Muon g — 2 and physics beyond the SM
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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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Finally: Fermilab Run 1 versus Theory Initiative SM value
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Which models can(not) explain it?
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Dominik Stockinger

o
Lectures 1 and 2: take-home messages and outlook

DA




Technical summary lecture 1

SM prediction too low by ~ (25 & 6) x 10710
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Two important general points

loop-induced, CP- and Flavor-conserving, chirality-flipping

Dominik Stockinger

Lectures 1 and 2: take-home messages and outlook

DA



Technical summary lecture 2

model without chiral enhancement:

om IALl? m2
u L I
Cgsm = —— ~ ay ~ CBSMW

[

1672’

LQ S: allows coupling to p; and pg, exemplifies chiral enhancement:

1) ALA
Cogy = S AdRme

~ 202, A
my, 8m2my, LR

SUSY preview:
5muNyg><gvu nﬁg

@ = ~ ta
Bsm 1672yvy 4
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Ex. from Lec. 2: Analysis of a, in the leptoquark model 5;
1
= o

my

my

"7 Tem? Liom?

L UCL‘Z - } Bl + mpg Re [CLCR*]BO}

2m
[lecl? ) S + S5 Relerce"1FS }
S

Interpretation and caution:
@ additive structure m, = y,v +

)\L)\Rmt

8m?
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Physics summary

o 2-field models:

> either entirely excluded (for a,) ‘
» Or viable around M ~ 200 GeV, DMRD too small T e

@ Single-LQ models:
» S5y or Ry: large chiral enhancements
» Explain a, for M 2 1.3 TeV (LHC-limit)
» finetuning considerations on m,,, me:
ultra-large contributions, non-naive scaling implausible

@ Other simple models

» Often sign wrong~~excluded
> Interesting/viable: some LQ, 2HDM, VLL, Z’

e Correlations:
> a, a. d, d. 1 — ey
> a, tests Re(c??), strong constraints on c¢*? and Im(c!!)
» SM (and some other models) naturally predict c¢'? ~ 0 and Im(c!!) ~ 0
» maybe we should prefer BSM with similar properties
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© General theory: relationships to CP- and flavour-violation
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Three obvious relationships
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Efficient formulation, dimension-5 effective Lagrangian
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Relations and estimates

also: [Giudice, Paradisi, Passera 2012]

[Crivellin, Hoferichter, Schmidt-Wellenburg 2018]
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So far we have ignored possible flavour structures
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So far we have ignored possible flavour structures
SUSY: 3 generations of sleptons

CR — Yij, cL — g(5ij
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So far we have ignored possible flavour structures
SUSY: 3 generations of sleptons
CR — Yij, cL — g(S’j
ML g,

2-field model: lepton number? E.g. three generations of ¢?

so far assumed: )\’.Lj = { AL(ij = 22)

0(ij #22)
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So far we have ignored possible flavour structures

SUSY: 3 generations of sleptons
CR — Yij, cL — g5ij
2-field model: lepton number? E.g. three generations of ¢?

Ac(ij = 22)
0(ij # 22)

LQ model: actually matrix-valued couplings even for just one leptoquark

)\'.LJ.L" . d}éd), so far assumed: )\'.Lj = {

32
)‘L R

ij i j ij igjic* N/ ,
AgL@" - St 4+ AL, u't'S; so far assumed: A g —{ 0(ij # 32)

In principle there can be non-trivial flavour structure. What happens in
that case?
Strong limits on CPV in d. and on 1 — ey — need specific patterns!
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a, versus a.: Which models lead to naive scaling?

BSM 2 2

5m£ - C BSM O(C ) mf a_“ a9 ﬂ ?
m, “BSM ay BSM) 2 — ~ 2
i BSM cl e

SM: gauge interactions are universal ~» naive scaling holds!

[m] = =
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a, versus a.: Which models lead to naive scaling?

BSM 2 2
omy _ ! BSM _ (e )l my a M
m, “BSM ay BSM) 12 ~ 2
i BSM cl e

5’"#:#{ my, [‘CL|2+‘CR‘2} By + mF...}

Mu M 2 21 g€, 2MF
ay = c|™+le FF+—...
" 16#2{12m§ [1ec P lew ] A 3m2 }

2-field model:
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T
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a, versus a.: Which models lead to naive scaling?

BSM 2
omy _ct BSM _ 0)( Clhepy)—ml m; au M
——— = Lpswm ay BSM) 2 =

my BSM de M

=N
~J

™ N

5’"#:#{ my, [‘CLIZv‘CR‘Z} By + mF...}

2-field model: o™ { my [IC Polc ‘2] FC 4 2mr. }
H7 16m2 Li2m2 U T
2
co P M NCE
BSM ™ 1672 de mg |)‘ie’2

. " .
universal couplings plausible
~>naive scaling
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a, versus a.: Which models lead to naive scaling?

BSM 2 2
om; _ ! BSM _ 0)( Cleyy) mj W M 7
m, “BSM ay BSM) 12 2 m2 .
¢ BSM e e
1 *
SUSY Smy, = R{ my |:‘CL‘2,..:| B+ mg Re [cicg }BO}
" m m, 2m «
= 16:2 12rln§ [laf- ] A+ 3m§ Re leven” )5 }
% 2
ct Yi& X 8Vu ~ta g
BSM ™ 672 Yovy 1672
o = = = 9ace
Dominik Stockinger

General theory: relationships to CP- and flavour-violation



a, versus a.: Which models lead to naive scaling?

5mBSM

2 2
_ ! BM = O(Cheyy)—L_ my M 7
= Cgsm ¢ BSM ~— :

my Mzsw de Mg

SUSY Smy, = ﬁ{ my |:‘CL‘2,..:| Bi + mg Re [CLCR*}BO}

My g My 2 c 2mF w1 £ C
7 Tom2 Vi et ] A+ 3m} Relace)7z )

cuoyExev g a My tanf
BSM 1672y, vy 1672 ae m? tanf
——

naive scaling
thanks to cg ~ yy

[m]
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a, versus a.: Which models lead to naive scaling?

BSM 2 2
TG BN O Em e 7
my MZsp, e m?

smy, = #{ my, [\CL\Z . } By + mg Re [CLCR*}BO}

_ My My 2 ¢ 2mg o C
W= 167r2{12m§ [lcl?. ] FE+ 32 Re [cLcr "] Fy |

LQ S1 (similar to generic models):

(ALAR)“my

CZZ
BSM 872 my
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a, versus a.: Which models lead to naive scaling?

BSM 2 2
Ol aBM = O(Chay) L B M7
my MZsp, e m?

omy, = ﬁ{ my, [\CL\Z . } By + mg Re [CLCR*}BO}

LQ S: (similar to generic models): o .
ay = 2 { " [\CL\Z...} FE+ . F Re [chR*}FZC}

1672 12m§ mg

o 2
cee o QALAr)Tme A, M me (AAR)™
BSM 8m2my ac  m2 my, (A\Agr)ee
N—_— ————

depends on \“/m;
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a, versus a.: Which models lead to naive scaling?

BSM 2 2
O _ oy M= O(Cham)nl 2 Th 7
my M3sp, 2z m?

1 2 .
- . 6mu = —F my |leg]” .. .| Bt + mf Re [CLCR }Bo
LQ S; (similar to generic models): 127’;2{ . [ 2 } o * C}
= 167r2{12m§ [lecl?. JFE+ gy Re [cLcr "] Fy |
2
cl. (/\L/\R)Mmt au N ﬂ
BSM ™~ g2 20~ m2

Case 1: couplings (A Ag)" ~ my like Higgsinos = naive scaling

[m] = =
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a, versus a.: Which models lead to naive scaling?

BSM 2 2
dm; _ ! BSM _ 0)( Cleyy) mj w M 7
—m = LBsm ay BSM) 12 ~ 2

i BSM cl e

1 5 B
L i Smy = ——=4 my |let]”. .| Bi+ mg Re[cicr™] By
LQ S; (similar to generic models): ol | ! )

_ Mu g 2 c, 2mf w1 C
ay = Ton2 { 12m§ [ c|”. } F+ 3"% Re [CLCR }FQ }

cl (ALAR)  my
BSM ™~ a5

a m
v K
8m2my

de me

Case 2: couplings (A Ag)"“""" flavour-universal = different (=linear) scaling

= &
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Case of non-naive (linear) scaling a, : a. via (A Ag)""™":

()\L)\R)univ'mt BSM

m a m
l K M
a = 0O((C —_ ~ —
8 2”Z ¢ ( BSM)

CB
Sm ™ 2
MBSM ae me

Nice, but look what happens in the absolute mass corrections:

()\LAR)univ. my

o Yub 8m2
YD univ.m
eNYeV+( L R)2 :
8

Dominik Stockinger General theory: relationships to CP- and flavour-violation



Case of non-naive (linear) scaling a, : a. via (A Ag)""™":

o (ALAR)™MV-mg

2
m a m
C l M Jd

Q?SM = O(Césm)—

87T2m£ MI%SM de me

Nice, but look what happens in the absolute mass corrections:

()\LAR)univ. my
82
()\LAR)univ. m;
+ 82

my ~y,v—+

Me ~ YeV

@ Same additive corrections to the muon and electron mass.

Plausible if correction small.

@ Very implausible if the corrections are bigger than the muon mass! But this is what we
need to explain a;, with Mgsy > 1 TeV.

@ In general, if a, is explained,

the corrections are bigger than the muon mass if Mgsm = 2 TeV

the corrections are bigger than the electron mass if Mgy 2 70 GeV
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Bottom line:

Naive scaling holds in many models without chiral enhancement (e.g.
our 2-field model)

And it holds in many models with chiral enhancement (e.g. SUSY and
LQ if couplings o lepton mass)

In models with chiral enhancement also
3y ae~ My me

is plausibly possible.

However: | regard it as particularly plausible for small Mggy < 70
GeV, where the contributions to m,, . are insignificant.

| regard it as less plausible in case of models with large masses and
huge corrections to me (or even to m,,).
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Survey of many examples. ..
SUSY: MSSM, MRSSM
@ MSugra. .. many other generic scenarios

@ Bino-dark matter4+-some coannihil.+-mass splittings
@ Wino-LSP-+specific mass patterns

Two-Higgs doublet model

e Type |, II,'Y, Type X(lepton-specific), flavour-aligned

Lepto-quarks, vector-like leptons

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

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

W00
Ms; [GeV]

Dominik Stockinger

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

[Athon,Balazs, Jacob, Kol
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Two-Higgs doublet model: My < 100 GeV

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

[Type X extensively studied by E.J. Chun et al, Aligned (incl. full 2-loop) by Cherchiglia et al]

7-t-bosonicloop
50 T T T

T T

W My = 150 GeV
wl W My =200 GeV

B My =250GeV -

Aa, x 10"

20 40
[2104.03691]
Details on Yukawa couplings:

60

80 100 120
M [GeV]
Type X/lepton-specific: Yy o tan 3

Dominik Stockinger
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Two-Higgs doublet model: My < 100 GeV
e Aligned 2-Higgs doublet model, rich new Higgs/Yukawa sectors

[Type X extensively studied by E.J. Chun et al, Aligned (incl. full 2-loop) by Cherchiglia et al]
a,, from:

7-t-bosonicloop
50 : T T : T
/ \T— or top-loop
\ / g
"%
MR

40
M

LHC constraints

::::r H, Ay <r,Au

., Ay

W My = 150 GeV
e

W My =200 GeV
B My =250 GeV

Aa, x 10"

Also: 7-dec., Z — 71, EWPO

20 40
[2104.03691]
Details on Yukawa couplings

60

80 100 120
M [GeV]
Type X/lepton-specific: Yy o tan 3
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Two-Higgs doublet model: My < 100 GeV

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

[Type X extensively studied by E.J. Chun et al, Aligned (incl. full 2-loop) by Cherchiglia et al]

a,, from:

/"7 or top-loop

- * 17-7
et

2

IR I .

LHC constraints:

:::r H, Ay <r,Au

., Ay

Also: 7-dec., Z — 71, EWPO

@ can explain g — 2

50 T

7-t-bosonicloop

40 |-

Aa, x 10"

20

40
[2104.03691]

@ need large new Yukawa couplings

@ under pressure, testable at LHC, lepton colliders, B-physics

Dominik Stockinger
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W My = 150 GeV
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W My =250 GeV
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Two-Higgs doublet model: My < 100 GeV

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

[Type X extensively studied by E.J. Chun et al, Aligned (incl. full 2-loop) by Cherchiglia et al]

Further constraints

e 7-, Z-decays, LEP

7-t-bosonicloop
50 T T T T T
W My = 150 GeV
r W My =200 GeV
40 -
@ b-decays, LHC t
= maximum Yukawa couplings

@ lepton Yukawa <~ 100
@ quark Yukawas <~ 0.5

B My =250GeV -

Aa, x 10"

o (for My =20...100 GeV, else
even stronger)

20
[2104.03691]
@ can explain g — 2

40

60

80 100

120
M [GeV]
@ need large new Yukawa couplings

@ under pressure, testable at LHC, lepton colliders, B-physics
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Two-Higgs doublet model: My < 100 GeV

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

[Type X extensively studied by E.J. Chun et al, Aligned (incl. full 2-loop) by Cherchiglia et al]

50 T

7-t-bosonicloop

W My = 150 GeV
wl W My =200 GeV

B My =250GeV -

Aa, x 10"

20 40
[2104.03691]

60

80 100 120
M, [GeV]

Examples of concrete models and constraints

16/31



Minimal Supersymmetric Standard Model

@ fundamental new QFT symmetry
@ predicts Higgs potential/mass

@ dark matter candidate

@ chirality flip enhancement ~ g — 2
@ viable (LHC)?

Dominik Stockinger Examples of concrete models and constraints



Minimal Supersymmetric Standard Model

fundamental new QFT symmetry
predicts Higgs potential/mass
dark matter candidate

chirality flip enhancement ~~ g — 2
viable (LHC)?

Standard particles SUSY particle

cl i
Thereportsof my . -
death are greatly | ~ .
exaggerated!
O ous @ eons @ Foros paicies sams @ sooons @

Superpartners and SUSY Higgs sector ~» tan 3 = K—Z, Higgsino mass u
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Minimal Supersymmetric Standard Model

— July 2019 ATLAS Preliminary  {s=8,13 TeV, 20.3-139 fb” All limits at 95% CL
%’ E o = = « Expected limits
@ fundamental new QFT symmetry R — Observed lmits
@ predicts Higgs potential/mass c"g— E 1‘274_:/‘;“" v
@ dark matter candidate ? o
@ chirality flip enhancement ~» g — 2 3 %7 via
@ viable (LHC)? 3 A
E Cl?..hi 2
%X/, 75 via

800 1000 1200 [z/%, 2

m(%,’ %) [GeV]

Vu

ot Higgsino mass p

Superpartners and SUSY Higgs sector ~» tan 3 =
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Minimal Supersymmetric Standard Model

Remarks on dark matter:

@ fundamental new QFT symmetry

° dicts Hi tential @ Bino-LSP =requires chargino- or
predicts Higgs potential /mass slepton/stau-coannihilation

® dark matter candidate @ Higgsino- or Wino-LSP produce

@ chirality flip enhancement ~» g — 2 underabundant DM (unless masses > 1

@ viable (LHC)? TeV)

Superpartners and SUSY Higgs sector ~ tan 3 = ;—Z, Higgsino mass p

o =
Dominik Stockinger Examples of concrete models and constraints 17/31




Analysis: a, in the MSSM

Typical SUSY contributions are chirally enhanced — Two interesting cases:
Wino—Higgsino—smuon  or

Bino—smuonL—smuonR(+heavy Higgsino)J

Dominik Stockinger
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Analysis: a, in the MSSM

Typical SUSY contributions are chirally enhanced — Two interesting cases:

Wino—Higgsino—smuon  or Bino—smuonL—smuonR(+heavy Higgsino)J

Higgsino-coupling cg ~y
Bino/Wino-coupling ¢, ~ g1,2

X Vu
S
mL fiL fir KR
ocufo[u—[oovw

o (=]
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Analysis: a, in the MSSM

Typical SUSY contributions are chirally enhanced — Two interesting cases:

Wino—Higgsino—smuon  or Bino—smuonL—smuonR(+heavy Higgsino)J

Higgsino-coupling cg ~y
Bino/Wino-coupling ¢, ~ g1,2

2
m X gv,
P«Nyg guNt ﬂg

Cgsm =

my 16m2yvy 1672
500 GeV\ 2 HR 7] ML
t
au(WHL) ~ 21 x 1010 (Te) Toﬁ B
Susy

X Vu
R
mL fiL fir KR
ocpforp—oo

500 GeV)2 tanB

BLR) ~ 2.4 x 10710
2u(BLR) ( Msusy 40 500 GeV

o (=]
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MSSM can explain g

a, (WHL) ~ 21 x 1070 (
Msysy

Bino-LSP, close-by sleptons
DM explained by
stau/slepton-coannihilation
explains g — 2 in large region
(expands for tan 8 # 40)

(both WHL and BLR important)

this automatically evades
(current) LHC limits

Standard particles

death are greatly
exaggerated!

Dominik Stockinger

500 GeV)

— 2 and dark matter

2tanB

2 tan B

o

500 GeV)

a,(BLR) ~ 2.4 x 10710 ( v
SUSY

40

40 500 GeV

myr = M+50 GeV, M» = 1200 GeV, tanf = 40

550

M; [GeV]

(BT)-scenario
[ LHC recasting |

1500
H[GeV]

Examples of concrete models and constraints

500

[2104.03691]

2000

2500
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MSSM can explain g — 2 and dark matter

2
500 GeV tan
au(BLR) ~ 2.4 x 1071 ( ) h_w

10 {500 GeV \? tan 3
ay (WHL) = 21 x 10 o —
Msusy 40 500 GeV

Msysy 40

myr = M+25 GeV, My = 250 GeV, tang = 40

@ Still Bino-LSP and close-by | .‘B’ )-scgnario
LHC recasting

sleptons

[ LHC simplified

@ Now lower My, : strong LHC limits

@ DM also explained by
Wino-coannihilation

>
@ again evades (current) LHC limits (_3
=
Standard particles SUSY particles
¢t '
The reportsof my 7. - M
death are greatly | ~ .. .
exaggerated! b,
Qoms  @uom @ roermuces Somts @ swoens @ szt ™}
[2104.03691] u[GeV]
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MSSM can explain g

a, (WHL) ~ 21 x 1070 (
Msysy

@ Higgsino-LSP and = light
sleptons

@ DMRD too small
significant LHC limits on M,

@ = attractive, generic scenario

Standard particles SUSY particles

death are greatly
exaggerated!

Qoms  @uicn @ Fceomcm @ swoon @ s

Dominik Stockinger

500 GeV)2 tan 8

— 2 and dark matter

—10
a,(BLR) = 2.4 x 10
0 1 (BLR) (

my g = p+50 GeV, M; = 2000 GeV, tanf = 40

Msysy

500 GeV)2 tan 3 I

40 500 GeV

2500F " H0

2000 -

1500 -

M, [GeV]

(T)-scenario
[ LHC recasting
[ LHC simplified
[71 bMDD

250 300
[2104.03691]

Examples of concrete models and constraints
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Brief MSSM highlights — promising scenarios

@ Bino-LSP:
» DM explained via slepton-coannihilation (heavy My, 1 2 1 TeV ok)

super-large o often motivated in high-scale models
typically My < My /2 — how to arrange that?
» DM explained via Wino-coannihilation (sleptons close-by)
how to arrange Bino, Wino, sleptons to have similar masses?
o Higgsino-LSP (and Wino-LSP is similar)
> fine if we accept some other DM candidate
» sleptons reasonably light to evade LHC

such scenarios appear e.g. in GMSB, Bhattacharyya, Yanagida, Yokozaki '18

e Cannot explain a,: mSUGRA/CMSSM,. ..

@ There are other possibilities, e.g.
radiative m;, (zero Yukawa [Crivellin,Nierste, Westhoff], tan 3 — oo [Bach,Park,DS,Stockinger-Kim]),

many (“flavourful”) VEVs [Altmannshofer,Gadam,Gori,Hamer]
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Further SUSY models: SUSY is more than MSSM!

M, = mp M) = 1, My > 0

Mose GeV]

o 05 1
ogio 1/ mq] Largest MRSSM

Largest MSSM (tan 8 — o)

Dominik Stockinger Examples of concrete models and constraints



Further SUSY models: SUSY is more than MSSM!

( \

My = mg, M) =, My > 0

logyo [ M/ mg ]

Mosp [GeV]

0 .
0g10 1/ ma] Largest MRSSM

Largest MSSM (tan 8 — o0)

EM in SUSY with tan § — oo (mtree = YuVd = 0) [Bach,Park,DS, Stéckinger-Kim '15]

First: standard SUSY, % (H)

tan 8 = v, /vg ~ 50 Ay o W
SUSY m
a, " A YuVy X loop T Can explain Aay, if
mzole =~ YuVd MSUSY X ~ < 500 GeV
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Further SUSY models: SUSY is more than MSSM!

My = mg, My =, My > 0

logyo [m /mg ]

Mose GeV]

o 05 1
ogio 1/ mq] Largest MRSSM

Largest MSSM (tan 8 — o)

au in SUSY W|th tan /8 — 0 (mlt[ee — .y,LL Vd — 0) [Bach,Park,DS,St6ckinger-Kim '15]

Results: a, explained even if Misp > 1 TeV ~
largest aﬁUSY

tests: 1TeV chargino searches,
aSUSY

i R yuvu X loop  Higgs-physics/couplings,. ..
ole Similar idea: decouple v,3, V43, Vy12, V412 allows tan B§f ~ 500
mb%€ = y,v, x loop

1 [Altmannshofer et al'21]
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Further SUSY models: SUSY is more than MSSM!

M, = mp M) = 1, My > 0 s

logyo [m /mg ]

o 100 200 300
Mose GeV]

logio [1/ma]

Largest MRSSM

Largest MSSM (tan 8 — o) N~

a, in SUSY with continuous R-symmetry  (kotiarski,ns,stsckinger-Kim '19]
X Vd No Majorana gaugino masses!
) i Results: no tan $-enhancement! a, explained for

________ Msysy ~ 100GeV, compressed spectra;
1R 7y L testable by LHC/ILC, u — e/pu — ey
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Connection to CP and flavor (example)

illustration how g — 2 forces us into special parameter regions
M [GeV]

216 304 372 429 479 525

=
7x10 M+ 30%
_ 6x10°
H
Z8Sx105) - — o = = . .
< M=03% _ _ _ @ given g — 2, derive upper
-5 f— — . .
4x10 - limits on LFV parameters
s +
3x10 from p — ey
2%1075 [T totally allowed

10 20 30 40 50 60

MSSM:
tanf
[Kersten,Park,DS, Velasco-Sevilla '14]
10 MRSSM:
Maximum A Kotlarski, DS, Stackinger-Kim'19]
gl Il < A% [Kotlarski,DS, Stackinger-Ki
g 1
3 0.3
;'(’ 0.1
" @ MRSSM: large g — 2 enforces
4 . .
@ 008 special parameter space with
T oot restricted p — e/ — ey
0.003
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Leptoquarks and other chirally enhanced models

0.4

0.3

o

S
2

0.2
0.1
1000 2000 3000
Mg [Ge

[2104.03691]
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Leptoquarks and other chirally enhanced models

Ay = 0.1

0.5

1000 2000 3000 4000
51 [GeV]
[2104.03691]

a, from LQ (or VLL) Ls, = — ()\Q,_Q3 L5 + )\wt,qu)

Specific LQ that works: o Chiral enhancement ~ ysop, YWiL Versus y,
X «’\'H/

o LHC: lower mass limits

tr tr .
o Flavour constraints ~~
assume only couplings to muons

1R LQ #ue @ Viable window above LHC (without m,-finetuning)

v
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Leptoquarks and other chirally enhanced models

Ay = 0.1

Comments, extensions
@ Need specific flavour pattern!
@ Several specific LQ types work
(] Example Greljo,Stangl, Thomsen'21:
Gauged U(1)g—31,, (e.g. sub-GeV Z)
“Muo” quarks S; and S3 explain ay, R(K)
@ Example Spin-1-LQ
Ban,Jho,Kwon,Park,Park, Tseng'21:
1000 2000 3000 4000 Specific type: UL with couplings yi=b, s

Ms; [GeV] can explain a,, R(K) and R(D)
[2104.03691]

a, from LQ (or VLL) Ls, = — ()\QLQ3 L5 + )\wt/LSik)
Specific LQ thaFly°’k5: o Chiral enhancement ~ yiop, YWiL Versus y,
< (
! o LHC: lower mass limits
o Flavour constraints ~~
assume only couplings to muons

1R LQ #e @ Viable window above LHC (without m,-finetuning)
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Leptoquarks and other chirally enhanced models

Ay = 0.1
0.5 L

1000 2000 3000 4000
Mg, [GeV]
[2104.03691]

a,, from vector-like leptons permisek Raval'13
L3> —)\LILGRH = MLI:LLR = S\HT E[_LR i MEELER = )\RI_LERH
@ Similar to LQ: AL Ary: — A AR
@ |Interesting: additional contributions to mL’ee
@ Le ~ (h+ v)3a ug: if large ~ factor 32 =9 in Rhspup!

IR LQ 1t @ illustrates role of a, vs my, vs h — up

o =
Examples of concrete models and constraints
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Leptoquarks and other

Ay = 0.1

1000 2000 3000 4000
Mg, [GeV]

[2104.03691]

a, from vector-like leptons

chirally enhanced models

Other similar models

@ Many generic 3-field extensions have
chiral enhancements
[Kowalska,Sessolo'17-"21][Calibbi et al'18-'21][Athron
et al'21]

@ can explain a, (and contain large ém,,)

@ Need at least 3 new fields for a,, LHC,
dark matter

@ Need at least 4 new fields for a,, LHC,
dark matter and B-physics
[Arcadi,Calibbi,Fedele,Mescia]

Dermisek,Raval’'13

£S5 —)\L[LeRH = MLI:LLR = S\HTELLR = MEELER = )\RI_LERH

@ Similar to LQ: AL ARy: —> AL ARA

@ L ~ (h+ v)3fipg: if large ~ factor 32 =9 in Ry ;!

t t . . _—
A @ Interesting: additional contributions to m/je

LR LQ m @ illustrates role of a;, vs my, vs h — up
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Light/dark sectors — compatible with large a,?
Very light, weakly interacting new particles

(=] = = QA
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Light/dark sectors — compatible with large a,?
Very light, weakly interacting new particles

“ ” 1% o 2
e “dark photon” NO —F" By, ay ~ 5-€
i [NA48: 1504.00607]
< (H) : : excludes minimal dark photon for a,,
KR L A I3
e “dark Zy" Better ap ~ 3=(et+ ~ 8'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

e Z' with quantum number L, — L; YES =

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

Evades collider constraints,

subject to low-E constraints,

viable window 10 . .. 100 MeV 104
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Light/dark sectors — compatible with large a,?
Very light, weakly interacting new particles
e 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 10+

“ "
(] ALPS YES however: UV completions may change the picture [Buen-Abad,Fan,Reece,Sun’21]

L= %gs,wsF/“’FW + YsSiip QEZ ~ s 8syYs In(A/ms)

a,s

[Marciano, Masiero, Paradisi, Passera '16]
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Outline

@ Three conclusion slides
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Summary of main points

SM,weak

discrepancy ~ 2 x a;,

but: expect a\F ~ aoihweak o (M

o ™A

2
MNP> x couplings

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?

v

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

but always: experimental constraints!

v

Outlook:
@ g — 2+ 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, eTe~ /muon collider

Dominik Stockinger Three conclusion slides




Survey of many examples. ..
SUSY: MSSM, MRSSM

@ MSugra. .. many other generic scenarios

@ Wino-LSP+specific mass patterns

@ Bino-dark matter4+-some coannihil.+-mass splittings
Two-Higgs doublet model

e Type |, II,'Y, Type X(lepton-specific), flavour-aligned

Lepto-quarks, vector-like leptons

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

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

Dominik Stockinger

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

[Athon,Balazs, Jacob, Kol

o =
Three conclusion slides




Conclusions

@ SM prediction for g — 2:

e

» All known particles relevant (and all QFT tricks) s —

» Theory Initiative: worldwide (ongoing!) effort, (Cm———)
agreed & conservative value = B

» Next week: next Tl workshop at KEK T e T

@ BSM contributions to g — 2:

large effect needed
Connections to deep questions
many models . ..and constraints

Exp. tests:
Higgs couplings, B-physics, CLFV,

v vy VvYy

EDM, light-particle searches, e‘*’e‘/muon collider

@ Fermilab g — 2 experiment
» 20 years after BNL. .. deviation confirmed!
» stat. dominated! Only 6% data used!
» Best possible starting point ...
... promising future
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Full MSSM overview in 7 plots

[GeV]

M

m-

General MSSM
UM for tanfB=40

—

500

1000 1500 2000
my: [GeV]

2500

Backup

3000

3500

3,5U8"x 10" (tanp=40)

40 -

31/31

20

25

30

40

60
80

[Peter Athron, Csaba Balasz, Douglas Jacob, Wojciech
Kotlarski, DS, Hyejung Stockinger-Kim, 2104.03691]

approx. tang for (a,%U%¥=25x1071%)



Fu ” M SS M OVG I’VieW in 7 plots [Peter Athron, Csaba Balasz, Douglas Jacob, Wojciech

Kotlarski, DS, Hyejung Stockinger-Kim, 2104.03691]

mLp = M+50 GeV, M, = 1200 GeV, tanf = 40 m_p = Mp+50 GeV, My = 600 GeV, tanf = 40 m_p=700GeV, My =200 GeV, tanB = 40

(WT)-scenario
M LHC recasting
[7] LHC simplified

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

M [GeV)
M [GeV]
M [GeV]

H(GeV]

m_p = p+50 GeV, M, = 2000 GeV, tanf = 40
(AT)-scenario
M LHC recasting
7] LHC simplified
[ ovMDD

| W LHC recasting
/ E\LHCsilnpliﬁsd

M [GeV]
M [GeV]
M [GeV)

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
Dominik Stéckinger Backup




One-field, two-field models (renormalizable, spin 0,1/2)

x (H)

tr ty

MR LQ KL

@ many models: excluded

@ very special models: chiral enhancement

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

Dominik Stockinger

KR ML KL

@ even more models: excluded
@ no chirality flip

@ few models: either aENL or dark matter

Backup

Do
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Three-field models

MR

22

n

@ many models: viable, large chirality enhancements
@ can explain aBNL and LHC and dark matter

Dominik Stockinger

Backup
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