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The problem
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Lepton tlavour in the SM

]
Fos
=S - Within the SM, neutrinos are massless.
S - SM + massless neutrinos: accidental conservation

of [flavoured] lepton number

- Observed neutrino oscillations mean
- (a) massive neutrinos and;

- (b) there 1s lepton flavour violation (LFV) beyond
the SM
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Lepton tlavour in the SM

- SM leptons couple flavour-blindly to the
gauge fields of the SM: lepton flavour
universality (LFU)

- The only flavour non-universal couplings to
leptons 1n the SM come via charged-lepton

IMAassSEes

+ - Further signs of LFU violation could be

signs of new physics...
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The electron g-2

/\

B : . .
T + - Electron magnetic moment: long-term precision test of
| Y
/3 '’ the SM and QED
( | 7S !
Lp— AT ', | |
( ', - Anomalous magnetic moment (AMM): correction to the
( ’
) Y = 8 g.’.-) N . . 1
s me leading-order value (g=2) parameterised by a, = 5 (g — 2)
- Measuring the fine-structure constant historically via
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- In order to relax the assumption of no BSM , require independent measurements of alpha
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Deviation from SM prediction Signiticance

Aat® = —(0.88 +0.36) x 10~ 2| 2.50

(&
Parker et al 1812.04130

AaP = (4.8 £3.0) x 107%| 1.60

e
Morel et al 2020, Inspire: 1837309
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FIG. 1. This Northwestern determination (red) and our 2008
Harvard determination (blue) [37]. SM predictions (solid and
open black points for slightly differing C1o [38, 39]) are func-
tions of discrepant oo measurements [40, 41]. A ppt is 10~ 2.

The electron g-2

- Measure alpha using atom interferometry

and used to calculate the “SM contribution”

N Compee
MQ(;?OPQ —» Q¢ = O (o) —» w}ﬂf expt .

AGe = Qexp — ASM

- If this value 1s nonzero: there’s an anomaly

in the electron AMM
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The muon g-2

Circa 2020, FNAL announcement

o —— , ,
- To test the muon magnetic moment, requires a larger
Fermilab
result - — . .
higher-energy experiment to measure muon
precession 1n a B field (BNL and Fermilab
@ : ®
> Sresictin St experiments)

175 180 185 190 195 200 205 210 215

a, x 10° - 1165900 - There is a long-standing anomaly 1n the muon g-2

- Taken together with the electron g-2, this looks a lot

Deviation from SM prediction

Signiticance

Aa, = (2.86 £ 0.76) x 107°| 4.20 like new physics coupling differently to e and mu
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The muon g-2

Circa 2020, later that same week...

- To test the muon magnetic moment, requires a larger

L — T higher-energy experiment to measure muon
s 4 N . 2
WicaGCD | hvorage precession in a B field (BNL and Fermilab
Standard Model
< iZs > experiments)

- © —
White P
Stanclit;rdmell _ . . l . .
175 18 185 19 195 20 205 21 215
apx109-1165900

- There 1s a long-standing anomaly in the muon g-2

- Taken together with the electron g-2, this looks a lot

Deviation from SM prediction like new physics coupling differently to € and mu

Signiticance

Aa,, = (2.86 £0.76) x 107°| 4.20

- Discussion of SM contribution 1s beyond the scope of

assumes the SM value from Muon g-2 theory initiative

this talk — but very interesting!
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The problem: summary

Measurements of the g-2 of the muon and the electron deviate from the SM prediction

In 2020: deviations from the SM are in opposite directions for different lepton tlavours

In 2021: the deviations may be in the same or opposite directions

Could new physics be coupling to the muon and electron ditferently?

Deviation from SM prediction Significance

Aa,, = (2.86 £0.76) x 1077 4.20

Aat® = —(0.88 4+ 0.36) x 10~ 2| 2.50

(&

AaP = (4.8 £3.0) x 10713] 1.60

(&
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Overview

A solution
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Scalar leptoquarks

For an excellent review, see |. DorsSner, S. Fajfer, A. Greljo, J. F. Kamenik, N. Kosnik 1603.04993

- Leptoquarks (LLQ) are hypothetical particles which
directly couple SM leptons and quarks

- They appear 1n neutrino mass models, GUT theories,
flavour models...

- Scalar LQ are simple extensions to the SM

- LQ masses and couplings between are generally
extra free parameters, but can be understood as
arising from larger “‘model-space’

enT  evuve | N\
. . d

E \\ LEPTON SECTOR ' : QUARK SECTOR

- Easily lead to LFU violation
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Scalar leptoquarks

- General coupling of the scalar LQ to charged

leptons coupling toLH q

vlept

Coupling to RH ¢

- Contribution to the AMM of a lepton

Same-chiral term

3’m,g
8m2m?

Aag —

me(|yf [ + lyf e

Same-chiral term Mixed-chiral term

+ que(yf*yf)ﬂ’]

Mixed-Chiral term
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Scalar leptoquarks

Same-chiral term

3mg
Aa; = > || mellyf? + lyé s
q

2, 2
87Tm¢

Deviation from S

ACLIu — (2.86 ]

+ que(yf*yf)ﬁ’]

Mixed-Chiral term

M prediction Significance

Aat® = —(0.88 +

€

-0.76) x 1077| 4.20

0.36) x 10~ | 2.50

Aa® = (4.843.0) x 107%| 1.60

€

- Flavoured sign-dependence of the correction must

come from the mixed-chiral term (loop functions have

no lepton flavour structure)

- If pulls from the SM are 1n opposite directions,
scalar LQ that generate both anomalies must be

mixed-chiral

- Mixed-chiral correction may also be enhanced by

quark mass
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A no-go theorem for (¢-2)_e/mu ?

See e.g. Crivellin et al 1807.11484, DorsSner, Fajfer, Saad 2006.11624

- Rather large contributions to the anomalous

magnetic moment of both leptons

- Quite strong constraints from charged LFV

involving first and second generation leptons

2

Br{y — ey| = il |Aa,Aae| ~ 8 x 107°
A = 16m,r, — P00

- Eight orders of magnitude above the present bound
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Scalar L.QQs for (g-2)_e/mu

muon and electron g-2

- However, if the intermediate particles coupling

are inequivalent, we can avoid this constraint

- Couple the same LQ to different SM up-type

quarks: single scalar LQs can explain both the

Symbol | SU(3)c ® SU(2). @ U(1)y
) Si (3,1,—4/3)
N” S, (3,1,—1/3)
: \ S (3,3,—1/3)
/U\ S, (3,1,2/3)
: . ‘ R, (3,2,7/6)
Ry (3,2,1/6)

Bigaran, l., Volkas, R.R, arXiv: 2002.12544

Particle Physics From Early Universe to Future Colliders. Portoroz 11-14 April 2023



https://arxiv.org/abs/2002.12544

Avoiding cLFV? A lesson 1n bases

- Couplings between left-handed up/down type quarks and leptons are not uniquely

defined.

,Clsnlt — (LE)\LQQL -+ %)\euu}g) SI + h.c.,

EWSB and rotating fields 2. RedeuPu 5 15, | LA 1oLy s y/SLQ,
INto mass-eigenstates o
g /

Recalling that: V' = QLSCZ Down-type +yZS]€ueR UR jST + h.c.,
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Avoiding cLFV? A lesson 1n bases

- If we choose a down-type basis, it would be very hard
to avoid large (top-mass enhanced) corrections to

cLFV and generate both g-2’s

- Note that only couplings to up-type quarks with

charged leptons here are mixed-chiral

2 o

SL .
551 D) ygj ¢ [V €L JULE — VU idLaj:| ST

LH coupling between electron and top-quark

SLQ .
‘Down-type’ +yff“63 ;UR ]ST + h.c., 1. 13 =0 Simple
2 y“lgjLQVj3 = Messy

Particle Physics From Early Universe to Future Colliders. Portoroz 11-14 April 2023



Scalar L.QQs for (g-2)_e/mu

Ly = £c) [yRPR -+ yL PL] q qu + h.c. - Contribution to g-2 of the electron via a_charm quark
+  couplin
u ¢t : PHIS
0 0 0 0\ (0 - Contribution to g-2 of the muon via a top quark coupling
y'~ o0 o , yi~1lo0 o :
00 O 0 0 O = . - Four new couplings, one new mass in each model
ﬂ E Model 1
: . mem 7 ms, «
¢ 7 5 it~ g |1 =208 ()| Rl
;7 T \ N . Model 2
I, \‘ : 1 . .
e S
¢ U I
1 : Full phenomenology study in 2002.12544 (real) and 2110.03707 (complex, also EDMs)
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Overview

What we learn from the solution, even 1f

anomalies “disappear”...
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What have we learned

- Anomalies come and go, and some stay longer than
others. Some stay forever and are no longer called “new

physics” ... (neutrino masses?)

- The work done to model-build for these anomalies tells

us important lessons about the structure of BSM models

- Many of these models have multiple purposes: pheno
studies tell us where eftects of these models can appear

in various low- and high-energy probes

- We need lepton flavour violation beyond the SM!
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Thank you tor listening

See 2002.12544 and 2110.03707 for further details
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The lepton g-2 problem with mixed-chiral scalars

* But: consider also the (dirac) lepton masses and how this 1s
modified by chirally-enhanced one-loop corrections.

e The self-energies could account for the masses, but shouldn’t
warrant overly correcting the “tree-level” terms

£ SO —
9 We enforce that the modification to the lepton (electron or
muon) mass cannot be greater than 100%
i 2 7 E i
Ay ~ quc Re, L |1 - 2mq | mg : .: Am <1
m = 1672 |y€q y£q| i 5 108 - ; 4
67 I my, mg ] : ¥ MTree




PROCESS OBSERVABLE CONSTRAINT Leptoquark Couplings AppI'OX. range x ('I’?’Li)
Z 0t | g9/95™™ [0.999681 + 0.000698227 51 Re[yz;"ys3) (3:1£0.7) x 1077
g /g™ | 0.99986 + 0.00107726 Relyi3"yidlos | —(46+1.9) x 107°
7 NS 2.0840(82) Re[yy5" yis]Rrb (2.5+1.0) x 107°
K+ — 7w Br (1.74+1.1) x 107 R Re[yy3”y23 —(1.8+0.4) x 107
K9 — v Br <2.6x1078 Rely1;" yi3]os (41£1.7) x107°
K? - ete Br (97%) x 10712 Relyys yislry|  —(2.2£0.9) x 107
K - putu Br (6.84 +0.11) x 10~? Leptoquark| Couplings Upper bound X ('r“ng,)
KY - pte” Br < 4.7 x 10712 S Im[y*y <17
Ko-K, mixing lex| (2.228 +0.011) x 1073 Iy y R < 6.2 x 10-°
AMg  [(3.484 +0.006) x 10~ 12 R, Im(yL: R 11
pp — b4 5| < 0.648 1y Imfy R <56 % 10-°
(68] 15| < 0.524 My

TABLE II. Approximate one-sigma allowed ranges for the
combination of couplings in the chirally-enhanced contribu-
tion to leptonic MDMs, and upper bounds for combinations
of LQ couplings for contributions to leptonic EDMs. The Cs
and Rb fine-structure constant implications for a. are treated
separately.

TABLE III. Processes most constraining on this model. Val-
ues quoted without citation are from PDG [69]. Constraints
from pp — ¢¢ are derived from Table 1 of reference [68].



FElectron g-2 with mixed-chiral scalars
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Muon g-2 with mixed-chiral scalars

* We allow muon couplings to be complex, muon EDM 1s not yet highly constrained (current
constraint not visible on plot, < 107 e.cm)

Ade, Re(yfj* yf} )

0-100 : HIH
l ref i Lx R
N W de; o< Im(y;57y;5)
0.075 1 | o Ry leptoquark
: R
I
| i1 1 o . o o o
oo | I * By looking at just the combination of g-2 (central value) with
- . 7 | i1 o o
= i ¥ the muon mass correction constraint:
NES l 1]
= 0.000 |
E - ; t 4.08, at CV 3.59, at CV
—U. ) I I
i Hih N mg, /TeV < ¢ 4.71, atlo ), mpg,/TeV <S¢ 536, atlo
~0.050 - | ho — 2Tev 4.85, at2o 6.32, at2o
R B
i | il i = 61eV
—0.075 : :: :: : —— PSI projection
: ‘1 1k —— FNAL projection
_0100 | 1 11 L II | :
—0.15 -0.10 =0.050.00  0.05  0.10  0.15 ** Note for the plot: shaded bands in y show the region which would be still *not*
Re y2L3*y2% observable at the respective experiment

Plot shown as e.g. for R2



Muon g-2 with mixed-chiral scalars

- Benchmark values of € 23: capable of satisfying the g-2

\ | } ;S value for either R2 or S1
\rﬁ‘\ 1P 1 ./ .
0.075 - %\ 1 AN
\ N 1 [ / & .. .
S %\\ 1 s » For benchmark masses, combining the muon mass with
i O ".’ T : Iy % . . . .
0050 RSN | P o\ o-2 leads to a prediction for muon EDM —within
72 X : .
>
0095 - reach of upcoming experiments
S
%Q
=S 0,000 3.91, 1hg =2
N —22
E du|r, S 1.25, 1he =4 » x 107" e cm.
—0.025 - 0.62, ™my =06
|
1L 2 _
~0.050 4 — Am, ] | 217, i - _29
— 1,7 =2 | dls, S 4 096, my =4 » x 107" e cm;
1 Iz, Mg =2 : : Y —
—0.075 1 PSI projection : : Benchmark 523 0507 m¢ 6
—— FNAL projection : :
—0.100 1 — ! ** Note for the plot: shaded bands in y show the region which would be still *not*
—0.10 —0.05 0.00 0.05 0.10

observable at the respective experiment
Re Lx, R
Y23 Y23



Other constraints tor R2

2/3, 5/3,
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Other constraints tfor S1

_ - S SLQ |Z¢ /.. 1, T
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PROCESS OBSERVABLE CONSTRAINT P 1 ° 1
7ot | /e |0990681 £ 0000608227 henomenolo glCﬂ S tlld y
gh/g' ™™ | 0.99986 £ 0.00107726
Z = wv NEE 2.9840(82) - An example of this, 1s via the study of the left-handed couplings:
Kt - ntww Br (1.7+£1.1) x 107 ¢ 7 | :
\\ i I
K2 — vy Br <2.6x1078 10° - % : 10° - |
N
K} —ete” Br (919) x 10712 \W\/,, 7 |
10" 5 % | 107 - |
K > utp Br (6.84 +£0.11) x 10~° mpg, = 2 TeV \\ i | mg, =2 TeV i
_ N — yT-couplings \\ | LS yZ-couplings |
K > whe Br <47x1077 Ex10- < | L R8107 |
) 0, ) :
Ko-K, mixing lex| (2.228 +0.011) x 103 K% |
L < - |
AMyk  [(3.484 +0.006) x 10712 107° 5 < 7 I
: % :
_ K} — ppe | ‘ ] |
pp — L4 |yf26u| < 0.648 my { —+ K —ee - { —+ Kt > 7tup,
1074 4 K — K mixing I 10~4 4 K — K mixing I
[68] IyﬁLul < 0.524 mqb ] == K} — pe I ] = KT = ntyp; I
10~ 1073 1072 1071 10Y 104 1073 1072 1OI_1 160
e Y
TABLE III. Processes most constraining on this model. Val- 12 12
ues quoted without citation are from PDG [69]. Constraints :
I . ¥ —_— : S — R
from pp — £¢ are derived from Table 1 of reference [68] Lﬁ% _ (LL)\LuUR 4+ eR)\eQQL) R; + h.c. : LY = (LE)\LQQL + e%,\euuR) SI + h.c.,

See 2002.12544 and 2110.03707 for further detail
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