New Physics Models for (g — 2),,

Wolfgang Altmannshofer
waltmann@ucsc.edu

S oANTH GUL

LF(U)V Workshop
University of Zurich, July 4-6, 2022

Wolfgang Altmannshofer (UCSC) New Physics Models for (g — 2),, July 5, 2022 1/42



The Anomalous Anomalous Magnetic Moment

BNL g-2
FNAL g-2
BMW, Iaﬁice QCD Experﬁnental
Standard Model Average

< 720 >
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White Paper

Standard Model

175 18 185 19 195 20 205 21 215
a, x 10° — 1165900

4.2 ¢ discrepancy between the experimental average and the SM
consensus.
For this talk we will assume this is due to new physics
Aa, = (251 +59) x 107"
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(9 — 2), and the Scale of New Physics (1)

o The leading new physics operator that modifies the anomalous
magnetic moment of the muon and that respects SU(2), x U(1)y

c ,,,_ o
Heft = —/\TH(/j,U“g/z,)F p
NP
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(g — 2),, and the Scale of New Physics (1)

o The leading new physics operator that modifies the anomalous
magnetic moment of the muon and that respects SU(2), x U(1)y

C _ o
Heit = —/\TH(/l(f“g/z,)F B
NP

o After electroweak symmetry breaking, this gives

100 TeV\?
pa, ~ MY ~o50x 101 K ox (0 1°
ANP Anp

o In principle, one can probe exiremely high scales with (g — 2),,.
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(g — 2), and the Scale of New Physics (2)

o In practice, the Wilson coefficient C is typically tiny

o Loop suppression, and suppression by the muon Yukawa (assuming
the absence of new sources of LFU violation)

1 1M gy q0-8

Niy [
C 1672 * 1672 v
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(g — 2),, and the Scale of New Physics (2)

o In practice, the Wilson coefficient C is typically tiny

o Loop suppression, and suppression by the muon Yukawa (assuming
the absence of new sources of LFU violation)

1 1M gy q0-8

Niy [
C 1672 1672 v

o This gives a much smaller estimate

2
1 my

Aa, ~ ——
H 1672 A

170 GeV)2

~ 250 x 10" x <
Anp

@ Many explanations of (g — 2),, predict
(or even considerably below)

Wolfgang Altmannshofer (UCSC) New Physics Models for (g — 2),, July 5, 2022 4/42



New Physics Models

| will discuss the following scenarios

o Heavy New Physics

o SUSY (MSSM and MSSM with extended Higgs sector)
o Leptoquarks (very briefly)

o Light New Physics

o dark photon (very briefly)
o L, — L, gauge boson

o axion like particles (very briefly)
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(g — 2),, in the MSSM (2)

o Approximation of the loops containing Binos
(in the limit of universal SUSY masses and mg gy > m?2)

b 97 MMy 1 tang
1

A~ 9" T
a 1672 mﬁ ml% 12 1 +¢tanf

o Approximation of the loops containing Winos
(in the limit of universal SUSY masses and m3 g, > m2)

Agh o O MipMe 5 tanp
® 167r2m/% m% 12 1+ ¢ tan

o Suppression by loop factor and smallish loop functions
@ Muon Yukawa coupling is enhanced by tan 3
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(g —2), inthe MSSM (3)

WA, Gadam, Gori, Hamer 2104.08293

o (at I(_east some) SUSY

—
5]

S

particles need to be

3 below 1 TeV to explain

= .

2 the (g — 2),, discrepancy
I

IEIN ! o good news for colliders...
s

o
5

. ] o ...but why haven’t we
seen those particles at
ﬂ the LHC?

m, = my (TeV)

2 2
Aa, ~ 260 x 10~ x (ta”5> (500 Gev)
50 Msusy
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Very Large tan 57?

WA, Straub 1004.1993

yr (1 TeV)

logio(ups) =3

4
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New Physics Models for (g — 2),,

o For too large tan 3, the
bottom and tau Yukawa
couplings develop
Landau poles

o typical limit in the MSSM

tan S 70

o corresponds to a small
muon Yukawa

Y, >~ Z%tanﬁ

<4x1072
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Basic idea to get a larger Aa,:

increase the muon Yukawa coupling
beyond what is possible in the MSSM
(requires a new source of LFUV)



Quark and Lepton Masses

100~

10

0.1~

0.01

particle masses in GeV/c?

103 M l

10—4 L
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New Physics Models for (g — 2),,

What is the origin of the
hierarchies in the fermion
spectrum?

Maybe the first and second
generation fermions are
light because their mass is
coming from a subdominant
source of electroweak
symmetry breaking?

WA, Gori, Kagan, Silvestrini, Zupan
1507.07927
Ghosh, Gupta, Perez 1508.01501
Botella, et al. 1602.08011
Das, Kao hep-ph/9511329
Blechmann, et al. 1009.1612
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A 2HDM with Non-Standard Flavor Structure

o 2 Higgs doublets H and " with vevs v and v" and Yukawas Y and Y’

L= (YH + Y Hgqu+ (YoH + Y H)gd + (YiH + Y H)le
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A 2HDM with Non-Standard Flavor Structure

o 2 Higgs doublets H and " with vevs v and v" and Yukawas Y and Y’

L= (Y H + Y HYgu+ (YoH + Y,HNGd + (Yo H + Y/ H e

o Fermions receive mass from both Higgs bosons
My=vY,+ VvV, Mag=vYg+ V'V, Mg=VvY,+ V'Y
o Invoke some mechanism such that Yukawa couplings Y are rank 1,

while the Yukawa couplings Y’ are generic (apart from 1st/2nd
generation hierarchy)

0 0 O Mme O(me) O(me)
Mo~ |0 0 O |, AM=~ | O(me) m, O(m,,)
0 0 m; O(me¢) O(m,) O(m,
(similar in the quark sector)
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Flavor Changing Neutral Currents

o 3rd generation obtains mass from the first doublet H,
1st and 2nd generation obtains mass from the second doublet H’

o If the vev of H' is very small, one can have O(1) Yukawa couplings of
2nd generation fermions
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Flavor Changing Neutral Currents

o 3rd generation obtains mass from the first doublet H,
1st and 2nd generation obtains mass from the second doublet H’

o If the vev of H' is very small, one can have O(1) Yukawa couplings of
2nd generation fermions

o Potential issue: the principle of natural flavor conservation is violated

= Expect tree level flavor changing neutral currents
(because Y and Y’ cannot be diagonalized simultaneously)
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Flavor Changing Neutral Currents

o 3rd generation obtains mass from the first doublet H,
1st and 2nd generation obtains mass from the second doublet H’

o If the vev of H' is very small, one can have O(1) Yukawa couplings of
2nd generation fermions

o Potential issue: the principle of natural flavor conservation is violated

= Expect tree level flavor changing neutral currents
(because Y and Y’ cannot be diagonalized simultaneously)

o However, there are

0 0 0
MY ~ 0], MJ~ 0], M~ 0
0 0 m 0 0 mp 0 0 m

o The rank 1 Yukawa couplings preserve a
for the light two generations of quarks and leptons

2
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A SU

SY Version of the “Flavorful” Higgs Sector

@ Anomaly cancellation — need four Higgs doublets Hy, H,, Hg, H}

oT

he superpotential of the model is

W = 4 /:IUI:Id + /1/2I:ILFI& + /L3/:/LIII:Id + LL4I:Iu/:/é

100

N
o

-

0.01

particle masses in GeV/c2
o

1073

1074

(YoM, + YL HDQUC + (YaHy + YLH)QD + (Vi Hy + Y/ HL)LE®

@
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A SUSY Version of the “Flavorful” Higgs Sector

@ Anomaly cancellation — need four Higgs doublets Hy, H,, Hg, H}
o The superpotential of the model is
W = 4 /:IUI:Id + /1/2I:ILFI& + /L3/:/LIII:Id + LL4I:Iu/:/é
(YuH, + Y H)QUC + (YoHy + YL H)QDC + (Vi Hy + v/ H)LE®

@

-
(=3
(=

o Four u terms

N
o

@ Third generation gets mass

3 from H,, Hy
: @ First and second generation get
‘ mass from H),, H}
101 o Focus on the lepton sector in
the following

1074

-

particle masses in GeV/c2
o
o o
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Muon and Smuon Masses

4 Higgs doublets = 4 vevs vy, V[, Vg, v}, With v2 + v+ v3 + v/? = v2
o Useful to introduce the ratios

Vu Vu Vd
tanﬁzv—d, tanﬁu:W, tanﬁd:7
u d
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Muon and Smuon Masses

4 Higgs doublets = 4 vevs vy, V[, Vg, vV, with v2 + V2 + v3 + v[2 = v?

o Useful to introduce the ratios
Vu Vu 7]
tan f = — tan B, = — tan By = —
[)) Vq 5 P)u VL// P Pd Vc/j

@ tan 4 controls the size of muon Yukawa
(independently of the tau and bottom Yukawas)

v’ N\/Eﬂ tan S tan By Y. ~ 2& tan g
e v 1+¢tanBtan By’ T Vv 14+e tanp

© Muon Yukawa Y/, can be O(1) without running into Landau poles
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Muon and Smuon Masses

4 Higgs doublets = 4 vevs vy, V[, Vg, vV, with v2 + V2 + v3 + v[2 = v?

o Useful to introduce the ratios
Vu Vu 7]
tan f = — tan B, = — tan By = —
ﬁ Vq 5 P)u VL// P Pd Vclj

@ tan 4 controls the size of muon Yukawa
(independently of the tau and bottom Yukawas)

v’ N\/Eﬂ tan S tan By Y. ~ 2& tan g
e v 1+¢tanBtan By’ T Vv 14+e tanp

© Muon Yukawa Y/, can be O(1) without running into Landau poles

o tan By also boosts left-right mixing of smuons

2 _ tan B tan By
Mg -~ mﬂL mM'U’41+eg tan B tan By
I /
tan 3 tan By 2
_ml’«'u41+q tan [ tan By mﬁR
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Chargino and Neutralino Spectrum

@ 4 Higgsinos + Winos + Bino = 3 charginos + 6 neutralinos

o Chargino mass matrix

9 9 v/

;\/72 AL
M =1 JzVa I 13
\/ié V(/j o M2

Wolfgang Altmannshofer (UCSC) New Physics Models for (g — 2),, July 5, 2022 17/42



Chargino and Neutralino Spectrum

@ 4 Higgsinos + Winos + Bino = 3 charginos + 6 neutralinos
o Chargino mass matrix

M2 9 vy 9

V2 Vv2'u
M, + = \% Va i 13
% V(/j o M2

o It is convenient to first diagonalize the Higgsino block

cosfy sinfy Wi 3 cosfy sinfy \ _ [ un O
—sinfy cosfy a2 —sinf, cosf, /] \ 0 [

Generically expect the rotation angles 6, and 64 to be O(1)
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Chargino and Neutralino Spectrum

@ 4 Higgsinos + Winos + Bino = 3 charginos + 6 neutralinos

o Chargino mass matrix

M2 9 vy 9

V2 va2'u
M, + = \% Va i 13
\/ié V(/j o M2

o It is convenient to first diagonalize the Higgsino block

cosfy sinfy w1 43 cosfy sinfy \ _ [ un O
—sinfy cosfy a2 —sinf, cosf, /] \ 0 [
Generically expect the rotation angles 6, and 64 to be O(1)

o Remaining off-diagonal entries are of the order of the electroweak
scale and can be treated perturbatively

@ Analogous treatment for the neutralinos

o The Fl{, component of the charginos and neutralinos can have O(1)
coupling to muons
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(g —2), inthe FSSM

o Bino and Wino contributions have a structure that is
analogous to the MSSM

; 2 m2 My tan Btan 3
Aaﬁ 1% 2mgm (psin Og cos y+jicosOgsinly) — an/7tan A

12 1+ ¢e,tanBtanf

o

P 2 m2 M, 5 tanftanf
Aaﬂ’fv g m—ZF(usinHdcosb’u—i-ﬂcosﬁdsin()u)— e

12 1 + ¢y tan Stan By

o Contributions from the Higgsinos with mass
and the Higgsinos with mass /i

o Main qualitative difference to the MSSM:
additional enhancement by tan 54

() Flavorful Supersymmetric Standard Model
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Explaining (g — 2),, with Multi-TeV Sleptons

i (Tev)

M1:Mz=/1=

bt
5

Wolfgang Altmannshofer (UCSC)

10

S

WA, Gadam, Gori, Hamer 2104.08293

0.5 1 2 5

my, =my, (TeV)

Aa, ~240 x 107" x (

New Physics Models for (g — 2),,

o Plot assumes
O(1) Higgsino mixing:
Oy=0g=m/2

o SUSY particles can be
several TeV and can still
explain the (g — 2),
discrepancy

25 TeV) 2
Msuysy
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Anomalous Magnetic Moments of Electron and Tau

o The minimally broken SU(2)? lepton flavor symmetry predicts

e
2 251 x 10—

"

2 A
Nag =~ Z Aag, ~58x10 " x (¢>

— well within current uncertainties
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Anomalous Magnetic Moments of Electron and Tau

o The minimally broken SU(2)? lepton flavor symmetry predicts

2 251 x 10—

M

2
Na, ~ zeAau ~5.8x 101 x (L>

— well within current uncertainties

o No precise prediction for the tau, but generic expectation

m 1 15 Aa
Na, ~ —2——Ng, ~47 x10° L
T MR angy s <tanﬂd) 5 (251 < 10—11>

— far below foreseeable experimental sensitivities
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Lepton Flavor Violating Tau Decays

o Lepton flavor violation depends on unknown coefficients in the
Yukawa couplings Y/,,. But can get order of magnitude expectations:

v

m

:
2
<170 (o) (o) o)

4

4

~ 247r3aemﬁ (Aelu)2 (X2 + Xﬁe) x BR(r — ev,1,)
w

2 2 2
(areto) |Go) + (%) ]

o BR(r — uv) already constrained by BaBar and Belle
o BR(7 — ev) in reach of Belle Il

BR(7 — 117) ~ 243 atem — (Aap) (XEM + Xﬁ,) x BR(1 — pv-7,)
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Lepton Flavor Violating Muon Decay

o Lepton flavor violating i — e transitions are suppressed by the
approximate SU(2)? lepton flavor symmetry

o Look, e.g., at the decay 1 — ey

4 2
BR(i — €7) ~ 24713 aenm e m 29 (Aa,)? (X2 X2, + X2 x2,)

Aa T XerXeu\2 | (XurXee\?
N ~15 (28 T L
~82x 1071% x (251 X10—11) {( cor) + (oar) }

o Almost 2 orders of magnitude below the MEG bound
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Leptoquarks
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Enhanced Leptoquark Contributions to g — 2

o The magnetic dipole moments of leptons transform as a 3, x 3¢
under the SM flavor symmetry

o In the absence of new sources of symmetry breaking they are
proportional to the (small) SM lepton Yukawa
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Enhanced Leptoquark Contributions to g — 2

o The magnetic dipole moments of leptons transform as a 3, x 3¢
under the SM flavor symmetry

o In the absence of new sources of symmetry breaking they are
proportional to the (small) SM lepton Yukawa

@ Anew 3; x 3¢ with O(1) muon coupling can enhance the new
physics contribution (see MSSM discussion above)
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Enhanced Leptoquark Contributions to g — 2

o The magnetic dipole moments of leptons transform as a 3, x 3¢
under the SM flavor symmetry

o In the absence of new sources of symmetry breaking they are
proportional to the (small) SM lepton Yukawa

o Anew 3, x 3z with O(1) muon coupling can enhance the new
physics contribution (see MSSM discussion above)

o Leptoquarks can provide an if they couple to both
LR and RH leptons

o Example: the S; = (3,1, —1/3) leptoquark with couplings
LD af)\Lfl_Sf + L_I,%)\He/:,vSik

A Yy Ar~ (8% 8q) (g x3u)- (Bux Bg) ~ 8. x 3¢
o Can explain the anomaly with

Re( )mu mEO 7
Aa, ~ o mEQ log m? ~ 7
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Dark Photon
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Dark Photon Contributionto g — 2

@ introduce a new massive U(1) gauge boson that has a kinetic mixing
with the SM photon
1 nz 1 2 o 1 Ny
£ = £SM - ZXHUX + mex#X + EGXIU’F

o diagonalizing gives a dark photon with ¢ suppressed couplings to the
EM current of the SM
L > eeX,JE,
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Dark Photon Contributionto g — 2

@ introduce a new massive U(1) gauge boson that has a kinetic mixing
with the SM photon

1 1 1
L= Lom— g Xu X1 + SMEXXP + X, P

o diagonalizing gives a dark photon with ¢ suppressed couplings to the
EM current of the SM

Lo eeX,Jb,

o gives 1-loop corrections to the g-2 Y.
A o= s if my < my
ay ~ . M
‘ %ﬁ , it my > my
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Visible Dark Photon Parameter Space

o the minimal scenario has long been ruled out by searches for visibly
decaying dark photons

o (the most recent plots don’t even show anymore the region of
parameter space that is preferred by (g — 2),,)

Agrawal et al. 2102.12143

s
HCb

PEX s S

_ D Ay
107 TR 7 Belle Tl

b+ LHCb: 15 b (solid), 300 fb™ (dotted)

yarkQuest: 10"® pot (solid), 102 pot (dotted

137

107

Evvod vood vond vl vood vod o

LLILL L

SNI1987A "

10-9 1 enl vl R | P | sl
1073 107 107! 1 10 107

—_
(=)
W
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Invisible Dark Photon Parameter Space

@ many constraints are absent if one lets the dark photon decay to
dark matter with ~ 100% branching ratio

o dedicated searches for invisible dark photons still exclude all the
parameter space in which (g — 2),, could be explained

Agrawal et al. 2102.12143

PERRTTIT A RTTIT ERTERRETTT BT

107 102 107! 1
m,. [GeV]
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Gauged L, — L.
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Muon Anomalous Magnetic Moment

New gauge bosons are well known

candidates to explain (g — 2),
(Greljo, Stangl, Thomsen, Zupan 2203.13731)
in the following | focuson L, — L,

0.100

Z' of gauged L,, — L, contributes to

_ - g
(g —2), at the 1-loop level oom
" §sz"2 "
0.001
i
5
0.001 0.010 0.100 1 10 100

my (GeV)

=

(g/)2 m2
Aan ~ 1271'21’)’7_; + O

m
my,

New Physics Models for (g — 2),,

N+
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LHC Searches

1
.
0.100
ut
V4 / J
z g
NN _ 0.010
1%
L LHC
w
0.001
dedicated search for the L, — L.
gauge boson (cuvs 1808.03684)
0.001 0.010 0.100 1 10 100

my (GeV)
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Direct Searches at B-factories

ut 0.100
_ g
1 0.010
LHC
aBar
0.001 r/
BaBar 1606.03501 g
(Can be improved at Belle Il)
0001 0010  0.100 1 10 100

my (GeV)
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Direct Searches at B-factories

ut 0.100
_ g
1 0.010
LHC
aBar
0.001 r/
BaBar 1606.03501 g
(Can be improved at Belle 11)
0001 0010  0.100 1 10 100

Not yet sensitive to the region below mz (GeV)

the di-muon threshold
ete” — ptu + Eniss
Belle 11 1912.11276
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Modified Z Couplings to Leptons

loops involving the Z’ 1
lead to corrections of the
couplings of the SM Z to
muons, taus and neutrinos 0.100 Lep
Iz g
:> 0.010
z > Z
S

+ aBar
® 0.001 /

- COI’lStraImS from 0.001 0.010 0.100 1 10 100
LEP measurements my (GeV)

WA, Gori, Pospelov, Yavin 1403.1269

Wolfgang Altmannshofer (UCSC) New Physics Models for (g — 2),, July 5, 2022 33/42



Neutrino-Electron Scattering

Borexino measures the scattering
rate of solar neutrinos on electrons !

< Z 0.100

0.010

e e

. 0.001
tiny momentum transfer

= Z' can mix with photon

0.001 0.010 0.100 1 10 100
relevant constraint at my (GeV)
low masses
Kamada, Yu 1504.00711
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Neutrino Tridents

The Z’ contributes to trident production

.
effect has some dependence on the
neutrino beam spectrum Vi w "
2 22(0))?
Joorn 113+ (1+4sf, + 2700 ) )
~ Y 13
oSah 113+ (1 + 4s%)?

(for Z' masses 2> few GeV)

vy

vy,

2N 2
oDUNE  1.54 4 (1 + 482, + 23(0") )

Mz, ‘/‘\/\/Z\/Z/
DUNE — 2 \2
oy 154+ (1+4s2)
(for Z' masses 2> few hundred MeV) ~ ut

(WA, Gori, Martin-Albo, Sousa, Wallbank 1902.06765)
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of Constraints o

WA, Gori, Pospelov, Yavin, 1406.2332; WA, Gori, Martin-Albo, Sousa, Wallbank 1902.06765

0.001 0.010 0.100 1 10 100
my (GeV)

Wolfgang Altmannshofer (UCSC) New Physics Models for (g — 2),, July 5, 2022 36/42



Issues with the CCFR Result?

NuTeV analysis identified an additional background
that was not included by CCFR

Furthermore, the neutrino trident process must be
considered in combination with the expected signal from

diffractive charm production in experiments that are only
sensitive to two-muon final states. This point has not

been recognized in previous measurements of neutrino
tridents.

and improved signal modeling
This procedure incor-

porated all possible kinematic correlations between the

two muons and represents an improvement over previons
methods

NuTeV, Phys.Rev.D 61, 092001 (2000)
NuTeV result is somewhat less constraining (~ factor 2 on the coupling)
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Covering the Remaining Parameter Space

@ Neutrino tridents at DUNE (WA, Gori, Martin-Albo, Sousa, Wallbank 1902.06765)
0 ete” — putu~ + Z'(— invisible) at Belle 1l (gelle 11 1912.11276)
0 K = uv + Z'(— invisible) at NAB2 (kmjaic et al. 1902.07715)

o eN — eN + Z'(— invisible) at NA64 (NAs4 2206.03101)
(relies on kinetic mixing with photon for the production)
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Covering the Remaining Parameter Space

@ Neutrino tridents at DUNE (WA, Gori, Martin-Albo, Sousa, Wallbank 1902.06765)
0 ete” — putu~ + Z'(— invisible) at Belle 1l (gelle 11 1912.11276)
0 K = uv + Z'(— invisible) at NAB2 (kmjaic et al. 1902.07715)

o eN — eN + Z'(— invisible) at NA64 (NAs4 2206.03101)
(relies on kinetic mixing with photon for the production)

= 107
Belle Il
. 10 2;- ----------------- Bellell50 " >
o Ultimate test: muon beam dump E e
experiments NAG4por M3 qgsl |
(Sieber et al. 2110.15111; Kahn et al. _:_.fg_‘z)u_;:ﬁh_s_e_‘__—
1804.03144) 77 Nasay 107 MOTs : _
of T Nasw 107 wots .
uN = uN + Z'(— invisible) 10°r | | 3
107 1072 107 1
m,. [GeV]
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Axion Like Particles
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ALP contributions to (g — 2),

Marciano et al. 1607.01022; Bauer et al. 1708.00443, 1908.00008, 2110.10698; Buen-Abad et al.
2104.03267

consider an ALP coupled to photons and muons

0*a,_ e a. =,
L£> Cuu?(N’Ya’YSH) + EC’Y’Y7FH”FM

v Y
A ZT}\Q
\
- - N
M a M n M “

2 2
m 2a A
~_ Ry BT e Sl
Aa, ~ 16272 | Cun + —CyyCunn log <m2 )] for my < m,
"

(can also have lepton flavor violating contributions)
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ALP Parameter Space

Bauer et al. 2110.10698

10°
= Aa, Aay A,
z
=}

10° Cs
e Aa
= A Ad ‘

e |
m, = 100 MeV m, = 1GeV m, = 10GeV
1 10 . 10* o g 10 o 10*
—lepel /1 [TeVTT] —leual/f [TeVTT] —leunl/f [TeVTT]

o Need very large couplings
+» very small axion decay constant f < 100 GeV

o Hard to imagine a UV completion that is not yet ruled out

o Cantry to explain (g — 2),, with lepton flavor violating couplings
(enhancement by m,/m,,) but strong constraints from LFV processes
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Summary B

» In the absence of new sources of LFUV, the anomaly
in (g — 2),, points to new physics not far above the
weak scale

» NP scale can be several TeV if there is a new flavor

spurion ~ 3, x 3g with O(1) muon coupling

» Light new physics explanations (far below the weak
scale) can be viable and provide targets for direct
searches
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