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(8u — 2)/2 = a, is among the most precise observables

sensitive to all known (and unknown?) interactions
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Questions: Which models can(not) explain it?

@ Here: general remarks and examples from survey 2104.03691

[Peter Athron, Csaba Balasz, Douglas Jacob, Wojciech Kotlarski, DS, Hyejung Stockinger-Kim]
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© g — 2 and BSM — important general remarks
@ Simple, distinctive properties
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© g — 2 and BSM — important general remarks

@ Overview of contributions
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Open questions require Beyond the Standard Model

(BSM) physics

Leptons

Dark Matter?

Forces

Open questions!

@ experimental clues
needed! ~~ g — 2!

not easy to explain!

@ relevant and deep
questions may be
related to g — 2



Open questions require Beyond the Standard Model
(BSM) physics

Dark Matter?

Open questions!
Origin of |
Generations \ Forces

@ experimental clues
needed! - g — 2

not easy to explain!

Yukawa
matrices?

4 @ relevant and deep
Quarks and questions may be
Leptons? Letons - related to g — 2

Higgs
EWSB?




Discrepancy

SM prediction too low by ~ (25 & 6) x 10~%0
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Two important general points

. - SM,weak
discrepancy ~ 2 x a,

NP
i

but: expect a

2
SM,weak My .
ay X (—MNP> X couplings
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Two important general points

discrepancy ~ 2 x a

SM,weak
m

: NP
but: expect a,

b — sy
EDMs, B — v

2
alSLM,weak < (I(\/,/’_I\l;;> X couplings
loop-induced, CP- and Flavor-conserving, chirality-flipping **
compare: >—<

w— ey

EWPO
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Connection to chirality flip, and structure of BSM

Lef = — 40713# X Yo yrFHY
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Connection to chirality flip, and structure of BSM

Lt

_ Qe
4m

"

2
aQED, T-loop - o m;.L
s 4572 m?r

Even in the EW SM contributions, things don’t change much, e.g.

EFT-LbL (Knecht, Nyffeler,
M Perrotet, de Rafael)

a m
a\}/:/,Z-boson loops ~ 2# ~ 15 X 10710
an My,
But the required chirality flip is key to understand BSM contributions!

2 and BSM

o
important general remarks

~(3)

=

In the SM QED and QCD: not crucial, trivial chirality flip via gauge invariant muon mass term appearing in propagator numerators
2

™

ay X Yo yrF*

2
My
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Connection to chirality flip, and structure of BSM

Lef = — %au X o rFHY

But:

EW gauge invariant a,-operator:

[O';W,UIRFIW <H>

a, ~ my, x (some VEV) x (ur«r-flipping param.)x

(other couplings)
2
- - Mtypical
related to muon mass generation, potential enhancement!
m,(SM) ~ (SM Higgs-VEV) x (muon Yukawa coupling)
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Window to the muon mass generation mechanism (Higgs/Yukawa sectors)J

Quarks Dark Matter?

Origin of L N Leptons
L Forces

Yukawa £ — Yukawa matrix;; Meesereseas

matrices?
|

Origin of
Leptons Higgs

EWSB?

(changed by new physics?)
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Window to the muon mass generation mechanism (Higgs/Yukawa sectors))

Leptons

Yukawa matrix;; Meesesex-s--

Origin of
Higgs
EWSB?

(changed by new physics?)

Second connection of a,: Dark Matter, (light?) dark sectors? Hard to see
in detectors but could couple to muon ~~ large effects possible!



Typical behaviour: ~ chirality flip (~~ Higgs!) and masses

my, x (some VEV) x (u1r-flipping parameter)[ w2 ]
~ < 2” (no finetuning)

pu M2
typical

Amy, ~ (some VEV) x (ur«r-flipping parameter)

typical

10"
8
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M[GeV]
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Typical behaviour: ~ chirality flip (~~ Higgs!) and masses

my, x (some VEV) x (p1r-flipping parameter) = .

al” ~ M2 [ S = B (no finetuning) ]
typical |
yP )

" 500
x(H)y AN
m2 ! " \

® EWSM: ai- Y o

w MR ML w L

Similar in Z’, Dark Zz models
300

o
s
>
a,10")

LQ 8LER T
o : 2 e
MLQ KR LQ I 100
0
x (Hy
[ I R
5 H // 200 400 600 800 1000 1200 1400 1600 1800 2000
2 2 m 1 M[GeV]
@ 2HDM: «a“tan 6M—‘2‘
H 1R e
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Typical behaviour: ~ chirality flip (~~ Higgs!) and masses

my, x (some VEV) X (u1+r-flipping parameter) . o
au ~ M2 [ < 5 (no finetuning) ]
typical pical
yP )
v 500
x(H)y AN
m? b/ |
M, MR L w L
s (H 300
tR 4t =
2
myme o
o LQ: 8LBR 3z A
LQ KR LQ I 100
Can also involve Higgs couplings to b, ¢ or new particles.
Beware: Amy, /my, ~ g grmt/my restricts couplings 0
x (Hy
. 190200 400 600 200 1000 1200 1400 1600 1800 2000
Hl// M[GeV]

2
® 2HDM: a?tan? Bk
. H
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Typical behaviour: ~ chirality flip (~~ Higgs!) and masses

my, x (some VEV) x (p1+r-flipping parameter)

e,

a“ ~ > [S 2“ (no finetuning)]
Mtypical typical
v 500
x(H)y / N
m? b/ \
® EWSM:  app ‘ ‘ -
w
I N 300
A L
o SUSY: aTaind u ﬂ g o
: N 57— - <
M2ysy Msusy  ur % e
100
0
2
m
erad. m, ~ —£ I
Mgp 200 400 600 800 1000 1200 1400 1600 1800 2000

M[GeV]
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Typical behaviour: ~ chirality flip (~~ Higgs!) and masses

my, x (some VEV) x (p1+r-flipping parameter)

ap' ~ M2 [ < (no finetuning) ]
typical ‘YF"“'
yp )
v 500
x(H)y / \
2 | / \
EWSM M2 KR L w I
x (Hy
I 300

@ SUSY:

m? tan ﬂ
qrutanb o [

a,(10°™

MZUSY Msusy e % e

Well-motivated theory. Many other advantages

e rad. m,

m
~ 2’“
Mgp

2

E.g. MSSM for tan 3 — oo [Bach,Park,DS,Stéckinger-Kim'15]

ool
200 400 600 800 1000 1200 1400 1600 1800 2000

M[GeV]

Dominik Stockinger

g — 2 and BSM — important general remarks



Outline

© Examples of concrete models and constraints
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There are many more examples. . .
SUSY: MSSM, MRSSM

@ MSugra. .. many other generic scenarios

@ Bino-dark matter+some coannihil.+mass splittings
@ Wino-LSP—+specific mass patterns

Two-Higgs doublet model
@ Type |, II,'Y, Type X(lepton-specific), flavour-aligned

Lepto-quarks, vector-like leptons

@ scenarios with muon-specific couplings to p; and pg

Simple models (one or two new fields)
@ Mostly excluded

o light N.P. (ALPs, Dark Photon, Light L, — L;)

Dominik Stockinger
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SUSY (MSSM): can explain g — 2 and dark matter

X Vu
2
‘ SUSY ~ —10 tanf © 500GeV
o1 ~25x10 50 Msusy ( Msusy )

mygr = Mi+50 GeV, M, = 1200 GeV, tanf = 40

550

(BT)-scenario
[ LHC recasting

M [GeV]

500 1000 1500 2000 2500

[2104.03691] v [GeV]
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SUSY (MSSM): can explain g — 2 and dark matter

X Vy
2
alSLUSY ~ 05 % 10-10 b <5OOGeV)

50 Msusy \ Msusy

mygr = Mi+50 GeV, M, = 1200 GeV, tanf = 40

550 PR
(Bl)-scenario

@ “Dark matter mass” versus p W LHe ecaStiné
@ explains g — 2 in large region 3
(expands for tan 8 # 40)

@ DM explained by

stau/slepton-coannihilation =
S
=
500 1000 1500 2000 2500
[2104.03691] u[GeV]
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SUSY (MSSM): can explain g — 2 and dark matter

X Vu
2
SUSY —10 tanf u 500GeV
o1 ~25x10 50 Msusy ( Msusy )

mygr = Mi+50 GeV, M, = 1200 GeV, tanf = 40

550 T T T
(Bl)-scenario

@ “Dark matter mass” versus p W LHC ecaStiné

@ explains g — 2 in large region
(expands for tan 3 # 40)

@ DM explained by

stau/slepton-coannihilation =
@ this automatically evades S
(current) LHC limits =
‘Standard particles 'SUSY particles
et
s b !
death are greatly
exaggerated! &
O o @ o @ roceowicns Soats @ seoom @z
500 1000 1500 2000 2500
[2104.03691] u[GeV]
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SUSY (MSSM): can explain g — 2 and dark matter

X Vu
2
‘ SUSY ~ —10 tanf M 500GeV
o ~25x10 50 Msusy ( Msusy )

myp = M+25 GeV, M; = 250 GeV, tang = 40

(BT)-scenario
| B LHC recasting
[ LHC simplified

@ Strong LHC limits on M

@ DM also explained by
Wino-coannihilation

. . >
@ again evades (current) LHC limits K
‘Standard particles 'SUSY particles g
cht
8
death are greatly | ~ .. .
|
exaggerated!
O omts @ o @ Foen i Somts @ e @ S50
200 1400 1600 1800
[2104.03691] v [GeV]
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Leptoquarks: promising; 2-field models: less

Ay = 0.1 AL =35
0.5 L 300 L
7
o4 250 f’/,/f
200 )
0.3
=~ S
sy = 150
0.2
100
2 > 0.12
0.1
50
1000 2000 3000 4000 100 150 200 250 300
Mg, [GeV] Mw

[Athron,Balazs, Jacob,Kotlarski,DS,Stockinger-Kim, 2104.03691 ]
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Leptoquarks: promising; 2-field models: less

Ay = 0.1 200 AL =35

0.5

1000 2000 3000 4000 150 200
51 [GeV M,

[Athron,Balazs, Jacob,Kotlarski,DS,Stockinger-Kim, 2104.03691 ]
a, from LQ (or VLL) Ls, = — ()\QLQg LS5 + /\thSi“)

@ Chiral enhancement ~ yiop, YWiLL Versus y,

SlpCeis (K8 e Sred s @ LHC: lower mass limits

A @ Flavour constraints ~~
,,,,,,,, assume only couplings to muons
L

@ Viable window above LHC (without mj,-finetuning)

Examples of concrete models and constraints




Leptoquarks: promising; 2-field models: less

Ay = 0.1 200 AL =35

0.5

1000 2000 3000 4000 150 200
51 [GeV M,

[Athron,Balazs, Jacob,Kotlarski,DS,Stockinger-Kim, 2104.03691 ]
a, from 2-field model L

@ No chiral enhancement, need very large couplings

@ LHC: lower mass limits

s /*‘”"\ © Dark matter candidate, but
D S G Y incompatible with large a,
MR L [ ML

General result: a, and DM require at least three

new fle|dS' see also: [Arcadi,Calibbi,Fedele,Mescia] on B-physics
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Two-Higgs doublet model: promising in specific versions

o Aligned 2-Higgs doublet model, rich new Higgs/Yukawa sectors

1-t-bosonicloop
50 -
W My = 150 GeV
w© B My =200 GeV
B My =250 GeV
% 30f
*
(V:L
<
20
10H
20 40 60 80 100 120
My [GeV]
[2104.03691]
Details on Yukawa couplings:
Type X/lepton-specific: Yy o tan 8 Type II: Yy 4 oc tan 8 Aligned: Y, o (p
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Two-Higgs doublet model: promising in specific versions

o Aligned 2-Higgs doublet model, rich new Higgs/Yukawa sectors

1-t-bosonicloop
. Y e
au from: T- Oor top_loop W M4 = 150 GeV
- w© W M4+ =200 GeV
” 5 W My = 250 GeV
KR ¢ e e -
o 30F
x
. . (V:L
constraints (LHC, B-, 7-physics). <

20

20 40 60 80 100 120
My [GeV]
[2104.03601]
Details on Yukawa couplings:
Type X/lepton-specific: Yy o tan 8 Type II: Yy 4 oc tan 8 Aligned: Y, o (p
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Two-Higgs doublet model: promising in specific versions
o Aligned 2-Higgs doublet model, rich new Higgs/Yukawa sectors

1-t-bosonicloop
X T ——
ay from: 7- or top-loop

W My = 150 GeV
B My =200 GeV
B My =250 GeV

40

30

Aa, x 10"

20

20 40 60 80 100 120
Ma [GeV]

[2104.03691]

@ can explain g — 2
@ need large new Yukawa couplings

@ under pressure, testable at LHC, lepton colliders, B-physics
Dominik Stockinger
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Light/dark sectors — compatible with large a,?
Very light, weakly interacting new particles

o 5 = = acy
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Light/dark sectors — compatible with large a,?
Very light, weakly interacting new particles

“ " _ € nv o 2
@ “dark photon” NO L= =500, F" Buw R
s [NA48: 1504.00607]
excludes minimal dark photon for a,,
HR L A hL
O (MoViEH)
“ ” a ! 2
o “dark Z," Better ay ~ 5=(e+~d'mz,/mz)

Additional mass mixing §, may assume invisible decays into dark sector, can evade limits (still nontrivial)

Davoudiasl,Lee,Marciano. . . Cadeddu, Cargioli, Dordei, Giunti,Picciau  #*

o Z' with quantum number L, — L, YES ™

[Ma,Roy,Roy'01,Heeck,Rodejohann’11. . .]
(plot from [Amaral,Cerdeno,Cheek,Foldenauer’'21]) &

Evades collider constraints,

subject to low-E constraints,

viable window 10 . .. 100 MeV

My [GeV]
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There are many more examples. . .
SUSY: MSSM, MRSSM

@ MSugra. .. many other generic scenarios

@ Bino-dark matter+some coannihil.+mass splittings
@ Wino-LSP—+specific mass patterns

Two-Higgs doublet model
@ Type |, II,'Y, Type X(lepton-specific), flavour-aligned

Lepto-quarks, vector-like leptons

@ scenarios with muon-specific couplings to p; and pg

Simple models (one or two new fields)
@ Mostly excluded

o light N.P. (ALPs, Dark Photon, Light L, — L;)
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Summary of main points

SM,weak

discrepancy ~ 2 x a,

but: expect a\P ~ airerk (M

2
0 MNP) X couplings

v

a,, is loop-induced, CP- and flavor-conserving and chirality-flipping

rather light, neutral (?) particles ~» Connection to dark matter?

Chirality flip enhancement ~~ Window to muon mass generation? EWSB/generations?

Which models can still accommodate large deviation?
Many (but not all) models!

but always: experimental constraints!

v

Outlook:

@ g —2 4+ LHC, DM ~~ constraints on BSM physics, great potential for future

@ often chirality flips/new flavor structures/light particles ~ tests: Higgs couplings,
B-physics, CLFV, EDM, light-particle searches, e+e_/muon collider

20 years after BNL. .. deviation confirmed . ..very promising future!

Dominik Stockinger General lessons and conclusions




Dark matter and LHC constraints (rules of thumb)

Dark matter (Wimps):

@ Need to obtain Qppy = Qqps or at least
Qpm < Qops, requires specific annihilation
cross sections

@ for Binos often too high, for scalars often

too |0W July 2019 ATLAS Preliminary  {5=8,13 TeV, 20.3-139 fb"
X X . 3 700
@ Higgsinos or general fermion doublets: o] U mE) e mi 7L
need masses around 1 TeV og 890
£

@ DM direct detection: limits on
interactions with quarks: sometimes
correlated with annihilation interactions

LHC:

@ ‘“triangular limits”, depending on
assumptions/decay modes

@ either Cha>1100, smuons>700 GeV 200 400 600 800" 7000 1200
L %, %0) [GeV,
@ or somewhat small mass splittings < 100 Mt R (el

to LSP

@ or more complicated decay modes

E.g.: limits on Higgsinos are weak, limits on Winos weaker if sleptons>Winos

All limits at 95% CL
= = Expected limits
= Observed limits

.
%, 7 via

v oanal

% X/% 7 via
s

inik Stockinger Backup 17/16



Fu II M SS M ove rVieW in 7 pIOtS [Peter Athron, Csaba Balasz, Douglas Jacob, Wojciech

Kotlarski, DS, Hyejung Stdckinger-Kim, 2104.03691]

approx. tan for (a,5U5¥=25x1071%)

| ——60—|
General MSSM
USY,Max -
a for tanf=40 50 — 20
5
<
&
= 8 —40 —25
> £
) el
< e 30
1S x
>
&
31 40
Ry
60
80
L a0 -
| p— = 120
500 1000 1500 2000 2500 3000 3500
my: [GeV]
(=] = = =
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[Peter Athron, Csaba Balasz, Douglas Jacob, Wojciech

Full MSSM overview in 7 plots
Kotlarski, DS, Hyejung Stdckinger-Kim, 2104.03691]

m_p= Mp+50 GeV, My = 600 GeV, tanf = 40 m_p=700GeV, M; =200 GeV, tan = 40

m_p = M+50 GeV, My = 1200 GeV, tanf = 40

(BT)-scenario (W)-scenario
| | LHG recasting M LHC recasting
- [']LHC simplified 7] LHC simplified
[ omoD
s s s
3 3 3
o o o
= < <
H[GeV]
M = My+25 GeV, My = 250 GeV, tan = 40 mLp = 1450 GeV, M, = 2000 GeV, tanf = 40 mLp =700 GeV, M; = 2000 GeV, tanf = 40
- (BT ario (A7)-scenario f
| B LHC recasting B LHC recasting 600 ?
| [Cltie sipiied [7] LHC simplified B
¥ omMDD 500
3 3 3
S S o
B B B

250 300 350 400 450 500
H(GeV]

Summary: Bino-LSP: a;, and DM. Wino-/Higgsino-LSP: a;,. Both cha<slepton: ~disfavoured.

DM-+LHC=-mass patterns! Coannihilation regions help! Specific cases excluded, e.g. Constrained MSSM
Backup
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One-field, two-field models (renormalizable, spin 0,1/2)

x (H)

tr t

KR LQ

ne

many models: excluded

o very special models: chiral enhancement

specific leptoquarks, specific 2HDM versions
@ however, no dark matter

Dominik Stockinger

@ even more models: excluded

@ no chirality flip

@ few models: either aENL or dark matter
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Three-field models

x (H)

Fr

FL

MR

228

@ many models: viable, large chirality enhancements
@ can explain aﬁNL

and LHC and dark matter

Backup
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