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Motivation: what’s going on with muons? (I)
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« The FNAL Muon g-2 confirmed the BNL results: very unlikely that the
discrepancy is due to a fluctuation or unaccounted systematic effects

e Only two possible explanations: underestimated hadronic contributions
(ctf. dispersive methods vs lattice QCD) or new physics
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Motivation: what’s going on with muons? (II)

Test of lepton flavour universality in semileptonic B mesons decays
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B-physics anomalies

The SM predicts Rk =1+0.01 in the SM — lepton flavour universality

Bordone et al. ‘16
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Another deviation in a theoretical clean observable in the same class
(neutral-current b — s¢* /¢~ transitions):

BR(B — K*u™pu™)

Ry~ =
K BR(B — K*ete™)

= 0.691) 57 (stat) & 0.05 (syst)
1.1<g2%2<6 GeV?

LHCb ‘17

Few sigma discrepancies in other obs with larger hadronic uncertainties:

Angular observables in S b + .~ BR
B K*M+M_ ome o0 — S W S
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Motivation and strategy

Assuming they are hints of new physics (NP), both the u g-2 discrepancy and
the B anomalies require new fields coupling to muons at scales = O(100) TeV
Di Luzio Nardecchia ’17, Capdevilla et al. 20, Buttazzo Paradisi 20, Allwicher et al. 21 ...

a common explanation?

Since Dark Matter (DM) is the most compelling call for new physics, our goal is
systematically building the simplest extensions of the SM that, simultaneously,

(i) address the B anomalies, (ii) explain the muon g-2 anomaly,
(iii) provide a DM candidate (a thermal relic WIMP)

How do we define our “minimal” models?

 Minimal field content (and minimal spin, quantum numbers, number of

relevant couplings etc)
e DM field “induces” the NP contributions to semileptonic B decays and to

the muon g-2 (i.e. directly enters the diagrams)
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Motivation and strategy

Assuming they are hints of new physics (NP), both the y g-2 discrepancy and

the B )) TeV
DM stability — couplings SM-SM'-NP must be forbidden 01
(or very suppressed) e.g. by a Z; symmetry:
* New fields (Z, odd) do not mix with SM fields (Z, even)
: * We only have interactions of the kind NP-NP’-SM :
Since | oal is
usly,

system
Qanomalies only at @

Gripaios et al. 15,
Arnan et al. ’16, ‘19

How do we define our “minimal” models?

 Minimal field content (and minimal spin, quantum numbers, number of

relevant couplings etc)
e DM field “induces” the NP contributions to semileptonic B decays and to

the muon g-2 (i.e. directly enters the diagrams)
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B anomalies from DM




Global fits to b — sfT ¢ data

The anomalies in semileptonic B mesons decays suggest a deficit of muon events

Oy ~ (57, Prirb) (1"0)  O1g) ~ (57 Pr(r)b) (17"750)
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2103.13370
N hvsi e s oo —b(').5 0.0 0.5 1.0
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contribution to (S/Y,LL Py, b) (:ufy ,LL) > Co

(negative)

Fits to the data: NP contributions preferred to SM at the ~50¢ level
Geng Li-Sheng et al. 21, Cornella et al. 21, Ciuchini et al. 20 + many older refs.
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Minimal models for DM and B anomalies

The simplest possibility is to introduce fields that couple to LH fields only

4GF 62
V2 1672

= NP contribution: §C; = —6C,° ~ —0.5

Het O — Vo Vis [Ch (37, PLb) (57" 1) + C,° (57, PLb) (my"ysp) + h.c.]

Only 3 heavy fields (scalars and VL fermions) need to be added to the SM:

br |\ L br d L
> , > , = = - — > - - =
| |
| |
(I)Q * * (I)L \IJQ Y ) \IJL
| |
| |
< ' < ' < = - - < - - <
SL \ ML SL, () ML
C'lass F — Fermion mediator Class S — Scalar mediator

If neutral, the lightest state in the loop can be our DM candidate

For models of B anomalies and DM belonging to this class see:

Kawamura et al. ’17, Cline Cornell ‘17, Barman et al. ‘18, Cerdeno et al. ‘19, Huang et al. 20
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Minimal models for DM and B anomalies

The simplest possibility is to introduce fields that couple to LH fields only

Gauge invariance requires — | SUG). | ®0.% %, ¥, ¥, @
g eqey A
lonly possibilities for SU(3), o ?1’ ; ;
irrep with d<3 for SU(2) |

On SU(2), | 0, ¥y &, &
- We select combinations with at : 2 2 1
least one state that is: 1 ! ! 2

111 3 3 2

* colorless v 9 9 3

* EM neutral v 3 1 0

e Y=0, if fermion (to avoid huge VI 1 3 2
contrﬂputions to direct Uy | B0, Vg 0.0, 0,0
detection from Z exchange) 16— X —12-X X

[f neutral, the lightest state in the loop can be our DM candidate

For models of B anomalies and DM belonging to this class see:

Kawamura et al. ’17, Cline Cornell ‘17, Barman et al. ‘18, Cerdeno et al. ‘19, Huang et al. 20
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Minimal models for DM and B anomalies

br o L
Label g Py, v ” T "
Faa | (327/6) (12127 (1,1,-1) v | L,
Fia;0 (3,2,1/6) (1,2,—-1/2)* (1,1,0)*
FiB;-1/3 (1,2,1/2)*  (3,2,-1/6) (3,1,—1/3) < - .- - <
FIB;2/3 (1,2,-1/2)* (3,2,-7/6) (3,1,2/3) SL P ML
F1ia (3,1,2/3) (1,1,0)* (1,2,-1/2) Label Vo U, P
Fus (1,1,0  (3,1,-2/3) (3,2,1/6) sm | G216 (z-12 @ior
Fuaco | (3.3,5/3) (13,17 (1.2,75/2) St | (3.1,2/3)  (L1L07  (1,2,-1/2)
Fuayz | (3,3,2/8) 0 (1,8,07 - (1,2,71/2) Suaae | (BL-1/3) (LL-1)  (L21/2)
]:IHA; 1/2 (3737_1/3) (1_a37_1)* (1a271/2> SI£B (1,1,0)* (3,1,_2/3) (3,2,1/6)
Fimpage | (LELT - (3,8,1/5) (3,2, -5/6) Swa | (3,3.2/3)  (1L3,07  (1,2,-1/2)
Fmgye | (1307 - (3,3,-2/8) - (3,2,1/6) Sy | (3.3.-1/3)  (18,-1)  (1,2,1/2)"
Fug;7e | (1,3,-1)"  (3,3,-5/3)  (3,2,7/6) SHI’B (1,3,00°  (3.3,—2/3) (3,2,1/6)
Froaa | 8,2,7/6) (1L,2,1/2)7 (1,8,-1) St | (3.2,7/6)  (1,2,1/2)  (1,3,—1)
Fvao | (3,216 (L,2-1/27  (1,3,00 Swao | (3.2.1/6) (L2,-1/2)  (L3.0)
Fuvns | (L2127 (3,2,-1/6) (3,3,-1/3) s | 3o 86 (L2 —3/2) (181
Fivees | (1,2,-1/2)7 (3,2,-7/6)  (3,3,2/3) SVA'-’1/2 (3.3.2/3) (LL0) (1,2 —1/2)
Foa | (3:3,2/3) (L,1,00  (1,2-1/2) Suare | (3.3,-1/3) (LL-1)  (1,2.1/2)
Fvsese | (L3 (3,1,1/3) (3,2,-5/6) S| (L3.0)  (3.1-2/3) (3.2.1/6)
Fomge | (L3O (3,1, 72/3) - (3,2,1/0 Svinap | B12/3) (13,07 (1,2,-1/2)
Fomrye | (13,70 G175/  (8,2,7/6 Sviare | B1-1/3) (13,1 (1,2,1/2)"
Fyia;-s2 | (3,1,5/3) (1,3,1) (1,2,-3/2) 3V£B (1,1,0*  (3,3,-2/3) (3,2,1/6)
Fvia;-1y2 | (3,1,2/3) (1,3,0) (1,2,-1/2) -
Py | (3.1,-1/3)  (1,8,-1  (1,2,1/2) ooy
FVIB (1,1,0)* (3,3,-2/3) (3,2,1/6) : :
* DM candidate \/ ®q T f 95
| |
~ Arcadi et al. 2103.09835
Sy, \\ ML
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Fit to B physics data

o Lr > T2Q; PR¥ &g+ TEL; PrU o),
4 Only 5 parameters:
g Qo+
25 ! To=TyT%, |TL], My, Mg, and Mg,

\ Limited by B, — B,

— fitting the B anomalies
requires large coupling to
muons = 2-3

M, (TeV)

0 2 4 Arcadi et al. 2103.09835

M,, (TeV)
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DM phenomenology

DM (co-)annihilations controlled by the same coupling as Co and Cio
(unless it belongs to an SU(2) multiplet) —\v

e.g. : P (Pr) >

Upm q (1) Py (®1) v, Z UpMm w

If DM couples to muons t-channel annihilation very efficient (given the large coupling)

Upwm q (1) Vpwm q (1) \IJDN
/

Relic density constraint, Qh* < 0.12, easy to fulfil (such as the fit to the B anomalies)

For the same reason these models are challenged by bounds from DM direct detection:

Upn do 1 Upm i _
——————— UMY, YpMmay g
Q, L —> o1
7 TN _
T u, d cl <@DM7’8ILL@DM> quluq

However, these operators vanish if DM is a Majorana fermion or a real scalar
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Combined constraints (including LHC searches)

Working example with Majorana DM (same model as in Cerdeno et al. ‘19):

DM direct detection bound IF9l=Ir0|= 015 r£}=3,Mq, =100 GeV
(the plane for Dirac DM 199
would completely excluded) co0

20 solution to
B anomalies

Qup, b > 0.12
— DM

Excluded by the LHC
20

pp — PoPo — q¢' + YpmVYpm

Le. (b-) jets + MET oo 200 500 1000 2000 5000 51 U n

Mo, [GeV]

|
|
* CI)L (17 23 _1/2)
|
|

We found natural solutions to the B anomalies with a thermal DM candidate if:

1. DM from an SU(2) singlet (underproduced otherwise + serious LHC bounds)
2. DM couples to muons, i.e. in ¥/® or ®;,/®, (overproduced otherwise)

3. DM is a Majorana fermion or a real scalar (direct detection)
Arcadi et al. 2103.09835
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Adding the muon g-2 ...




Contributions to the muon g-2

The goal is generating the usual dipole operator:

A9 [LL

from a Higgs insertion to provide gauge invariant chirality flip

L
Ol ll F/_“/

(I) Higgs insertion on the external line:

+ Suppression from the (small) muon Yukawa coupling

KL ’ \ :uL MR

AR

Muon g-2 and Rk from DM Lorenzo Calibbi (Nankai)



Contributions to the muon g-2

The goal is generating the usual dipole operator:

P S

Without adding extra fields, muon g-2 from DM is

possible only in tuned regions of the parameter space
Model LL1, A;=2
€.g.: o - |

—

| /8

LC Ziegler Zupan 1804.00009

—
| SE—
(o))
ja
=

| excluded by
[Lac-13] LHC searches

0 200 400 600 800
M; [GeV]

see also Kowalska Sessolo ‘17, Athron et al. '21
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Contributions to the muon g-2

The goal is generating the usual dipole operator:

®

A2

from a Higgs insertion to provide gauge invariant chirality flip

(II) Higgs insertion inside the loop:

,aLO-'Lw,u'R Fm/

- We add a field that mixes with our scalar or fermion via a Higgs vev

- No suppression from light Yukawas — chiral enhancement
see e.g. Crivellin Hoferichter ’18 and 21, Kowalska Sessolo ‘17, LC Ziegler Zupan ‘18, ...

and also LQ models ‘fv\
e.g. : o,
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Minimal models for DM, B anomalies and g-2

We have to add a 4th field to couple to both LH and RH muons. As we said, DM
needs to directly couple to muons and to be singlet (or mixed with a singlet)

The only possibilities are: Arcadi et al. 2104.03228

Slnglet Label ®,/V, Dy /Wy v/o D,/ /o

DM F/Sw | (3.2.1/6

(1,2,-1/2)  (1,1,0)  (1,1,—1) _
Fin/Sw 1 (3,2,1/6

)

) (1,2,-1/2) (1,1,0) — (1,2,—-1/2)
Fie/Ste | (3,2,7/6)  (1,2,1/2) (1,1,-1) (1,1,0) =

)

)

Fita/Sta | (3,1,2/3 (1,1,0) (1,2,-1/2) (1,2,-1/2) —

the two Fin/Sm 1 (3,1,2/3 (1,1,0)  (1,2,-1/2) - (1,1,-1) Mixed
examples Fie/Sue | (3,1,—-1/3)  (1,1,-1)  (1,2,1/2) - (1,1,0) | singlet-doublet
Fuo/Sva | (3,3,2/3)  (1,1,0) (1,2,—1/2) (1,2,—1/2) - DM
Fvb/Svy | (3,3,2/3) (1,1,0)  (1,2,-1/2) -~ (1,1,-1)
Fve/Sve | (3,3,-1/3) (1,1,-1)  (1,2,1/2) — (1,1,0)
br, U U’ IR
= : : =
-p Also additional contributions o, ; ) i o,
breaking the relation Co=-Cio, €.g.: ! !
~ | Vi | <
SL, W 4 MR
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Combining everything together

Two examples: Arcadi et al. 2104.03228

LYY 5 T9Q; PrU G, +TFL; PRU®, +TF E; PLY &)+ AU P H + AgrVUPrU'H + hec.,

Fermion singlet-doublet DM Real scalar DM
AR=2A7'=0.18,[;=2,T=-0.5, Mo, =1.4 TeV,mg,=1.1 TeV AHL=AHR=0.15,;=2.5,;=0.05, Mo, =1.4 TeV,My=0.8 TeV
5000 ‘ — 1000
PLANCK  B-anomalie} T DM
| ‘ mass
2000} \ 800
Aa,
— 1000} [
> O, 600 Mo>Me; PLANCK
o, 3
23 H2I/ S'EL malies
500 Rz & |
TN S
/ | 400}
W XENON1T(SI)
? | Aay,
200 i He! |
- ; 200
\ \ , \
1 00 RSB\ % AN TR
10 20 50 100 200 500 1000 2000 5000 200 /400 600 800 1000
My[GeV] My[GeV]
doublet mass N LHC bound from

singlet mass

_|_ —
(DM is the lightest Majorana state) pp — WV — pFum + Fp

Muon g-2 and Rk from DM Lorenzo Calibbi (Nankai)


https://arxiv.org/abs/2104.03228

Summary and Outlook

We systematically built models addressing the muon g-2 and the
B anomalies through loops involving a thermal DM candidate
accounting for 100% of the observed DM abundance

This can be achieved by introducing 4 new fields,
at the price of a large coupling to LH muons (z 2-3) and

a (moderate) chiral enhancement of the g-2 contribution

Rather than “realistic” models, this exercise showed the minimal
ingredients that a fully fledged theory may need to incorporate
(e.g. large muon couplings imply a Landau pole below ~2500 TeV)

These minimal solutions seem to be in the reach of future direct detection
and/or LHC searches (and definitely of a muon collider) + possible
correlated effects from H/Z decays into muons (Crivellin Hoferichter 21)
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Thank you!

GiipNed




Additional slides




DM annihilation and direct detection

)\4 M2 2 )\4 M3
O IEL g (ouBBu =N et
p P P 9
asm (M3, + M3, ) 7 osem(M3,, + M3)
MM v N NpME (MéiDM + Méf) v?
<UU>%i?[JDM — ZNC ) > o\ <0U>D1?4J(1))16\L4a — ZNC ) >\ 4
7 6om(M3,, +M3,) 7 asr (M3, + MZ,)
Upm Qo 1, Upm
Upm Yoy ... =~=. —F-------
28] 0.1
A
77 u’ d
u, d u, d
Upm ®q Ypwm
Upn Q Yoy - F
l l
I I
% | 2 ¢ ¢
u, d I \IJDM I u, d g g

| |
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Singlet-doublet mixing

Fipb: Singlet-doublet fermionic DM

Lr, D I9Q;PpUd,+TF L PrRUG, +TFE; P - &+ AU PV - H+ AgrVPrY’' - H +hec. .

v =(1,1,0) ¥ =(1,2,-1/2)= (¥ ¥ ") &,=(1,2,-1/2), P, =(3,2,1/6)

\IIORC = \If% M\p )\HL?J/\/i )‘EIRU/\/i mfo
0
g0 = Vi, FL ;. VI Agrv/v2 0 My V= m¥
0
\If’]gc Z, )\j‘qu/\/ﬁ My 0 mg

Fim: Real scalar DM

Lrm DTY Qi PRV Oy +TL L, PRU G, + T E, PV &) + Ay VP V' H + A\gpVUPr¥'H + hec.,

d, =(3,1,2/3), &, = (1,1,0), ¥ = (1,2,-1/2) = (¥, ¥~) and ¥’ = (1,1, -1).

My -2\ .
s > (U MgUY)iy =mi &

My —
v (\Q/JQAHL My
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