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WHY GO BEYOND THE SM?

Two obvious reasons:
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WHY GO BEYOND THE SM?

Possible hints for New Physics:

(g — 2),anomaly

Flavour anomalies Ry («)and Rp)

(BaBar, Belle, LHCb)
Hg tension

Cosmic ray positron excess
(PAMELA, FermilLAT, AMS-02)

XENONAIT excess

Dark Energy
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BRIEF EXCURSION: G-2

Elementary particles with spin $ have a magnetic dipole moment

C: =
- AL -
M ng

In a magnetic field the spin and the momentum of the muon
precesses around the field with frequencies

eB BB w, =6
= —— Wg = §——
m 2m
The frequency difference is P
connected to the anomalous 7 N
magnetic moment a,, $4 v
— 2\ eB eB
Wa:(gu >_:a,u_ N > >
2 m m

[taken from Atanu Nath, Muon g-2 and Physics BSM, 2018]




THE E989 EXPERIMENT

Inflector ~Injection Point o At the E989 experiment polarised
™ — ity | muons are injected into a storage ring.

Injection Orbit
Storage Ring Orbit

Storage
Ring

 High energy positrons
decay preferentially
along muon spin
directions and get
deflected inward into
calorimeter system e |

time [us]
L

[taken from Atanu Nath, Muon g-2 and Physics BSM, 201 8]




THE E989 EXPERIMENT

2o A o £

The theoretical prediction for (g-2) within the SM has been recently
determined to

a,u,M i 116 591 810(43) X 10_11 [Aoyama et al; Phys.Rept. 887 (2020) 1-166]

The recent Fermilab E989 result

CLENAL — 116 592 ()4()(54) < 10~ IMUON g-2: PRL 126 (2021) 14, 141801]

when combined with the previous BNL results leads to the 4.2 ¢ tension of

Aa, = 251(59) x 10~}



WHY GO BEYOND THE SM?

Possible hints for New Physics:

(g — 2),anomaly

Flavour anomalies Ry («)and Rp)
(BaBar, Belle, LHCb)

Hj tension

Cosmic ray positron excess
(PAMELA, FermilLAT, AMS-02)
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NEW PHYSICS FROM BOTTOM UP

Suppose there is a dark sector

Strategy:
- Replace (combinations of) SM fields that are total singlets
under SM gauge group by new DS fields.

- Replace @imensionful' SM'eouplings (i.c. [g] > 0) by DS fields.

In SM there are 3 possible places where DS tields could hide:

V(H) = @ENE + ix (HTH)?

,Cyuk = — YD QHCZR e YU Q[NJUR
—Y*LH /g -Y" @B + h.c.

Cone = = BB ~ Wi W]~ TG "



PORTALS TO NEW PRHYSICS

- Can build three renormalisable dim-4 portal interactions from the
SM singlets H'H , LH and By by combining them with
Dark Sector singlets

Higgs Portal Ay STSHH
~Neutrino Portal —Y ' -
€y » ) Requiresnew U(1)x
\_Vector Portal —7BWX“ W ) ()

symmetry

Focus of this talk

- Plus non-renormalisable dim-5 portal interaction:

Gq ~
Axion portal 4gg aTr|G,,G"




A NEW DARK SYMMETRY

SU(?))C X SU(Q)L X




SECLUDED HIDDEN PHOTONS

M2
5 Xy XM —go Sy XP

[Holdom: PLB 166, 196]

1
L= Lsm— 7 XXM - %BWXW

Minimal choice is pure secluded U(1) symmetry with

Je g

For light mediators M4 < My ~ O(v) the Kinetic mixing term in
the mass basis can be diagonalised by the field redefinition:

é \
4 r/ \
i
S -

Hidden Photon couples to EM current suppressed by €

AR e A @AMJ]ELM
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HIDDEN PHOTON SEARCHES

Colliders: Beam dumps:
A Lsh Ldec
MII_/—/’/—F/ target| shield ‘ decay ‘
A
Production:

A /
o A
€ d
/ LT
A NNzlom
e #

ogpcoll ~ 0(10—1) ab_lyr_l
DETE)

P
ECM

aif,u X
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adapt.[Bauer, PF, Jaeckel; 1803.054606]



HOW A" CONTRIBUTES TO G-2

U(1) bosons vectorially coupled to muons contribute to g-2 at
one-loop level

A
Aiw ol 2
UL =)
Aay = g—uz du 24 (1_u))
47T 0 u2 i pos>
7
where z, =m, /My B ——

The muon coupling depends on the U(1) extension. In general

E cc for kinetic mixing
Lo g. @, for muon — philic gauge boson
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ANOMALY FREE GAUGE
EXTENSIONS

Jiin



e (Const

ANOMALY FREE MODELS

raints on possible charge assignments of

3 RH neutrinos from anomaly cancellation:

olus

z- S

S O, with ¢ = v
v 3
BEiliestmior tamily charges X7 =N (Qy. )"
Anomaly Charge combinations
i) 2X; +6X3 — X; — X7 —3(X; + X3)
U()3U(1)y YL X} + 6Yo X3 — Yo X7 — Y, X2 — 3(YuX2 + YgX3)
Ul)xU(1)2  2Y2X, +6Y3Xq— Y2X,—Y2X, —3(Y2X, +Y7Xy)
SU3)2U(1) x I = K — %
SU(2)2U(1) x Wi = 5
graV2U(1)X QXL—I—GXQ — Xy — X, —3(Xu—|—Xd)



ANOMALY FREE MODELS

e Constraints on possible charge assignments of
3 RH neutrinos from anomaly cancellation:

Je =) ¥Quy"d  with ¢ = v
P

3

BEiliestmior tamily charges X7 =N (Qy. )"

1

e Additional constraints from Yukawa terms:

—

olus

Anomaly Charge combinations with Yukawa constraints
i) 2X; +6X3 — X; — X7 —3(X; + X3)

GV SO oy X 6V X VXD Y X2 3(Yu X2 4 VaXD) il

U(l)xU(1)% QYA X1, + 6Y5XQ ~ Y X, —Y?2X, -3(Y2X,+Y?Xy)

SU(3)?U(1)x il — = A |

SU(2)?U(1)x 2X1 +6Xqg

graV2U(1)X QXL—I—GXQ — Xy — X, —3(Xu—|—Xd)
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DIRAC NEUTRINOS

Structural invariance of Yukawa terms allows for three different
classes of tamily charges

RS0 0o (e, b uNe)

and hencew.l.o.g. Qg =Q, =Qd and Qr =Q; = Q,

After diagonalising the mass terms IEL Uy My, WJL VR
final set of constraints from

Vekm = UuU:lr Vemns = UgU)

In absence of Majorana masses (Dirac neutrinos) only aSIepton
charges can reproduce viable PMNS matrix! Thus:

—_—

—

Qétons e 3‘quuarks =0
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MAJORANA NEUTRINOS

* All other anomaly free groups must have Majorana neutrinos!

€.g. U(l)Li—Lj ' U(l)B—SLi e

 Majorana mass terms induce neutrino flavour changing
couplings of neutrino mass eigenstates

[Qﬁan\/l] P [Qv;Ui\/[] # 0

Vo Qozoﬂ/'u Vo X,u —v V; U@TaQaaUaj /VM Vg X,LL
H/—/
Qij
e This could in principle induce neutrino decays. Potentially
interesting for astrophysical neutrinos

Vi

Dr el
g m
, oIl 1E o < 6
| M2

Vj

N

[Bauer, PF, Mosny; 2011.12973]
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GAUGING LEPTON SYMMETRIES

R @@= @

%
A’M,<
charging 1st & charging 1st &  charging 2nd & 1

2nd generation 3rd generation  3rd generation
leptons leptons leptons gx Q. vy'v A,u

Loop-induced mixing is unavoidable!

However, it is calculable and finite for L, — Lj :
[del Aguila, Masip, Perez-Victoria; Nucl.Phys.B 456 (1995) 531-549]

N7
AV V] B (2q ) prvp

[ dsa(1 - o) 1o (=20 =2T )

(\V)

DN
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SPECIAL CASE OF U(1), ;.

Why is this interesting?

24

No gauge interactions with
ordinary matter (q, e)!

Below dimuon threshold only
decays to neutrinos (almost)

Only remaining minimal U(1)

15 ‘\ | -
- — BR,
0.100: _ pp
0.010- — BR.
a - — BR,
Ay 0.001:
- — BRhjaa
1074 ¢
10°%, /\V\m\
1067 L L T P . YR
0.001 0.010 0.100

extension with viable (g — 2),, solution

Finite kinetic mixing:

9ur

o e
Epr N = log<m >N

70



NEUTRINOS AND HUBBLE

e Decay of A" heats neutrino gas
and delays the decoupling

= increase of Neg at early times

e |eadsto larger Hy

With v-oscillations, ¢ = g, /70

1.4 Mz = 5MeV, g, .=5x10 8 Nty = 3.4
{mz =5MeV, g, =107 Ny =4.39
1.3{mz =13MeV, g, . =10 Ney=3.32
:mzr =13 MeV, gu—r= 5 x 1074, Neﬂ =3.4
L 1.2
~ !
\(__ ]
}\ |
1.1
1.0
0.9

10!

T, (MeV)

e ——
o5 [Escudero, Hooper, Krnjaic, Pierre; JHEP 1903 (2019) 07 1]

&

o
Yyt Vy,r A Pt
Vpr 17,,.7 17;1,,7
7/
/] ZI Z/
_ 7!
Vu,r Yu,r Yyt Vu,t LT Z Vpr

e

Net, with v-oscillations, ¢ = g,,_, /70
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U(1)r,_ .. — CURRENS

10—1 - 1 1 L v aal 1 1 Lo al 1 1 1 L 1o aal 1 Lo al 1 1 1 1 =
E MA’ 9ur E

1] BP1| 15MeV |5x107* I

1  BP2| 25MeV | 6x 1074 S g

10-2 - BP3 | 50 MeV | 6 x 10~* B
i BP4 | 100 MeV y :

- b<\) B

j o :

| COHERENT LAr Charm—l| L
10~ white Dwarfs 2
1075 3
- L,— i
S| B
10 : €ur| = 9ur /TO

FETRIE e, A B L el
101 100 101

[Amaral, Cerdeno, Cheek, PF; 2104.03297]

MAI [GGV]



COMPLEMENTARY SEARCHES
FOR U(1), _, BOSON




STRATEGY TO TEST U(1), _;, SOLUTION

S lspose (g - 2), isduetoanew U(l)g, 7 bosei:
How can we independently test this?

e (9—2)u only sensitive to muon coupling ‘ A

 Have to establish also neutrino couplings:

Invisible decays at NA64. Potential degeneracy with DM! @

CEvUNS at spallation sources. Only 2nd generation! @

Solar neutrino scattering. Also 3rd generation neutrino flux! @

« Combination can lift degeneracy with a U(l)Lﬂ mediator!

28
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COMPASS BMS,
1% resolution

»

Muon beam
100 - 160 GeV

L B

INA64 proposal; CERN-SPSC-2019-002]

e Fixed target experiment with 160 GeV muon beam.|
= Muonic HPs are abundantly produced in Bremsstrahlung, decay invisibly

e Expected to take data with ~10"" muons on target (MOT) in 2021

e Target momentum resolution of 1~2.5 GeV, gives good handle on spectra
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NA’,inv = MO

from bremsstrahlung:

pN a
gt —
A

Lmax
L
Lmin

NA64 detines a signal window

for muon between
10 GeV < E < 100 GeV

dz

NAb4u

 \We can compute theoretical spectra for our benchmark points

doa_;3

dz

In particular, for low mass A’

(< 50 MeV) characteristic

spectral shapes outside
signal window

Number of events [1/bin]

14 A

1
I —

12

T

=
o
. 1 L L L

I
1

Lt

________________

_____________
______
_______
_______

______________

_________________________

-------

_____________

Muon momentum p’, [GeV]

[Amaral, Cerdeno, Cheek, PF; 2104.03297]



NAb64u has good
sensitivity to coupling

Upper bound on low
mass A

BP4 can be well
resolved, since
spectral peak in signal
window

No discrimination
from simple muon-

ohilic mediator
and/or DM decays

x
(@)}

NAb4u

[Amaral, Cerdeno, Cheek, PF; 2104.03297]

| — 2AInc=2.30 | — 2AIn£=2.30
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7
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| — 2AIn£=2.30 | — 2AInc=2.30
--- 2AInc =6.18 --- 2AInc =6.18
7]
/
/
BP3 | BP4
lex| = gx/70 lex| = gx/70
10-3 1072 1071 100 103 L0=2 1071 100
M, [GeV] M, [GeV]




NEUTRINO INTERACTIONS

IDEA: A’ ' ino-el
contributes to neutrino-electron ) / \ )

o
and -nucleus scattering via kinetic mixing.

T

I

] ]
1

]

I

]

 Can we utilise gauge-neutrino interactions
directly to test interesting parameter space?

DarkSide-20k

.
///////
((((
»* .
>

10734 !
SuperCDMS l //'ll:;:'::_,,————"”"’ T e <

. .~ = e

> P e - S ;

Tests
(NAG2) / invisible decay
il v (like NA64)
[Krnjaic et al.; PRL 124, 041802 (2020)]

CDARWINY N\
: | CEvNS at

" ? Spallation sources
" fgolar neutrino scattering L,U 3 LT (HZ)
! { Ho
10_4 T T T T I'l I' T T T T T T T I T
10_2 10—1
MA/ [GeV]

39 [Amaral, Cerdeno, PF, Reid; 2006.11225]



CEUNS AT SPALLATION SOURCES

l t':.r.-:.m / VesVuy Vr X'

o At spallation sources stopped pions/—- N Prarmrn . e

. : L -
decay into muons and neutrinos T | e
“ } ‘={>< Vg, x" N .—’<

o LX O

. M/ x* J X
(b) e -e_’_’.\ N

Lujan sc K — () : -

e Future neutrino detectors as e.g. CCM are sensitive to neutrino

NSI in coherent elastic neutrino-nucleus scattering (CEvNS)

[CCM; https://p25ext.Ianl.g0\”//‘T|/o7Elee/Captainl\/|ills/]

Flight Path 5

e Example CCM:
/ tons LAr
Eth=10~30 keV
220 PMT
L=20/40 m




CEUNS AT SPALLATION SOURCES

Experiment | Mass [ton] | Ey, [keVy] | NPOT [10%3 /yr] r L o
CENNSG610 0.61 | ~20 1.5 0.08 | 284 | 85%
ESS10 10 T 2.8 0.3 e 5%
CCM 710 0.177 0.0425 | 20 | 5%
ESS 1 20 2.8 0.3 20 | 5%
e Since v flux contains y-component, £ - o
both Uy, and u(l),, sesores -« .
can lead to extra CEvNS: : |
dO-]/a N G%‘ MN 1 k) MN ER F2 (E ) 60E [lfgv ]160 120 140 160 40E e ]6'0 80 100
dE, T 2F2 i
2 c=] =
% vIN (S M ) ESS10 o [ o] ESS =
e ilfory, o e BB T EE
e 0 9z €z €2 an QVN (int) P s |
V2Gr (2MNER + M2,) 3
2 22 N | = | 7
AN R R I K E—
—I— 2gCB X Vo > (BSM) oooooo
2G4 (2MNER + M5, )? [ — —
» o 40ER [keVnr]éD " o

34 With Quv=N—(1—4sin’0w)Z

40 60
Er [keVy]

[Amaral, Cerdeno, Cheek, PF; 2104.03297]
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CEUNS AT SPALLATION SOURCES

Experiment | Mass [ton] | Ey, [keVy,] | NPOT [10%°/yr] r L o
CENNS610 0.61 ~ 20 {555 0.08 28.4 | 8.5%
ESS10 I 0 > 2.8 0.3 20 | 5%
CCM | 10 0.177 0.0425 20 5%
ESS 1 20 2.8 0.3 20 5%
(@-2) VA (9-2), /
CCM an CENNS (LAr) can | s " |27 Sssio y
only place upper bounds — e
ESS detectors (Csl[Na]) can
reconstruct BP1&?2 BPL 5P2
-------- |&x| = gx/70 lex] = 9x/70
e (g-2), /}/]z/i{/ (g-2), /,,/}"
Combined with NA64 limit | ¢ B
range of parameters — o
Still degeneracy between
BP3 | BP4
U(I)L,u_LT and U(l)L,u lex] = 6:/70 lex] = gx/70
/Amaral, Cerdeno, Cheek, PF; 2104.03297] T e
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Direct detection experiments will become sensitive to solar

NEUTRINO FLOOR

neutrino scattering (in particular coherent scattering)

WIMP—-nucleon cross section [cm?]

SuperCDMS Soudan CDMS-lite
SuperCDMS Soudan Low Threshold

XENON 10 S2 (2013)

WIMP Mass [GeV/c?]

[Snowmass CF1 Summary; 1310.8327]

v v 2CDMS-Il Ge Low Threshold (2011) . 10—3
\‘ \‘ “ \ T T
\ WA CoGeNT
\ \ .
2 \\\“ (2012) | -4
‘\% N, \\\\\\\{\4 CDMS Si 10
™2 o (2013)
2R M pLE (202 105
' \\\ 1076
1077
| 10—8
N 10~°
| 10—10
" (Green ovals) Asymmetric DM 1 10_11
(Violet oval) Magnetic DM
| (Blue oval) Extra dimensions | 10_12
(Red circle) SUSY MSSM
A MSSM: Pure Higgsino
- @ MSSM: A funnel 10713
@ MSSM: Bino-stop coannihilation
Y MSSM: Bino-squark coannihilation _14
1 1 1 1 1 1 1 | 1 1 1 1 1 1 | 1 1 1 1 1 1 | 1 11 O
1 10 100 1000 10

WIMP—-nucleon cross section [pb]
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DARWIN

DARWIN is a future LXe time-projection chamber operated with 40 t of LXe for 5-7 years. First

run is planned for ~2023

Outer Water Cherenkov muon
veto and inner neutron veto

Nominal 5 keV threshold for DM search
here CEVNS is BG!

LUX has achieved 1.1 keV with NR/ER discrimination '

)

10°
WIMP 6 GeV/c?

v: Sum

10

—

Rate [evts x t! x y! xkeV™']
=

N |

4%10" 1 2 3 4 5 6780910
Energy [keV]

&

Water Cherenko

shield

Pl L L L T

Support
structure

[DARWIN collaboration; JCAP 1611 (2016) no.11, 017]
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SOLAR NEUTRINO SCATTERING

1013

| °B
I 0.55 A
101 4 — : or
1 — hep
| | ——— TBe (384.3keV) 0.50 -
-= "Be (861.3.3keV)
/ 13N 045 T
_/E— 150
! 17 —_
| — N S .40
| | ) rer 1
! oy
/ E }'35
1
| 0.30 A
I
/ 0.25 -
| 1 T
I 0.20 4 . ez
-1 10 1071 10° 10t 102
E, (MeV) Neutrino Energy [MeV]

[Amaral, Cerdeno, PF, Reid; 2006.11225]
Solar neutrinos produced in various processes, but initially

always in electron flavour.

In-medium oscillation within solar matter dominates flavour

composition reaching earth. More v_ than v, at ~ 10 MeV (8B)!

Total counts in scattering experiment given by

Emax
N — 6nT/ Z/ .P(Ve — Vg ) . dE,dFER
Ei1, o ’r/nin



DIRECT DETECTION

| BP1 NR
e Future low-threshold DD experiments will |
be sensitive to NR and ER of solar
neutrino scattering

=
(=
w

102

dR/dEg [keV~tton~lyr=!]

e Coherent neutrino-nucleus scattering:

_2G%m€ {

2
e?2 e 2 ER e emeER
- G, TP S PN =

gr €x € Qza/ja
V2Gr(2ERme + M?2))

10t T T o R A
Eg [keVn]

956362@95(1 1 Er 1 Ui R :3“00'
LG (2E i+ M3, )? _E_,,( T ) S
with g5 =sin®0w —1/2 and g5 =sin® by T: 2% 10° ]
 Due to small suppression scale m,, the ¢
BSM term wins for ER. Excess of events for® M
I — ---- :;ck roun
bOth U(l)L,u_LT aﬂd U(I)Lﬂ . al ground

1071 109 10? 102
Er[keVeel
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DARWIN SENSITIVITY

Ein[keVeel Ein [keVeel

 Derived 5o discovery  Je1w-om [z wimom 7
ines for NR, ER, |
NR+ER analyses
D R
* Loweringthe  OAWN | *
threshold to exposure 7
1keVinaNR+ER  “]=&_
analysis would make 1: BP3 [ = gy70 BP4 [ = gy70 /
discovery of low-mass |
A feasible 0 e | "
|
o Alternatively doubling™ {~
the exposure (for BP1) '} | . B - *
e
10° 100

Eth [kevnr] Eth [kevnr]



41

DARWIN SENSITIVITY

DARWIN TkeV
significantly narrows
down the
reconstructeo x

parameter region for
BP1 and BP2

Still competitive
upper limits for higher

mass A
(M>50 MeV)

Ix

Breaks degeneracy
with U(I)Lﬂ (deficit
expected) !

- 7 7
/
(g -2, /{/ / (g -2, J
—— CCM / —— CCM
—.— CENNS610 ,/ —.— CENNS610
ESS 4 ESS Vi
—— ESS10 / —— ESS10 4
—— NA64u NAG4L g
II
1073 1 T 7
L. == BSSas /
/,/ BP1 [ BP2
// /
/’ /
_______ lex] = 9x/70 /// lex| = 9x/70
L/J - LT //, L/J - LT
104 7 4
] (g =12} Vi (g =12} Vi
—— CCM /.,;A’/ —— CCM /!//
—— cE::SNN5610 Vi —— cE::SNN5610 I
./. ./ |'
—.— ESS10 / —.— ESS10 /.
—— NA64u /./ —— NA64u /}'/g A
—— DARWIN (1keV) —— DARWIN (1keV) 7 /)
1073 4 74 ] ] 2 I
] VAR
_\__-——/.EAS‘"/ .,7'7'-——’/
s /1
s .//'./
|— / ’//.
\ __./_‘///'
BP3 BP4
lex| = gx/70 lex| = gx/70
LN - LT Lu - LT
10_4 U U U U u ymueL) IR TTETaT u
1073 1072 107! 100 1073 0 107! 100
M, [GeV] M, [GeV]
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SUMMARY

General minimal phenomenologically viable U(1) models require
Majorana neutrinos (except B-L) leading to neutrino flavour
changing interactions

Only minimal U(I)Lﬂ_LT left as an explanation of (g — 2),

NA64 will be the first (muon beam) experiment to test LU,
solution. But only sensitive to muon coupling

CEUNS experiments can narrow down parameter space and test

kinetic mixing via v, interactions

DARWIN could observe a 5 6 excess with 1 keV threshold in solar
neutrinos. Can establish U(l)Lﬂ_LT via U, interactions



THANK YOU!
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BACKUP
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RECONSTRUCTION FOR U(I)Lﬂ

regions

Reconstruction of NA64 and spallation sources point to different
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NAG64

 The decay length of the A’ is so short that it will decay inside the
target once it is above the dimuon threshold
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