mass

S
1

& S
3

H H u Ð

eS
1

& S
3

H H d Ð

eR
2

& R
2

H H d Ð

eR
2

& S
1

H Ð d

eR
2

& S
3

H Ð d

Table 2: Scalar LQ pairs that can, through the mixing with the SM Higgs Þeld, generate
either the one-loop contributions towards (g�2)µ or neutrino mass. It is indicated whether
the chirality-enhanced contributions are proportional to the up-type (u) or down-type (d)
quark masses.

There are, clearly, three possible LQ pairs that might generate large enough contribu-
tions towards (g � 2)µ through the mixing with the SM Higgs Þeld. These combinations
are S

1

& S
3

, eS
1

& S
3

, and eR
2

& R
2

, where, in all three instances, at least one of the LQ
multiplets is chiral in nature. More importantly, at least one of the two LQ multiplets
that mix carries non-trivial SU (2)L assignment. The LQ mixing mechanism can thus in-
duce mass splitting between the states belonging to the same LQ multiplet that, in turn,
might generate substantial oblique corrections that could be in conßict with the existing
electroweak precision measurements.

3.2 Mixing formalism

To describe the most prominent features of the LQ mixing we assume existence of two
scalarsS(Q)

a and S
(Q)

b , of the same electric chargeQ, but from two di↵erent multiplets Sa

and Sb that might have non-trivial weak isospinsISa and ISb . We thus expect, on general
grounds, to have 2(ISa + ISb + 1) mass eigenstates with or without mixing. The mass
squared matrix for the mixed states reads

M2 =
✓

m2

Sa
⌦

⌦ m2

Sb

◆

, (8)

wheremSa and mSb
denote the common masses of allSa and Sb components prior to the

mixing and ⌦ stands for the mixing term arising from the interactions ofSa and Sb with
the Higgs boson that we discuss later in concrete scenarios. The matrix in Eq. (8) can be
brought into diagonal form with a simple Þeld redeÞnition

 

S
(Q)

!

S
(Q)

+

!

=
✓

cos" sin"
� sin" cos"

◆

 

S
(Q)

a

S
(Q)

b

!

, (9)

whereS(Q)

± are the mass eigenstates and the mixing angle" 2 [�#/2, #/2] is related to⌦
via the relation

tan 2" =
2⌦

m2

Sa
�m2

Sb

. (10)

5

xq =
m

2
q

m

2
S



Example: S
1

= (3̄,1, 1/3) & S
3

= (3̄,3, 1/3) (g � 2)µ

LS1 = y ij
R uC

RieRj S
1

+ h.c. ,

LS3 = y ij
L QC

i i ⌧
2

(~⌧ · ~S
3

)Lj + h.c. ,

These states can mix via the SM Higgs:

L
mix

� ⇠ H †
(~⌧ · ~S

3

)HS⇤
1

+ h.c. =) M2

S (1 /3) =

!
m2

S3
� ! v2

2

� ! v2

2

m2

S1

"

Mass eigenstates:

!
S(1/ 3)
+

S(1/ 3)
�

"

=

#
cos ✓ sin ✓
� sin ✓ cos ✓

$ !
S(1/ 3)
3

S(1/ 3)
1

"

.

) Both mass-eigenstates have couplings with uC
L eL and uC

R eR.
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M2 =

✓
m2

Sa
⌦

⌦ m2
Sb

◆

Mixing	of	Sa	and	Sb	

tan 2! =
2!

m2
Sa

! m2
Sb

m2
S( Q )

±
=

m2
Sa

+ m2
Sb

2
±

1
2

!
(m2

Sa
! m2

Sb
)2 + 4 ! 2

LS1 & S3
mix = ! H   ("# · "S3)HS⇤

1 + h .c.

L !S1 & S3
mix = ⇠HT i⌧2(~⌧ · ~S3)H !S!

1 + h.c.

L eR2 &R2
mix

= �⇠
�
R†

2

H
�� eRT

2

i⌧
2

H
�
+ h.c.

Two	states	aqer	mixing	

! = ! ! v2/ 2
mixing	parameter	

relevant	constraint	on	𝝃 
oblique	correc@ons	(ΔT	parameter)	
	
	

Example: S1 = (3̄, 1, 1/ 3) & S3 = (3̄, 3, 1/ 3) EWPT

T -parameter:

�T = !
Nc

4! c2
ws

2
w

1

m2
Z

!

cos

2 " F (mS3 ,mS! ) + sin

2 " F (mS3 ,mS+ )

"

,

with F (m,m) = 0.

Expandingon #mS for maximal mixing (" = ! / 4):

�T =

Nc

3! c2
ws

2
w

#m2
S

m2
Z

+ . . .

�T exp
= 0.05(12) " |#mS| . 40 GeV [Gfitter. ’12]
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! T = 0 .05(12)

! TS1 & S3 =
Nc

4! s2
W

1
m2

W

" 2

m2
S1

+ O
!

" 2

m4
S1

"
mS1 ! mS3 > |! |

! T = T ! TSM

We	consider	mixing	of		

e.g.	

1� (2�)at	|⇠| < 3.1(3.9)

|⇠| < 4.4(5.6)

mS3 = mS1 = 1.6TeV

mS3 = 1.6 TeV, mS1 = 3TeV



Addi@onal	constraints	Yukawas and flavor Z ! !! and Z ! " "̄

LQs modify the Z -couplings to leptons at one-loop:

#LZ
e↵

=

g

cos $W

!

i ,j

¯! i %µ
"
g ij
`L
PL + g ij

`R
PR

#
! j Zµ

g ij
`L (R )

= #ij g
SM

`L (R )
+ #g ij

`L (R )

" Complete one-loop computation: [Arnan, Becirevic, Mescia, OS. Õ19]
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Yukawas and flavor Z ! !! andZ ! " ø"

LQs modify theZ -couplingsto leptons at one-loop:

#L Z
e! =

g

cos$W

!

i ,j

ø! i %µ
"
g ij

! L
PL + g ij

! R
PR

#
! j Zµ

g ij
! L ( R )

= #ij g
SM
! L ( R )

+ #g ij
! L ( R )

) Complete one-loop computation:[Arnan, Becirevic, Mescia, OS. Õ19]
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Arnan,	Becirevic,	Mescia,	Sumensari,	2019	

LHC	constraints		
LHC constraints U

1

= (3 , 1, 2/ 3)

¥ LQ pair-productionvia QCD: [CMS-PAS-EXO-17-003]

mS ! 1.6 TeV

[conservative choice;qµ Þnal state]

¥ Di-lepton tailsat high-pT: [ATLAS. 1707.02424,1709.07242]

[Angelescu, Becirevic, Faroughy, OS. Õ18]
[see also Faroughy et al. Õ15]
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LHC constraints U
1

= (3, 1, 2/3)

• LQ pair-production via QCD: [CMS-PAS-EXO-17-003]

mS & 1.6 TeV

[conservative choice; qµ final state]

• Di-lepton tails at high-pT: [ATLAS. 1707.02424,1709.07242]

[Angelescu, Becirevic, Faroughy, OS. ’18]

[see also Faroughy et al. ’15]
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Angelesku,	Becirevic,	Faroughy	and	Sumensari,	2018	

LQs	can	be	pair	produced	

gg(qøq) ! S! S

Indirectly	can	be	probed	via	high	pT	dilepton-tails	at	LHC	

mS ! 1400 GeV (mS ! 1420 GeV)

S ! tµ, S ! bµ

Faroughy,	Greljo	and	Kamenik,	2015	
	

S ! jµ

most	constraining		

for	the	second	quark	genera@on			

assuming		

B(S ! tµ ) = 1, ( B(S ! bµ) = 1)

mS & 1530GeV

mS ! 1.6TeV
CMS-PAS-EX17-003	

ATLAS:1707.0242;1709.07242	

We	use	

Yukawas and flavor Z ! `` and Z ! ⌫⌫̄

LQs modify the Z -couplings to leptons at one-loop:

�LZ
e↵

=

g

cos ✓W

X

i ,j

¯`i�
µ
h
g ij`L PL + g ij`R PR

i
`j Zµ

g ij`L(R)
= �ij g

SM

`L(R)
+ �g ij`L(R)

) Complete one-loop computation: [Arnan, Becirevic, Mescia, OS. ’19]
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Z ! l l&Z ! ⌫⌫̄



Four	mass	eigenstates	mS = m(4/3)
S3

= m(�2/3)
S3

mS± = m(1/3)
S±

Example: S1 = ( ø3, 1, 1/ 3) & S3 = ( ø3, 3, 1/ 3) (g ! 2)µ

¥ Chirality-enhanced contribution:

µL µRqRqL

mq
S± S±

µL µRqRqL

mqS! S
S

! aµ "
m2

µ

m2
S

(. . . ) + mµ mt ybµ
L yt µ !

R

!
G1/ 3(x+

t )
m2

S+

!
G1/ 3(x"

t )
m2

S!

"

with x±
t = m2

t / m2
S±

.

¥ For maximal mixing (" = #/ 4), this contribution reads

! aµ "
mµmt

m2
S

! mS

mS
ybµ

R yt µ
L

# Crucial: How do we Þx! mS?
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1)		top	quark		in	the	loop	(S1	&	S3)	

LS1 &S3 = yijR ūC
RieRj S

(1/3)
1 � yijL d̄CLi⌫Lj S

(1/3)
3 �

p
2yijL d̄C

LieLj S
(4/3)
3

+
p
2 (V ⇤yL)

ij ūC
Li⌫Lj S

(�2/3)
3 � (V ⇤yL)

ij ūC
LieLj S

(1/3)
3 + h.c. ,

LS1 &S3
mix

= ⇠ H   (~⌧ · ~S
3

)HS⇤
1

+ h.c.

{mS3 ,mS1 , ⇠, y
bµ
L , ytµR }Parameters	in	our	study	



Allowed	values	for	masses	of	S3	&	S1	
that	can	address	(g-2)μ		

the	T-parameter	
constraint	is	weaker		
than	the	naive	
perturba@ve	bound	

Limit	considerably	lower	than		
for	the	single	LQ	solu@ons	of		the	(g-2)		
with	the	maximal	LQ	mass	～ 100	TeV	
	
(	et	al.	2014,	Biggio	et	al.		2014,Bauer	et	al.	2015,		
Coluccio-Leskow	et	al.2016,	Kowalska	et	al.	2018,		
Mandal	et	al.	2019)		

1σ	

2σ	



2)	b	quark	in	the	loop		

Other possibilities - I R2 = ( 3, 2, 7/ 6) & !R2 = ( 3, 2, 1/ 6)

¥ Yukawa choice:

L !R2
= ! yij

L dRi !R2i ! 2Lj + h .c. ,

L R2 = yij
R Qi eRj R2 + h .c. .

with yL
bµ "= 0 and yR

bµ "= 0 .

¥ Mixing with SM Higgs: see also [Kosnik. Õ12]

L
!R2 & R2
mix = ! "

"
R 

2H
#" !RT

2 i ! 2H
#

+ h .c. .

# Mixing of Q = 2 / 3 components of doublets.

# EWPT gives#mS ! 50 GeVfor maximal mixing.

# Diquark couplings forbidden by gauge invariance.
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𝜇b	coupling	contributes	only!	

Other possibilities - I R2 = ( 3, 2, 7/ 6) & eR2 = ( 3, 2, 1/ 6)

• Yukawa choice:

LeR2
= �y ij

L dRi
eR2i ⌧2Lj + h .c. ,

LR2 = y ij
R Q ieRjR2 + h .c. .

with yL
bµ 6= 0 and yR

bµ 6= 0 .

• Mixing with SM Higgs: see also [Kosnik. Õ12]

LeR2 & R2
mix = �⇠

�
R†

2H
��eRT

2 i ⌧2H
�

+ h .c. .

) Mixing of Q = 2 / 3 components of doublets.

) EWPT gives �mS . 50 GeV for maximal mixing.

) Diquark couplings forbidden by gauge invariance.

Olcyr Sumensari (INFN and Univ. Padova) LQ mixing for (g ! 2)µ 23 / 27

R2 = (3, 2, 7/ 6)& R̃2 = (3, 2, 1/ 6)

R2& R̃2Mixing	of	
(considered	by	Košnik,	2012)		

2/3	charge		states	mix	

T	parameter	allows	mass	splizng		≤	50	GeV		
(Keith	and	Ma,	1997;	FroggaO	et	al,	1992)	

Z

(g-2)

m
R
~

2

= 3 TeV

mR2
= 1.6 TeV

= 4

pp

36 fb-1

300 fb-1

R
~

2 & R2

-3 -2 -1 0 1 2 3

-3

-2

-1

0

1

2

3

yR
b

y Lb

Constraints	allow	to	explain	(g-2)µat	2σ	level!				



S3 = (3̄, 3, 4/3)& S̃1 = (3, 1, 4/3)

Other possibilities - II eS
1

= (

¯3,1, 4/3) & S
3

= (

¯3,3, 1/3)

• Yukawa choice:

L!S1
= y ij

R
¯dC

Ri eRj eS1 + h.c. ,

LS3 = y ij
L

¯QC
i i⌧

2

(~⌧ · ~S
3

)Lj + h.c. ,

with yL
bµ 6= 0 and yR

bµ 6= 0.

• Mixing with SM Higgs:

L!S1 &S3
mix

= ⇠H T i⌧
2

(~⌧ · ~S
3

)H eS ⇤
1

+ h.c. ,

) Mixing of Q = 4/3 components of doublets.
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Neither	of	these	can	explain	(g-2)µ		separately	
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Constraints	allow	to	explain	(g-2)µat	2σ	level!				
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3)	Charm	quark	in	the	loop	

S1 = ( ø3, 1, 1/3) & S3 = ( ø3, 3, 1/3) mixing		

Strong	constraints	from		 BR(D0 ! µµ) < 6.2⇥ 10! 9

Chiral	enhancement	not	significant		(mc<<	mt	)	

! aµ ⇡ �3⇥ 10�9
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from	T-parameter	in	agreement	with	LHC	data	and	perturba@ve	limit		
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This	allows	only	a	marginal	improvement	of	aμ	!	



Electron	anomalous	magne@c	moment	

opposite	sign	of	aμ	
Is	it	possible	to	explain	both	using	the	same	NP	model?	
LQs?	

For	example	S1		(single	LQ	solu@on)		can	have	both	chirali@es		

However,	MEG		experimental	bound	
Bennet	et	al.,	2016			
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BR(µ ! e�) < 4.2⇥ 10�13

�ae = aexpe � aSMe = �(8.7± 3.6)⇥ 10�13,

�aµ = aexpµ � aSMµ = (2.79± 0.76)⇥ 10�9

Parker	et	al.,	2018	



This	cannot	sa@sfy	experimental	bound!		 Dorsner,	SF,	Saad	
2006.1164	

Single	LQ	scenario	S1	and	R2	
top		loops	for	both	(μ		and	e)	
and	top	loops	(μ)	and	charm	loops	(e)	

LQ	mixing	
S1	&	S3,	top	for	both	
S1	&	S3	,	top	loops	(μ)	and	charm	loops	(e)	
	
R2	&	R2	
Top	for			μ,	boOom	for	e	

~	

Due	to																							constraints	none	of	these	scenarios	can	work	for	both									and										!		

The	only	solu@on	is	either		S1	for											and	R2	for												or	vice	versa	!		
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= 1 .6⇥ 10�4 independent	on	LQ	mass!	



Summary	of	LQ-mixing	in	(g-2)μ	

•  Fermilab		measurement	will	help	to	understand		whether			is		(g-2)μ	SM;	
	
•  Two	light	scalar	LQ	can	resolve	exis@ng	discrepancy	(S1	&	S3,		top	in	the	loop);	

•  We	showed	that	mixing	of	two	scalar		LQs	might	generate	couplings	of	μ			
						with	quark	having	both	chirali@es	and	resolved	the	(g-2)μ		discrepancy;	
	
•  (g-2)μ		and	(g-2)e		cannot	be	explained	either	by	single	LQ	or	by	LQ	mixing	due	

to	the	bound	from																		.		µ ! e!

Thanks!	


