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Muon g-2, Fermilab, arXiv:2104.03281 [hep-ex]
Muon g-2, BNL, arXiv:hep-ex/0602035
SM prediction, T. Aoyama, et al., Phys. Rept. 887, 1-166 (2020)
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Mass enhanced NP contributions to Aaﬂ
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Mass enhanced NP contributions to Aaﬂ

X

g z
(H) g‘sy

X, Y, Z can have any guantum numbers (allowing for the loop):
e X=h7/Z WandY,Z = vectorlike leptons

minimal, just SM with new leptons, constrained the most

K. Kannike, M. Raidal, D. M. Straub and A. Strumia, arXiv:1111.2551 [hep-ph]
R. D. and A. Raval, arXiv:1305.3522 [hep-ph]
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Mass enhanced NP contributions to Aaﬂ

X

g z
(H) L%y

X, Y, Z can have any guantum numbers (allowing for the loop):
e X=h7/Z WandY,Z = vectorlike leptons

minimal, just SM with new leptons, constrained the most
K. Kannike, M. Raidal, D. M. Straub and A. Strumia, arXiv:1111.2551 [hep-ph]
R. D. and A. Raval, arXiv:1305.3522 [hep-ph]

U

o X Y Z =2fermions and 1 scalar or 2 scalars and 1 fermion

scalars not participating in EWSB, the most popular, many options, the least constrained
(include models with superpartners)
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Mass enhanced NP contributions to Aaﬂ

X

g z
(H) L%y

X, Y, Z can have any guantum numbers (allowing for the loop):
e X=h7/Z WandY,Z = vectorlike leptons

minimal, just SM with new leptons, constrained the most

K. Kannike, M. Raidal, D. M. Straub and A. Strumia, arXiv:1111.2551 [hep-ph]
R. D. and A. Raval, arXiv:1305.3522 [hep-ph]

e X=hZ W,H A, H* and Y, Z = vectorlike (or SM) leptons

e.g. 2HDM with new leptons, interpolates between the other two options
R. D. N. McGinnis and K. Hermanek, arXiv:2011.11812 [hep-ph], arXiv:2103.05645 [hep-ph]

U

o X Y Z =2fermions and 1 scalar or 2 scalars and 1 fermion

scalars not participating in EWSB, the most popular, many options, the least constrained
(include models with superpartners)
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Type-ll 2HDM with L + E (+ N)

General lagrangian describing mixing of the 2nd generation
with new leptons:

LD —yiprHy — Mgl ErHy — A\ LippHy — AL ErHy — NH'E1 Lg

— knlpNgH, — kLyNgH, — RH!N; Ly

— MLELLR — MEELER — MNNLNR + h.C.,

l;, er Hy Hy|L, g NLr ELR

Charged lepton mass matrix (after EWSB): Z o+ -+ |+ o+ -

(:aLa L

1_;7EL)

/yuvd 0 )\Evd\
)\L’Ud ML /\’Ud

\o AV, ME/

/MR\

Ly

\ 'z

diagonalizing this matrix leads to:

two new mass eigenstates, ¢, es,
modification of muon couplings,

and couplings between the muon and ¢, 5



Type-ll 2HDM with L + E (+ N)

General lagrangian describing mixing of the 2nd generation
with new leptons:

LD —yiprHy — Mgl ErHy — A\ LippHy — AL ErHy — NH'E1 Lg

— knlpNgH, — kLyNgH, — RH!N; Ly
— MLELLR — MEELER — MNNLNR + h.C.,

At energies much below M;, M,

7 )\LS\)\E— .I.
LD —y,l H; — [ H;H H .C.
D —YulLURI] M, M urHgH Hy + h.c.,
dim. 6 operator is a new source of muon mass and Yukawa coupling:
LE

My = YuVd + M,
h L
Ay = (my + 2muE)/'U

and is directly linked to contributions to Ag,




Aay, in type-ll 2HDM with L + E (+ N)

R.D., N. McGinnis, and K. Hermanek, arXiv:2011.11812 [hep-ph]
arXiv:2103.05645 [hep-ph]
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assuming M; p ~ my 4 y+
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Aay, in type-ll 2HDM with L + E (+ N)

R.D., N. McGinnis, and K. Hermanek, arXiv:2011.11812 [hep-ph]
arXiv:2103.05645 [hep-ph]

Vys 7

LE _ ALAE 3

/mu = MLME Vyq

i LE
; k mum,
Aa,, ~ 2 2
1067 v i1
V=1 —Ju HEHL Py § P
W= —1/2 KW+ kK +kh=—1 : :
h _
k' =—3/2 sufficient to explain Aa, with couplings ~0.5

KA = — (5/12) tan® K+ kA + K7 = — tan? B
K™ = (1/3) tan’ 3 contributions of H, A, H* to Aaﬂ enhanced by tanzﬁ
assuming M, ; > my 4 = would be able to explain even 100 x Aaﬂ

kK = —(11/12) tan’ g }

in the next few slides, | will focus on the SM+L+E
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Aa, in SM with L + Eand 1 — U~

R.D., N. McGinnis, and K. Hermanek, arXiv:2103.05645 [hep-ph]

+ - all couplings =1
Aa, and muon mass (and thus 1 — ™ pu™) > —
. ] min(M., Mg, My) > 2.5 TeV
highly correlated, . ~3Tev
] >6 TeV
no free parameter for M; . > Mpyy, 31 > 8 Tev
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) |
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Aa, in SM with L + Eand 1 — U~

R.D., N. McGinnis, and K. Hermanek, arXiv:2103.05645 [hep-ph]
Aaﬂ and muon mass (and thus 1 — u* ")
highly correlated,

all couplings <1
5

min(M., Mg, My) < 2.5 TeV

min(M., Mg, My) > 2.5 TeV
. >3 TeV

>6 TeV

no free parameter for M; > My,

u 0
1672 02

S
x 14 4
1 m,m_:~ S
Aa, =

.................

SM rate forh — u*u~

Lo LE\ ?
excluded by ~ Ry, 1, = —SRA AR :(Hzm )

_ p
- BR(h— ptp~)su

my,

1o range of Aaﬂ predicts Rh—ww— — 1.3p+140

—0.90
even if SM rate for & — u™ " is observed it cannot rule out this explanation of Aa,



Related observables

New leptons (~10(s) TeV) might be well beyond the reach of
(foreseeable) future colliders, but there are related signals:

-h o h—pp

L M>.&

_ ’ N>x--m L Smet-

.= / >-s::z ,u//t—>hhh
\

II%L +1 3

uu — hh

R.D., N. McGinnis, and K. Hermanek, arXiv:2108.10950 [hep-ph]

< IL _H >t”\¢
MR S H - . 7y
MR /’h
! >"’h pp — hy
Y

requires 2> 30 TeV muon collider
D. Buttazzo and P. Paradisi, arXiv:2012.02769 [hep-ph]
W. Yin and M. Yamaguchi, arXiv:2012.03928 [hep-ph]
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Di-Higgs and tri-Higgs signals in SM+L+E

Effective lagrangian: ( 0 h)

ALAE -

LD —yul_LuRH lL,uRHHTH + h.c.,

M Mg

is completely fixed by muon mass and g-2: ek
= MLMEU3

R A 1 myum©

my =Yuv T m, W= "1602 o2

Interactions of the muon with SM Higgs boson:

1 - 1 _ 1 _
LD -7 Nugs Pt — 5 Ny b — =3 X" fph’

/ N N\

3
)‘Zu = (m, + 2mﬁE)/v )\ZZ =3 mﬁE/’uz, )\ZZh = mLE/v3,

- 2w
are predicted without a free parameter!



Di-Higgs and tri-Higgs signals in SM+L+E
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R.D., N. McGinnis, and K. Hermanek, arXiv:2108.10950 [hep-ph]

10 range of Aaﬂ

2
hh |2 LE
~ |)‘uu _ 9 my
Outpu——hh = )

64w 647 v2

hhh|2 LE\ 2
Oyt - —hhh P‘LSZ 3 my s
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1 TeV muon collider with 0.2 ab~!could see ~50 di-Higgs events

3 TeV muon collider with 1 ab~!could see ~30 tri-Higgs events



Connection with u£DM



Dipole moments and the mass operator

Couplings required for chiral enhancement in Aaﬂ also
generate dim. 6 mass operator:

LD — yul_L,u,RH — C“HZ_L/.LRH (HTH) — CMWZ_LUMV[LRHFMV-F}L.C.

loop models: M
A. Thalapillil and S. Thomas, i1 —0—0—0— HL
arXiv:1411.7362 [hep-ph] \ ¥

I |
A.~Crivellin and M.~Hoferichter, I’ :
arXiv:2104.03202 [hep-ph] H ‘17
H IR KL

H IHT H |
\ l
tree models: ' | l/l "
SM or 2HDM with VLs ur MY Yz
e = ¢ "
k
operators related by a real parameter: C,z = —C,,,

€



The muon ellipse

R. D., N. McGinnis, K. I-_Iermanek and S. Yoon, arXiv:2205.14243 [hep-ph]
After electroweak symmetry breaking:

_ L .5 _ Aaye (R
LD —mupp— 7 (AL B Prph + h.c.) + 4mM o’ pF,e — idﬂuap Y uF o
I

my = (yuv+ Cupv®) e "Pmu Aa, = 477:;“?} Re[C,, e “¢mu]
Mo = (Yu +3Cumv?) e H0mu dy, = 2vIm[Cy e *Pms’
Fnopn = Bfﬂmﬁ& N (mu) Pl
Because the operators are related, we have: Cug = SC’”
2 2
(321 (22)
2w ew W — mi/ﬁvz

Aa, d,and h — uy are highly correlated



Standard model with L + E

VLs with the same quantum numbers as SM leptons:

Relation completely fixed by quantum numbers SU(2) x U(L)y |Q

2_1/2 S 1_1 1

k = 6412 Rpo - (SM+VL, 0 = 1)

6412

—_ L —
£ 0
S) 1.0+ 10%
L
v 0
o -
— i
X
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excluded by

5 h — pu
0 1 2 3 4 )
Aa, x 10°

|d,| S 10~%*% e - cm predicted
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Standard model + VLs

Five possible guantum number assignments for VLs:
(with mass enhanced contributions)

2
k = 6412/Q Rh-utu- (SM + VL) L 647

& 1.0 + 10% U@ < U0
U 22 ==——m ]

- 2101 |1
m =

. 2 12031 |5

: 2 30,011 |3
= 1.0 £10% |

X =3 Tt SSSSeaee 00 -1 2 32031 |3

S 2 120 30 |1
2.2 m—ememd

sharp predictions for dﬂ once h — uu is precisely measured
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Other models

e Models with more scalars participating in EWSB
e.g. 2HDM, type-II:

6472 Rh-ptu
— | — k=25 1.0 10+1%
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Other models

Models with more scalars participating in EWSB

e.g. 2HDM, type-II:

642 Rhosuty
= | — k=25 10 10+1%
Q(1 + tan? B) . 50- -
g i
)
Loop models: =
4 o
k= —|\yz|? X
Q =) 50— k=2
\ =
group theoretical factor _. _| k=1 — . \ | |
0 1 2 3 4 5
e.g. Aa, x 10°

top quark+leptoquark: k ~ 3
MSSM, bino+smuon (with large mixing): kK ~ 10 — 50

In general, larger k means larger coupling and masses of new particles
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Impact of future 7 — uu and uEDM

All models with chiral enhancement can be parameterized by k:

T Aa,=2.51x107"
current limits:

|d,| <1.8x10""e-cm

Muon g-2 (BNL)
arXiv:0811.1207 [hep-ex]

1.x10_20;
5.x 1072

. . .. 1.x 10721}
indirect limits: El 5
90 S 5.x107%}
|d,| <2X 107" e-cm D ,
Y. Ema, T. Gao and M. Pospeloy, g
arXiv:2108.05398 [hep-ph] T 1.x107%%}

e 5.x107%°
future sensitivity: j

|d,| <6x107%%e-cm

at Paul Scherrer Institute,
arXiv:2102.08838 [hep-ex]

1.x10723L

HL-LHC precision ~10%

many models (ranges of parameters) will be tested in near future



Summary

There are many possible explanations of Aaﬂ.

Models with chiral enhancement are difficult to test directly since
the anomaly can be explained with multi TeV (10s TeV) particles.

Indirect tests include measurements of:

e muon couplings to Z and W (not directly tight to Aaﬂ)

relevant especially for models with tree-level mixing, can be tested at Giga-Z or FCC-ee

e muon Yukawa coupling, h — uu

a deviation could be seen at the LHC, but SM-like observation would not rule out even tree models

o uu — hhanduu — hhh

fixed by Aaﬂ in tree models, large rates even at low energy colliders

e uEDM and correlation of Aaﬂ, dﬂ and h — uu

many models (ranges of parameters) will be tested in near future
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