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Motivation

Anomalous magnetic moment of the muon:
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Introduction

Assumptions:

¥ Theory-experiment discrepancy of muon g-2 hint of new physics (NP)

¥ DM is a stable particle that is a thermal relic with ~ EW scale mass
Goal:
¥ Building the simplest extensions of the SM that, at the same time

(i) explain the muon g-2 anomaly, (ii) and provide a stable DM candidate

¥ Studying phenomenological consequences and testability of such
minimal models

What is a Ominimal® model?
¥ Minimal field content

¥ Minimal spin, weak isospin, and hypercharge quantum numbers
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Introduction

Single field extensions to address muon g-2:

+ Few successful examples, fulfilling all constraints:
certain scalar leptoquarks, 2HDMSs, vector bosons, light ALPs

+ Basic coupling SM-SM'-NP ! new particles decay to SM, no DM candidate

Chakraverty et al. '01, Cheung '01
Freitas et al. '14, Queiroz Sheperd '14,
Broggio et al. '14, Biggio Bordone '14,

EJ Chun et al '15, Cherchiglia et al. '16,

Biggio et al. '16, Marciano et al. '16

Coluccio Leskow et al 016, E

We assume that only new particles run in the loop
We need to introduce at least  two new fields with couplings: SM-NP-NP'

I straightforward to introduce Z, for DM stability
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Introduction

Single field extensions to address muon g-2:

+ Few successful examples, fulfilling all constraints:
certain scalar leptoquarks, 2HDMSs, vector bosons, light ALPs

+ Basic coupling SM-SM'-NP ! new particles decay to SM, no DM candidate

Chakraverty et al. '01, Cheung '01
Freitas et al. '14, Queiroz Sheperd '14,
Broggio et al. '14, Biggio Bordone '14,

EJ Chun et al '15, Cherchiglia et al. '16,

Biggio et al. '16, Marciano et al. '16

Coluccio Leskow et al 016, E

We assume that only new particles run in the loop
We need to introduce at least  two new fields with couplings: SM-NP-NP'

I straightforward to introduce Z, for DM stability

Similar idea in Kowalska Sessolo O17 only for scalar singlet and inert doublet DM
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Generic setup

The goal is generating the usual dipole operator:

O,

A

A0 /_LLO'MU,UJR F,Lu/

rom a Higgs insertion to provide gauge invariant chirality flip

(1) Higgs insertion on the external line:

' Only two extra fields: a scalar and a vectorlike fermion

' Suppression from muon Yukawa coupling

AL PR Aypp pe

my,
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Generic setup

The goal is generating the usual dipole operator:

O,

A— /_LLO'MU,UJR F,Lu/

rom a Higgs insertion to provide gauge invariant chirality flip

(I1) Higgs insertion inside the loop:
' Three extra fields: Higgs couples either with scalars or fermions

' No suppression from light Yukawas

~ ~ Sr -~ N St
/ \ / \
/ \ /., \
753 [ /\2 Au(H) AR | LR f’fL , )‘L - Mp - AR \ fLR
Fp Fy F Fe
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Generic setup

The goal is generating the usual dipole operator:

A2

rom a Higgs insertion to provide gauge invariant chirality flip

[LL O'“V,LLR F,Lu/

Unbroken Z,:

New fields ( Z, odd) do not mix with SM fields ( Z, even)

Lightest new state stable, DM candidate if neutral
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Contributions to the muon g-2

We aim at: Aa, = @ — as™ = 2.90 (90) @

Ve - = N 7 N
/ \ / \
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] ] /;nu my
7"% 2 2 F S
Aay = — —+2 3 (MLl + Arl?) [QFfiL(z) + QsfiL(x)]
F.S
m, Mg P S
— 5= Re(A\pAr) [QF fr(z) + Qs fir(x)]
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F.S
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7T TS SR//x\\SL
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ML AL M) Ap, R i !’\L= Mr M) bm
Fr Fr, F Fe
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Contributions to the muon g-2

We aim at: Aa, = @ — as™ = 2.90 (90) @

7 N Ve N
/ \ / \
"\ F ' KL )\ Fr, ) ! KR
s ’/\L - )\L"uil /iR =><<R B -« il <
mu m
2
m
2 2
Aay, = —i7 > |)\L| +[Arl?) [QF fLL(x) + Qs fEL(2)]
8 ]\[S
F.S
m, Mg
o2 2 Re ORAL) [Qr FER(@) + Qs fEp(@)]
87 ]\I
/
ﬁ\ \ AH(H> f\
Sr ~ ~ >~ N~ SL
/ \ / \
/ \ /., \
ML AL M) Ap, R i ,’\L= Mr M) bm
Fr Fr, F Fe

Minimal models for muon g-2 and DM Lorenzo Calibbi (ITP)



Contributions to the muon g-2

We aim at: Aa, = @ — as™ = 2.90 (90) @
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Contributions to the muon g-2

We aim at: Aa, = @ — as™ = 2.90 (90) @
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Class | models: external chirality flip

Gauge quantum numbers constrained by our requirement of a DM candidate:

S and F must be colour singlet and contain at least one state with Q=0

SU(2)r x U(1)y quantum numbers: i, ~2_1/9,

HR ~ ]-1 ) F~ (n’F)YF ) S~ (nS)YS

pL ~ 2_

1
2

. ‘ﬁ
//_\\ ;
/ \
/. F \
M TR Ay KR
my
) ﬁ
//_\\ »
/ \
!\ \
KL ,UIR,/\R FL AR KR

my

Frp |15 1, |2*

2% 2% 2% 2
2

2

3*, 35 3

b=
DO X
[l [oM]

Sr |21 2%, Lt 31 15 35 35y|23 2} 2
2 2

32

1
2

Table I: Models with couplings to LH muons.

KR ~ 11
Fyo |15 1|20, 25 2135, 35 3] 3.
S|l 1527, 2_

21 |35 3%, 32 3

Table II: Models with couplings to RH muons.

@ont ain a neutra@
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Class | models: external chirality flip

Gauge quantum numbers constrained by our requirement of a DM candidate:

S and F must be colour singlet and contain at least one state with Q=0

SU(2)r x U(1)y quantum numbers: pp ~2_10, pp~1y, F~ ("F)YF , S~ (ng)y,

S
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B A R Auyp kR
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Class | models: external chirality flip

Gauge quantum numbers constrained by our requirement of a DM candidate:

S and F must be colour singlet and contain at least one state with Q=0

SU(2)r x U(l)y quantum numbers: pp ~2_19, pp~1y, F~ (np)YF . S~ ("S)Ys

~ 2
ﬁ\ﬁ H
Sr Fr 1y |37 27, 21 21 23 |39, 35 37
Pl = o R 2 2 2 2 2
/ \ Sp 2% /A By 13 35 3%, ok ox
/ \ 3 3 3
poo A B e ew

m;: Table I: Models with couplings to LH muons.

\A\Vﬁ pr~ L
SL FL ]._1 2* 1 e 2_3 3:1 3_2
T~ -3 2
e ~N » 2
/ \ St 1 16 2’:1 2 2% 36 A 3’1*
/ \ 2 2
bL KR by Fr,  \g KR

my

Table II: Models with couplings to RH muons.

(e.g. excludes ~ Bino-LH/RH smuon) * — contain a neutral state
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Class | models: external chirality flip

Gauge quantum numbers constrained by our requirement of a DM candidate:

S and F must be colour singlet and contain at least one state with Q=0

SU(2)r x U(1)y quantum numbers: i, ~2_1/9,

~ 2
ﬁ HL™~ 23 M\
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/ \ 2 2 2
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my Table I: Models with couplings to LH muons.
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Table II: Models with couplings to RH muons.

(e.g. excludes ~ Bino-LH/RH smuon) * — contain a neutral state
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Class | models: the two simplest examples

“LL1” : Fp = 2%, Fp = 2_%, Sk = 13, “RR1”

ZFL = l_l,FEZ 11’SL: 16

Liti = FL,S + \*L,FS — MpFF — !

§l

M :9‘2' S 2 + Lgauge + ‘Cscalar

_ _ 1
Lrri = AeriF_S + N"F_epiS — MpF_F_ — 5 M3S? + Loauge + Lscalar

Singlet scalar S
DM candidate

o2 172
AgLLLRRL _ M N M
. 82 M2 TR M2
DM annihilation:
S° pr
BN 1 1
~ C—scalar
(o0) T AnME (1 )2
F 1 1
(O_U)R—scalar — 5
TM7 (14 1r?)?
S0 i’

M4\ /m? v2r?
)\2 )\2 L R M
[ AR T M3 T3 ’

M \L /S m? virb
)\2 )\2 L R 1%
[ LAR Ty M§+15(1+r2)2

r = Ms/MF
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Class | models: the two simplest examples

“LL1" :Fr=23,F=2_;,8p =15,  “RR1":F =14, Ff=1,,5,=1;

1
M .é?' S 2 + Lgauge + ‘Cscalar

Liti = FL,S + \*L,FS — MpFF — 5

_ _ 1
Lrri = AeriF_S + N"F_epiS — MpF_F_ — 5 M3S? + Loauge + Lscalar

A,LLLRRL _ mﬁ N (\_[%) Singlet scalar S
’ 8m2Mg ™ T\ Mg DM candidate

LHC production and decay:

(cf. searches for EW sleéaton
production at the LHC)
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Direct slepton searches at the LHC

ATLAS: arXiv:1403.5294
CMS: arXiv:1405.7570
Search for direct production of charginos, neutralinos and
sleptons in final states with two leptons and missing transverse
momentum in pp collisions at /s = 8 TeV with the ATLAS

detector
(a) S‘ 350 _I T T T T I T T T T I T T T T I T T T T I T T T T I T T T T i (b) S‘ 350 _I T T T T | T T T T I T T T T I T T T T I T T T T I T T T T i
3 T ATLAS === Observed limit (+16555) ] 3 C ATLAS === Observed limit (+16525%) ]
3300 fLot=203M" 5=8Tev - Expectediimit (+10.,) 3300 fLdt-2031b" S=8Tev ~ --— Expectediimit (+16,)
£ C T - [ LEP2 1, excluded i E n Wm0 I LEP2 1 excluded 7
250 - All limits at 95% CL _' 250 — All limits at 95% CL 7
L / - L / -
C / . - / ]
- // . - // ’
200 > - -] 200 - . -
- Q\L«"‘ v . - QL@‘ v .
- > . - Y s .
150 <€~ — 150 € —
n / : N ’
e . - ]
- - 100 3
" = 50 =
o I 11 11 I 11 1 1 l 1 l<‘l I; :I L1 1 1 ] L1 1 1 I 11 11 : 0 I L1 1 1 I L1 1 1 I 11 11 | 11 11 ":. :;':l 11 1 I L1 11 :
100 150 200 250 300 350 400 100 150 200 250 300 350 400
m, [GeV] m; [GeV]
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Class | models: the two simplest examples

“LL1" :Fr=23,F=2_;,8p =15,  “RR1":F =14, Ff=1,,5,=1;

1 ]
‘1352 + Egauge + Cscalar

Liti = FL,S + \*L,FS — MpFF — 5

_ — — 1
Lrri = N CriF_S + N F_epiS — MpF_F_ — SM3S* + Lgauge + Lcalar

A LLLRRI _ 7.71,2 N (\_[g) Singlet scalar S
g 8r2Mg! T\ M2 DM candidate

Additional constraints:

'+ LFV processes (e.g. p'!e" ):small couplingsto e (~0.01) and #(~0.5)
or three F generations + alignment (flavour symmetry?)

+  EDMs do not arise at one loop (phase of coupling cancels in the penguin)
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The simplest LL model

Only three parameters: M., M_and " :

'M‘odel LLI, AL;Z

500 F

LEP I~

100 ¢ M

v

200 300

My [GeV]

p p

Aa, = a®* —a®™ =2.90(90) x 107°

400

500
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The simplest LL model

Only three parameters: M., M_and " :

Model LL1, A, =2

500 i - I v
LEP '
\\
400
S0 ut
[r— [ b
> 300}
O Qpah?<0.12 !
5 DN' J.1l 4
S | )
%) i _
200 ¢ ) "o i - _
= Qpmh~>0.12 _ S° p
L micrOMEGASs
100 |
0. . L L
0 200 300 400 500
MF [GGV]
__ _EXP SM __ -9
Aay, =a, " —a,” =290(90) x 10
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The simplest LL model

Only three parameters: M., M_and " :

Model LL1, ;=2

SO N =~

LEP I~

Qpuh®<0.12

pwtp~ + By

Madgraph5/Pythia/Delphes
| CheckMate: ATLAS-CONF-2013-49,
ATLAS arXiv:1403.5294

0 500

Aay, = a® —a" = 2.90 (90) x 107°
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The simplest LL model

Varying ":
=1 A=l.5
Model LL1,A; =1 Model LL1, A;=1.5
500F " " " Q500F T T T T T T
400 ¢ 4400 -

Qpuh?<0.12
1300}

41200

100 4100

0 100 200 300 400 5(.JO 0 100 200 300 400 500

M [GeV] Mp [GeV]

1500

1400

1300

1200

1100}

Model LL1,A,=V4nr

0 100 200 300 400 500

MF [GeV]
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Other class | models

What about the other models?

Model RR1, Ar=1.7
500 [T T T

400 |

Qpmh?>0.12

100 |

0 AN | L L Il |
0 100 200 300 400 500
jv1p'[(3f§\/

Weaker LHC bound
§DY production larger
or SU(2) doublet)

pL~2 1
Fr |15 1y (2%, 2%, 2% 2% 23 (3%, 35 3%
2 2 2 3 2
Sp |21 2%, Lt 37 1§ 35 3%,|2z 27 2%,
2 2 2 2 2

Table I: Models with couplings to LH muons.

KR ~ 11
Fr |l 15/1-N2r, 25 2.s(3%, 35 3% 3.,
-2 3 2
S|l 1526, 2.8 2% |35 3%, 3., 3
_ ; ‘1

Table II: Models with couplings to RH muons.

Simplest models basically  excluded by LHC
because too light states are required to

overcome the chirality flip suppression
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Other class | models

What about modes with DM in n>1, e.g. triplets? Is there a OcutoffO on n ?

W+

o (3%4n? + n%)

e 64" m2 gy ’ e 128' m2gy

% [for Y=0]
-

F (! y)scalar — (! \/)fermion — gg (%019 + 17n% + 2n4)

Efficient annihilation, lower bound on DM mass to avoid under-production
(cf. Higgsino or Wino DM in SUSY)

Maximizing the contribution to the g-2:

2 H__ #_
o = gl U YR (Bt JR)] te= 48 1 mow ! 250 1 GeV
' h21 004 n=3 1 1 h2!l 0007
" " ] 3" 4n2+ n4’ - - " - ]
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Other class | models

What about modes with DM in n>1, e.g. triplets? Is there a OcutoffO on n ?

W+

Y

o5 (3%4n? + n%)

el y

o

64" m? gx

el

F (! V scalar — (! v fermion — gg

(%19 + 17n2 + 2n%)

128" m?gx

[ for Y=0]

Efficient annihilation, lower bound on DM mass to avoid under-production

(cf. Higgsino or Wino DM in SUSY)

I no other model with external chirality flip can accommodate DM

and muon g-2 at the same time

I we have to consider additional fields allowing mixing with the

Higgs inside the loop
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Class Il models: chirality flip inside the loop

F 15 17 (2%, 2%, 2% 2% 23 (3%, 3% 3%
R 01_%_%%%3—101

v
S
b
*

1§ 35 1.13% 3921 2

Spo|20 20, L 3 15 3 3|2 2 2,

Table III: Models with fermion-Higgs couplings.

Spo | 1y 1p2%, 2%, 2% 2.3 2. 3|35 3% 3.9
2 ] 3z

[V [

_3
2

7 ~N
/ \
/. \
pr AL Al Ap KR
Fr F,
- §
— X <
Sg -~ N St
/ \
/., \
AL AL Me Ar) kR
F Fe

A\ 4
U
vl
[Sv]
*

25 2
2

20|15 35 3%, 1 37 |2
2

o] =
(][}

Table IV: Models with scalar-Higgs couplings.
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Class Il models: chirality flip inside the loop

2,20, 2 2 23 3 3

1§ 35 1.13% 3921 2

* * * * * *
11 31 10 30 3_1 2% 21 2 %

7 N >
/ \
/. \
pr AL ) Ary b
Fp Fy,
- §
— X —
Sg -~ N St »
/ \
/-, \
AL AL M ARy MR
F Fe¢

HS1Sgr
S|l 15 1-q(2*, 2%, 2% 2.2 2 3| 3% 3%, 3.9
-z 77 3z 2 2
Seo||2f, 21|15 35 3% L 3f |27, 24 2

Table IV: Models with scalar-Higgs couplings.
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Class Il models: a working example

Model FLR1: Fp =13, F, = 2", Ff = 21,5 =2
2

1
2

Generalization of the Bino-Higgsino-Slepton(LH) system of the MSSM

DM pheno similar to the Singlet-Doublet DM model

Mahbubani Senatore '05, Enberg et al. ‘07, Cohen et al. '11, Cheung Sanford '13, LC Mariotti Tziveloglou '15, ...

Ls :/\“15;‘/1_7'?03' (SoPLI/i — S+PLei) — /\iS&E‘PLF_ — )\gngjS_’LEiPLFOj + h.c. ,

_ 1 _
(Vi Vo — Vi V) Foiy* PLFo; + 5 (V2zV2§ — V31V3’;) Foi" PpFo;

DO | =

—% + 3‘24,) F_+F_+ h.c.] + |e|A F_A*F_

(Vo Fort' PLF_ + V3;Foiy" PrF_) + h.c] | Mg Mo A

V2 V2
.l H
/\{11/21"/1_7' + )\S'Vsle]) Fo.PLFy; + h.c., Fo; : ’\\1/; 0 M;
T 7 A VA
§]V[iFOiF0i — M. F_F_— M3 (|S+|2 + |SO|2) V2 L
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Class Il models: a working example

Model FLR1: Fp = 1% F, =2* |, Ff = 7%, Sr =21
2

Generalization of the Bino-Higgsino-Slepton(LH) system of the MSSM

DM pheno similar to the Singlet-Doublet DM model

Mahbubani Senatore '05, Enberg et al. ‘07, Cohen et al. '11, Cheung Sanford '13, LC Mariotti Tziveloglou '15, ...

g-2: m? M M2
Mg, = gz fLL( Mé) A;3MARe(Af2A§2m%A)fER (Té)

o 3 (ASEVAAR + AP £, (o
8m2 M2 2 1 LL MZ)

A=1.23

DM annihilation:

B ut +
~ : t VZ V3
.0 )\HU
s F > . < o ‘1/? o
A’ v
/\ - 7 Mp 0
T w-

F
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Class Il models: a working example

| =

Model FLR1: Fgp = 1% F;, =2*,,Ff = ?’%,SR =2
2

Model FLR1CQy y=—1, A,4=03, AID Model FLR1, (41 5=-02, 4=0.3,-1=1=0.5)
5000 - D 2000 &~ T T T e
Qpymh™>0.12 MS =5TeV. , Mg=1TeV
QDMh <0.12 L i
j XenonlT
4000 - L
[ 1 1500 -
> 3000 =
(0] L D) |
9, g 1000 -/
< 2000, o 7
S T =
, 500,
1000 -
0o- CEEm—————— OL‘f““““I“““‘If
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000
M Fp [GCV] M Fp [GGV]

FERMI-LAT

Aa, = a*® — as™ = 2.90 (90) x 107
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Conclusions

 We systematically built minimal models addressing the muon g-2
discrepancy and DM at the same time

- Our approach covered several known (simplified) scenarios
(e.g. SUSY, vectorlike letpons)

' The simplest models, involving two new fields only, can simultaneously
fit DM and g-2 only for fine-tuned choice of the parameters , mainly due
to recent LHC searches for new physics

' Large enhancement to the contribution to the muon g-2 is possible in
models in which the new scalars or fermions couple to the SM Higgs

tIn this class of models we can account for both DM and g-2 with multi-
TeV new particles, easily evading all existing constraints
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Additional Slides




Direct detection would exclude minimal hypercharged DM

Vector coupling to Z ! huge tree-level DM-nuclei cross section:

2 2
vt 2 Brtpya [N=ZA—4S0)17 5y g smgyp (_uxp >2Y2 N
' GeV

g 10742

o

N
-
W

102}

10} 11044

—
)
o
—
Nt
S
O

9

E’;

S

[=))
WIMP-nucleon cross section [cm2]

WIMP-nucleon cross section [zb]

T
(S

_f
(e}
W

Tt 102 100 10%
WIMP Mass [GeV/c?]
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Class | models: the two simplest examples

“LL1" :Fp=2;,F4=2_,,Se =15,  “RR1":F, =14, Ff = 1,8, =1
- L_ L*_ A Enl . 1 1/ 2 2
Loty = NFLS + NLFS — MpFF — SM2S® + Lynuge + Locata

_ _ 1
Lrri = AeriF_S + N"F_epiS — MpF_F_ — 5 M3S? + Loauge + Lscalar

2 172 i
A LLLRRI _ ms, ARSE M2 Singlet scalar S
G T ez R\ 2 i
TeMg Mg DM candidate
Scattering with nuclei:
S0 S0
~ -~
22 72,02 2 272 .2 2 A
F, st _ Qe ZTMNHSy 59 o ioan  9@ed” My ( fisp tot

7% T yps A2 m% Ar = 1.7- 107 Fem Az m? (GGV) 1/(100 GeV)?

| * LY p ¢ M2 M2 m: —¢°

‘ aHS a1/‘51 F y 7 Atot = q2Atot = ; A/[? ()‘f]L +/\5R) [f (ﬁ) + flog (ﬁﬂ AIZQA_IZQ

N @ust be real or O(100) keV real/>
imaginary part splitting
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Bino-Higgsino-Slepton system in SUSY
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Singlet-Doublet DM
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Singlet-Doublet DM at the LHC
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Class Il models: a working example

Model FLR1: Fgp = 1% F;, =2*,,Ff = ?’;,SR =2
2

1
2

What about Higgs decays ?

CHHH
L= T2 W psH HH +h.c

CHHH ., !u-u
2 7 3o

Mode] FLRI (/\1 H—-O 9 /\2}1——/\1—/\2—1)
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