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Abstract: The existence of right-handed neutrinos may shed light on the origin of neutrino masses. It is also conceivable that if these particles exist,
they may have a new set of interactions and symmetries of their own. In this talk, | will discuss "lamppost" models where MeV to GeV heavy
neutrinos interact with a dark photon, and discuss some novel experimental signatures at neutrino detectors, ete- colliders, and kaon decays. | will
also comment on some connections to MiniBooNE and the (g-2) of the muon.
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Open questions in the neutrino sector

Neutrino masses

Neutrino oscillations thought us that neutrinos have mass and mix:

Do neutrinos get a mass from the Higgs, like all other

mvz(g) 2 0.05 eV SM fermions?

y(LH)vg 7

If so, is lepton number conserved or not?

—
¢ ) " . MI/RVR ?

5. King

Pl M. Hostert 2
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Open questions in the neutrino sector

Neutrino oscillation experimental program

* |s there CP violation in the lepton sector?

« Which neutrino is the heaviest, 3 or 2 (Normal or Inverted Ordering)?

« Can we measure and over-constrain the PMNS, like CKM?

Pl M. Hostert 3
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Open questions in the neutrino sector

Neutrino oscillation experimental program

* |s there CP violation in the lepton sector?

« Which neutrino is the heaviest, 3 or 2 (Normal or Inverted Ordering)?

« Can we measure and over-constrain the PMNS, like CKM?

This talk:

« Can we search for (new) new physics in the neutrino sector with
this program?
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Open questions in the neutrino sector

Neutrino oscillation experimental program

« |s there OP violation in the lepton sector?

« Which neutrino is the heaviest, 3 or 2 (Normal or Inverted Ordering)?

« Can we measure and over-constrain the PMNS, like CKM?

Great bonus if we end up learning
something new about these

This talk:

» Can we search for (new) new physics in the neutrino sector with
this program?

Pl M. Hostert 6
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The Outline

* Lamppost seesaw models and secret interactions

« Searches for heavy and “dark” neutrinos

» Phenomenological applications:

* The MiniBooNE anomaly

« Dark photons and the (g-2),7?

2 @ N

Asli Abdullahi Daniele Massaro Silvia Pascoli

Durham Uni Uni of Bologna Uni of Bologna

Georgia Karagiorgi Nicolo Foppiani  Carlos Arglielles  Nicolo Foppiani

Columbia Uni Columbia Uni Harvard Uni Harvard Uni

P. Ballett, MH,a S. Pascoli arxiv:1903.07589
A. Abdullahi, MH, S. Pascoli arxiv:2007.11813
C. Argiielles, N. Foppiani, MH arxiv:2109.03831

Pl M. Hostert
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Beyond the naive scaling in the Type-| seesaw

Type-l seesaw Lagrangian:

£ D -y (EI:I) N - M%WN + h.c.

After EWSB, neutrinos get a mass:

0 MD B yquW
M, = (MB MN) where Mp = 7\/5

Pl M. Hostert 8
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Beyond the naive scaling in the Type-l seesaw

Type-l seesaw Lagrangian:

Z Do —y (EI:I) N - M%FVV + h.c.

After EWSB, neutrinos get a mass:

0 MD B yquW
M, = (MB MN) where Mp = 7\/5

Pl M. Hostert

My
KPR | s
X ;; Y GeV
“ sy Ve D)
Na'vely, m, == FN 9 — - GeV
My
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Beyond the naive scaling in the Type-| seesaw

Type-l seesaw Lagrangian:

Z > —y (EI:I) N - M%FVV + h.c.

UU iy 10—8 .ﬂffj\?’
After EWSB, neutrinos get a mass: 3 , GV
i T P & -
Naively, m, =~ Mr P GeV
17 _ﬂ'f{..'\,-'
0 Mp Y’ VEW
= where Mp= —F— | n
g (ME My V2
3x3 3x?) (?xX?) (?x3
but In reality... (@) (@) () (D3)

M, ~ MpMy' M},

We know nothing about Mn. It may hide new symmetries, cancellations, and new dynamics.
Pl M. Hostert
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Low Scale Seesaws

seesaws — Adding complexity to M

1 [0 m &
—Zy _mass 5 (W N S) m pf A
B A &

(L=-1)

(L= +1)

Neutrino masses protected by

12“!

_pm? —2emA+¢
AZ —

my

Seesaw limit

= violating lepton number

Pl M. Hostert
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Low Scale Seesaws — two kinds of contributions

“Inverse Seesaw” (ISS)

0 m O %3
m 0 A e
0 A ) Lo
[
2
m
mUP_VA—?}L

P.S.B. Dev et al., 1209.4051
J. Lopez-Pavon et al, 1209.5342

“Minimal Radiative Inverse Seesaw” (MRISS)
0 m O v

m ;L, A N¢
0 A O 5°

tree e 0

Pl M. Hostert
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Low Scale Seesaws — two kinds of contributions

“Inverse Seesaw” (ISS)

0 m O %3
m 0 A N¢
0 A G°

a A

Integrate out S (K — )

P.S.B. Dev et al., 1209.4051
J. Lopez-Pavon et al, 1209.5342

“Minimal Radiative Inverse Seesaw” (MRISS)
0 m O v

m ;L, A N¢
0 A O 5°

Integrate out N (.U-f — Q)

(@) (@)
L “.@'N—p"—kb = L
2 2 2 Ty
_ o Mh L e sl mp PP N
Active-heavy mixing:  |Uoa|® ~ ;1 Active-heavy mixing:  |Uaal” =~ Az b

: m'f_) loop aw m?D !

Light state: "M = —5 /i Light state: T, — = 167 Y, (mz,mp, 1)
PI M. Hostert 13
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Laboratory searches

o

Typically, long-lived particles. i 5., U pa? (mf\")

CTN my

1"\,-" Ur:u:l J2

Production and decay proceed via “weaker-than-weak” interactions.

Pl M. Hostert 14
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Typically, long-lived particles.

N IUr:u:lJz

Laboratory searches

].U_m

10 12
IU—‘!P

1070

10~
my [GeV]

b TARM

15
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Laboratory searches

o

Typically, long-lived particles. ::' ~ |Unna|? ('_f;w)
h ! Under the MeV-GeV lamppost:

N Vel . o
1) Missing mass in pion or kaon decays
?
/K - IN —> (ppx —pe)? =M%
Production and decay proceed via “weaker-than-weak” interactions. N
1
| 2) Decay-in-flight beam dumps / neutrino exps
10 aIW‘
107 i w/K — {N —> N propagates — N decays visibly
o~ e ATLAS
E 10-"
TS Most progress made with invisible or long-lived HNLs.
].U_m ’
gl % . il Lifetime is bounded from above due to BBN constraints (fy < 0.1 s).
107° 10°° 10~* 1 10°
my [GeV] In all generality, there is no lower bound.
Pl M. Hostert 16
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Agnostic about the HNL decay properties

Minimal single flavor model
P. Bolton et al, 1912.03058

II:.-I:!_' MisiBloolE i
. AN o : :
i N Remaining agnostic about HNL decay properties:
Y
%= 1t . de Gouvea et al, 1511.00683
= B 5 [ =5 el
10°¢ % 1= | | ot | 5
=y 10— B N N N O . . N O I I e e Eprtreray— T34 Lo
‘TR i 1 i . —..1 —— e
10710 109} : | i \\ l ' S
Ry === == s R SR s v\nf il
[ S . : . 3 10°9] | | | 4 \
10~° 107° 107" 1 10° = 5 | ; ;
my [GeV] 107 — - j - —
10-T == ’ ! | 8
104 — ? i W K
10-°} : | | - .
| | | | |
10 10~ 10~ 10~ 10-3 102 10~ 10° 10! 102 10%
my [GeV]
Pl M. Hostert 17
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Portal:

LHN _
YN N
Heavy neutrinos 2

Neutrino portal Neutrino masses

L
Lom B X
Dark photons Gsym x U(1)x

,\/W\‘@ New fundamental forces?

Vector portal

V(H,S)
J gtg ( 7t H) Dark scalars

_______________________ - Scalar degrees of freedom

Scalar portal
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DARK SECTOR (DS)

Ne¢NS+ NXN

May feel new secret forces...

LHN

Neutrino portal

...which can then “leak” to the SM
via one or more of the other portals
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A simple model for a “dark” neutrino sector

A. Abdullahi, MH, S. Pascoli
arXiv:2007.11813

1) A minimal renormalizable model:

SU@), Uy Ud)x @

VN 1 0 0
¥p, 1 0 Q
YDy 1 0 Q
() 1 0 o

Heavy neutrinos charged under a dark
U(1)' symmetry, broken at the GeV

1 s :
£ Lom — 7 Xuw X" = ZXX,, B + (D, ) (D @) - V(®) - Aot |HI [0

e e -~ T I —~c 1..-..— —~C e —~c -~ * = o~
+UNIUN +DpilPxVUp — [(LH)Y:/N + ivNMNVN +Un (YLVDLtI? + YrUp,® ) +UpMxUp + h.c.] ,

Pl M. Hostert See also B. Batell et al, JHEP 1608 (2016) 052, Bertuzzo et al, PLB 791 (2019) 210-214 + others 20
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A simple model for a “dark” neutrino sector

A. Abdullahi, MH, S. Pascoli
arXiv:2007.11813

1) A minimal renormalizable model: weﬁ‘- j "
SUQR), Uy Uy @ Scalar mixing @ ______
VN 1 0 0 N, '
e 0 g i p
VYDp 1 0 Q 0"‘%}3 -
AR "0

Heavy neutrinos charged under a dark
U(1)' symmetry, broken at the GeV

Z-‘" (,Q’
2) Neutrinos masses: m

v Vg 8

i St Vo my, ~ ML(AT) T MxA ™ Mp + My _i00p(My, Mz, Mz)
ME My A | [wg) C>
0 AT WMx/ g = s
21
Pl M. Hostert
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A simple model for a “dark” neutrino sector

A. Abdullahi, MH, S. Pascoli

arXiv:2007.11813
1) A minimal renormalizable model: we*i*‘- j
SUQ), U)y Uy @ Scalar mixing @ ______
VN 1 0 0 Py : .
YD, 1 0 Q "(‘fy},o ' "
YDy 1 0 Q *%% -
@ 1 0 0 i o

Heavy neutrinos charged under a dark
U(1)' symmetry, broken at the GeV

3) Modified decays: >

2) Neutrinos masses:
- Faster decays

C
OT Mp O Va - CC decays buried under the new physics
My My A 43 + No visible lepton number violation, e.g. in K — pFptn~
0 AT MX V%
+ N is always accompanied by missing energy

Pl M. Hostert
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The Impact of Secret Interactions

CT‘?reak CTO
S i
++ decays-in-flight scattering production prompt, meson decays
v V,u, N K £a
N / e ™ (D\N_/ v
Zf - ; / N /
< f Z Z' Eﬁ'
H H £s
— >
(Y
1 Gx/Gr

Pirsa: 21090019
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Decay-in-flight searches

T2K near detector (ND280
( ) C. Argielles, N. Foppiani, MH arxiv:2109.03831
FD
protons Proton and
v, — U .
| Horn 1 Horn 2 Decayvolume Hadrondump ND e =
t .
- R — e b = -
Neutrinos
B field
T LEotokA | LEO10A85KA
1000 — Total E
-—8- T E
100 =K 1
=l K[ 3
- Ll B
10 £ 3
1 .
01 | it | 1
050408080100 1) 40 60 B0 T00 120
2. Paviovic, PhD thesis  Neutrino Energy (GeV)
Pl M. Hostert 24
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Decay-in-flight searches
T2K near detector (ND280) C. Argielles, N. Foppiani, MH arxiv:2109.03831

Super-Kamiokande

protons
Proton and V“ e Ve
| Horn 1 Horn 2 Decayvolume Hadrondump _ et
L
Neutrinos
B field
"""" S ST ELELE BN B M BRI | -
LEO10/185KA ] Also a source of heavy neutrinos: ND280 @T2K
1000 — Total 3 Water GAITPC1 GAITPC2 GArTPC 3
.- R 3 Pb Target Pb
100 K i =2
T m K f 3
K - Ll .
10 J D
L ] N
1 ! ) E_ N — — - vllmm v e ¢ mm e - b= v = 1 e . - . - l ECAL
0.1 _ *ﬂ,' —
050408080100 1) 40 60 B0 T00 120
2. Paviovic, PhD thesis  INeutrino Energy (GeV)
Pl M. Hostert
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Decay-in-flight searches
T2K near detector (ND280)

C. Argielles, N. Foppiani, MH arxiv:2109.03831

We revisited DIF and cleared some confusion regarding a PS191, Event rate proportional to new physics decay rate
: . : Pyt
Previously thought to give the strongest constraints... Pyoox m 8 e o
T2K provides the best limits on HNLs below the kaon mass. - Uen| = |[U-n| =0 Gx/Gr=10°
I
B T2K (this work)
i Uen| = |Urn| =0 10-34 == T2K full (this work)
0™ g TR full (thts week] == ' BN PS191 (this work)
10-3 - T2K (this work) M -t [ MicroBooNE (Kelly-Machado)
PS191 (this work) N 107 1 ¥Z4 BBN (Sabti et al)
10~4 _h Rl ,ﬂMicmBuoNE (Kelly-Machado) X o = -
S<Ll BBN 22 Z 10-7 1
L 105 7 =
B 10-6 - 10~° V164
Weak decays _— 7

107 4 : \ 107114 7

K v N N s 7

-8 J - - = & + / iy
10 . /’\":‘_,:: \\I 10_1_'{ : I' . ’ Ll 4
109 , s 7777 20 40 60 80 100 200 400
20 40 60 80 100 150 200 400 my/MeV
my /MeV
Pl M. Hostert 26
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Decay-in-flight searches
T2K near detector (ND280)

C. Argiielles, N. Foppiani, MH arxiv:2109.03831

We revisited DIF and cleared some confusion regarding a PS191, Event rate proportional to new physics decay rate
: - : faet,
Previously thought to give the strongest constraints... Py s 28 g o
T2K provides the best limits on HNLs below the kaon mass. i Uen| = [Usn| =0 Gx/Gr=10°
I |
E T2K (this work)
. |Uew| = |Urm| =0 10 2 B T2K full (this work)
107" TR fall (e werk] == ' BN PS191 (this work)
10-3 T2K (this work) W _F = MicroBooNE (Kelly-Machado)
PS191 (this work) W 107° 4 v25 BBN (Sabti et al)
10~ MicroBooNE (Kelly-Machado) B o
Sl BBN % 10-7 -
S 1075 - =
ﬁ
5 1001 10721
Weak decays \
10-7 4 \‘ 1011 -
. K L Sl Sl
10~ 4 . e ‘ i ; e’
M “ \‘::::"_ .\I\\ 1[)_1'{ T T T T S e | T
10-9 , wrre s i 20 40 60 80 100 200 400
20 40 60 80 100 150 200 400 my/MeV
my /MeV
Pl M. Hostert 26
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Upscattering in dense neutrino detectors
T2K near detector (ND280)

C. Arguelles, MH, N. Foppiani, in preparation.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019)
See also, Vedran Brdar et al, arXiv:2007.14411

Heavy lead plates
+ Gaseous Argon modules
+ Magnetic field to separate e+e-

Ph POD Pb  GArTPC 1 GArTPC 2 GArTPC 3

F ,‘I
a -
.

Constrains events with no hadronic activity at vertex
and HNLs w/ finite lifetimes.

AL M. Hostert 27
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Upscattering in dense neutrino detectors
T2K near detector (ND280)

C. Arguelles, MH, N. Foppiani, in preparation.

T2K Collaboration, Phys. Rev. D 100, 052006 (2019) 0.4 4 3 std N decays-in-flight
See also, Vedran Brdar et al, arXiv:2007.14411 heavy Z', mz = 1.25 GeV

light 27, 1y 30 MeV

Heavy lead plates 3021 =Ry
+ Gaseous Argon modules
+ Magnetic field to separate e+e- 0.1
0.0 T T
Pb POD Pb  GATPC1  GATPC2  GASTPC 3 0 2 1 i
ete” energy [/ GeV
10°
O | 102
Precludes any signature of
upscattering at other ~ 107
neutrino experiments if =
= 106
ctau > O(5) cm
10-®
Constrains events with no hadronic activity at vertex 10-10
and HNLs w/ finite lifetimes. 1
J& M. Hostert

Scattering signal is softer than DIF one, but
efficiencies remain large.

Backgrounds close to the Lead layers are large,
S0 restricted to gaseous volume.

Preliminary

Maodel
independent
constraints

Lifetime . SR
\ ' d VIIEE A
parameters |\, ; / RO
Vipl® =1 o :
4 . |1__r._\|”|z — 102

|“".'\'.I‘J|2 = 10 =4

o= 102 10! 109
mpa/GeV

Pirsa: 21090019
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Prompt decays at Kaon factories

Three charged lepton signatures

Rare leptonic kaon decays Existing measurements:

Peak search + (displaced) e+e- vertex

BR(K* — u*vete™) = (7.81 + 0.21stat.) X 107 @ NA48/2

= BR(K* — utvutu™) <4.7x 1077 @E787

/ Both SM process will be measured by NA62
A

New physics challenges:

1 M. S. Atiya et al., PRL.63, 2177 (1989) Main challenge comes from pion Dalitz decays at mee < 140 MeV

£ —— Data SE + 0 e
= K i - ye'e)
At NA62, would expect ~3000 events 2 500 E S0 L Additional cuts can reduce pi+ decay backgrounds:

in existing data for our benchmark.

Kt - (at - utv)ete” my, > 150 MeV
- Mee > 140 MeV
B NA48/2
|pK — pg\ = Mms5e6 200 Ultimately, depends on exp resolution, but BKGs can also be
reduced with displaced vertices. At NA62, this is feasible for
Mmiss = ‘pK —Pr — pee| =My 100 -*L'ﬁq:
r _ = e o Ct>10ps
Mee < M56 — M4 001 015 02 025 03 0%

z =(_\1“_.l’ M)

2% M. Hostert 30
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Prompt decays at Kaon factories
Three charged lepton signatures

Rare leptonic kaon decays

Light dark photon case

_ v, = 400 MeV, m,, = 300 MeV, x*=10""
Peak search + (displaced) e+e- vertex Smoking gun peak at light 10-4 - _ - :
E T, Smpuy, O [ !
; dark photon and HNL mass Lo Kl i i
K & E : ])('i-'tk searches
04 8
Mee 31 Y
/ 1077 5 t i )
Z e . 5 <
3 107° 5 o | 2
= et < E
€g mz: 10724 & g z
sasssssssanssasnanasaa 3 '% :
1010 5 5 T NA62 (K — pvee) !
e i . ;
At NA62, would expect ~3000 events : 10- Sy 2 L T
in existing data for our benchmark. B
|_I)f\r EE p,ul 10_]? 4 T T T T T
0 50 100 150 200 250 300
mz: = g'vy, (MeV)
|pEc — pe| = M6
Mmiss = ‘pK — Pr — pee| =My
Mee < M5 6 — My Bump hunt and displaced vertex search currently
being carried out at NAG2.
2% M. Hostert 31

Pirsa: 21090019

Page 32/45



Data-Driven Background Estimates

Hourlier, Adrien, MiniBooNE Coll. Neutrino2020

" MisID % S - D_‘“IIE ater)
constrained from in situ E % by ] ¥ -
measurement of NC 2 i I v, from K° .
| rate , =l g” ”:'S_Jd e ve from p decay
- \ E dn 1 s constrained by in situ
A-> Ny resonance [ cther 3 vy CCQE measurement

constrained from in situ Ul
measured NC ni® rate and |
theoretical prediction 3|

Canstr. Syst. Error
MiniBooNE preliminary

18.75 x 1020 POT 1 ' vefrom K decay
Neutrino mode constrained from in situ

Dirt high energy events +
constrained from in situ SciBooNE high energy vy
dirt data sample event rate
3.0
ES (GeV)
Pl M. Hostert 34
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Dark forces contributing to (g-2),

Brookhaven _ &
result
SM _ _QED EW HVP, LO HVP, NLO HVP, NNLO HLbL HLbL, NLO
a, =4 " +a, ta, +ay +a, ta, tay Fermilab
= 116591 810(43) x 107, Phys. Rept. 887 (2020) 1-166 -
Y, Y Y. o 2
Standard Model Experimeni
Pradiction Average
u U 175 180 185 190 195 200 205 210 215
a,%10° - 1165900
_ Muon (g-2) BNL., PRD73:072003,2006 If theo redictions are indeed under control,
aPXP = 116592061 (41) x 10! Gl sl
e Muon (g-2) FNAL 10.1103/PhysRevLett.126.141801 then new physics must not be too far out of reach:
2 2
EXP _ _SM 11 AP 9% L
Aa, =a,”" —ay, " =251 x 10 1 1672 A2
o : A
Combination of BNL and FNAL results stands at a 4.2 o discrepancy — ~ few 100s of GeV
with theory white-paper calculations. g

Pl M. Hostert
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Dark forces contributing to (g-2)y

Brookhaven _ &
result
SM _ _QED EW HVP, LO HVP, NLO HVP, NNLO HLbL HLbL, NLO
a, =& " +a, ta, +ay +a, ta, tay Fermilab
= 116591 810(43) x 107, Phys. Rept. 887 (2020) 1-166 -
Y, Y Y. o 2
Standard Model Experimeni
Pradiction Average
u U 175 180 185 190 195 200 205 210 215
a,%10° - 1165900
_ Muon (g-2) BNL., PRD73:072003,2006 If theo redictions are indeed under control,
aPXP = 116592061 (41) x 10! Gl sl
e Muon (g-2) FNAL 10.1103/PhysRevLett.126.141801 then new physics must not be too far out of reach:
2 2
EXP _ _SM 11 PV i i
Aa, =a,”" —ay," =251 x 10 1 1672 A2
o : A
Combination of BNL and FNAL results stands at a 4.2 o discrepancy — ~ few 100s of GeV
with theory white-paper calculations. g

Pl M. Hostert
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Minimal Dark Photon models

Hypothetical vector bosons contribute positively:

M. Fabbrichesi et al,

SpringerBriefs in Physics 2020, 2005.01515 v g D. Banerjee et al, PRL 123, 121801 (2019)
] N\, B9 i ' -
a QI lll |
 a—— favoredd \\ / | ‘;II
P! 7 'U.- 10 3 N
Dark photon: i
10~4 |
107 E137 L) EF,LWFJ
2 e
107
SN1987A "
107° F
10 9 PR TTTT] B T TTT] B AR T B S a Ty
10° 107 107 | 10 107 10° 9 2 3 & S ;
m,, [GeV] az, e m, 10 10 mG ; l 10
— IH_\.’. (i
B T 3m%,
DM
. 7t SM for A
Visible: m, < mz: Invisible: -~
SM Pospelov, PRD80:095002,2009 DM
Pl M. Hostert
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Monophoton searches for dark photon at B factories

Most stringent constraint for invisible case in the GeV mass range

, D. Banerjee et al, PRL 123, 121801 (2019)
' s | " i ISR monophoton

I : i X o = { | 1
[ . BaBar
By Favored o e ’Y -

102 | : :

g A 2 A
BaBar collab., PRL 119, 131804 (2017)

10°5 | : Invisible Z'

10— 1n—= 10— 1 10

2
E f o e o «; i
@ 3 2.60 global significance ‘310 i )
Dark photon mass reconstructed as: 3.4 A s B ¢ [l
€ ' gl A NUHI 1M
E [ 1] 2
N / } i
. F &Y ."I. A / | ,il | L
0-5; .f/ | / \ III | ( | “ 10" 5
b 0 . T nA
0 1 2 3 4 6 T 8
m, (GeV)

Pl M. Hostert
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Revisiting the muon (g-2) with semi-visible dark photons

Weakening the BaBar constraints with additional semi-visible decays

_, D. Banerjee et al, PRL 123, 121801 (2019)

11 T ¥ 1
] \F'_'v""_'__'_"_’f'_‘_".’.-| 1] : ISR monophoton
— W \ | ~ BaBar . If dark photon decays semi-visibly, then additional
_— a,, favozed ‘ _ e i '2' tracks are vetoed in the mono photon selection.
o | | Wy A '\ = New parameter space opens for (g-2),
1074 | g% - :
et 74 . A 7
Y :
10~
10— o ”-III[.I. 2 o I“’Il‘l‘ 1 o i o HJ gpm|_v|g|b|e Z'
m ., Gel
. o e g2 = 4.6 x 107*
or example, takin .
P 9 mz = 125 Gev | V; o
Wi . 86 I
we need: z' g 38 |
< : AN ]
- \\ '
-3 f Y1
Prnissing 2/ < 2.2 X 10 ol 2 W]
m g [GeV]
G. Mohlabeng, Phys. Rev. D 99, 115001 (2019)
Pl M. Hostert 46
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Searches for invisible dark photons at NA64

Electrons on target

_, D. Banerjee et al, PRL 123, 121801 (2019)
; “EFST. 949 |

ia; — X |
. |

Tungsten

10— 102 101 1 10
g0 Gielk

ECAL s

Eec.beam = 100 GeV
........‘.,I.B.._,.......,.“.....,......,.....

Ee< 50 GeV

Search for missing energy due to Z' radiation.
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Semi-invisible dark photons at NA64

Electrons on target — additional energy deposition

_, D. Banerjee et al, PRL 123, 121801 (2019)
; “EFST. 949 |

ia; — X |
. |

" PR " PRSPPI | a PR TungSten
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iy, Gel
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........‘.,I.B.._,.......,.,......,......,...... .
Ee< 50 GeV

If Vi decays promptly it will often not be vetoed from the analysis.

NAG4 is still sensitive to semi-visible decays as long as additional decay products are
contained in the primary electron shower.
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Semi-invisible dark photons at NA64

Electrons on target — additional energy deposition

_, D. Banerjee et al, PRL 123, 121801 (2019)

e ;| - Recently, NA64 also searched for
R, -~ |y displaced vertices of the fermions in the

Ll a, favored [ N HCAL.

A=0dm, m,=3m, (

| 10~}
10-4 :: LEP

| © 10~

| BaBar

AL s PO el SRR A Tungsten 14 QUG
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"“‘""“l‘&:l—""l“"""““""““l""‘ — W |I,| 2 k 10 IHI. o 1
Ee < 50 GeV Ee-beam = 100 GE}V ﬂ._\
If Vi decays promptly it will often not be vetoed from the analysis. e -
Ee< 50 GeV
NAG4 is still sensitive to semi-visible decays as long as additional decay products are
contained in the primary electron shower. Cazzaniga et al, arXiv:2107.02021
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Inelastic Dark Matter model

Results from our re-analysis

A. Abdullahi, D. Massaro, MH, S. Pascoli, in preparation

A pair of oppositely charged Majorana fermions:

(5 72) () e
mp UR YR

1 e =
ZLmass = 2 ('f.-’f"L '1,*5*?;»_)

Majorana iDM, ap = 0.1, Ay =04, my/my, =3

-~ R
St - )
= i i
z"i -
P

102 4

For small Majorana masses, we have pseudo-Dirac fermions. =
_ 10-3 S
Torkiah with BE = vn)  (pr—pr\
JEv = oy with = l]z(
pm = ¥277 %1 B(Z' — 1) dmp
BP 1
| Preliminary
10~* : —————
Vs - 102 ) 10° 10!
z' my: [ GeV
!
. Z" = P19 Minimal model excluded by BaBar and NA64.
(a1 ¢t
Annihilation Z' decay channels Only a single “semi-visible” decay from the dark photon is can be
easily missed at BaBar when soft*.
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Heavy neutral lepton models

Several generations of particles

A. Abdullahi, D. Massaro, MH, S. Pascoli, in preparation

HNLs, Az =054, Ay =24, mz/my, =18.82 ap=0.39

1 DISx2 \ B _/,____/’l"
Dark photon cascades of decays down the HNL generations. [EWPO a8
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Heavy neutral lepton models

Several generations of particles

A. Abdullahi, D. Massaro, MH, S. Pascoli, in preparation

HNL, ap = 0.75, Az = 0.77, Ay = 0.85, mz/my, = 6.67

{ DISx2
Dark photon cascades of decays down the HNL generations. [EwPO
Dis*
107 B
=y NN L : L
/ ] i
Z % N": NJ 77 I~ z! o W ] ___——E\v:Q?-r'___-___--___- 'I r
4 == W _‘,__’_r' !
H < f+ < f+ \{\;.-T':\f.t\”; = _:'v'_'_---——-._-.-------.l;
109 e ]
- N 1 Preliminary
; 104 ——— ————rr e
Z' ~ XD of ISR rate 10~2 1071 100 10
& My | GeV
A N;

Explanation is possible, but only for large dark couplings:
i) Landau pole not too far from GeV scale...

0(10% s-channel events, with displaced vertices and & _ _
ii) S-channel production can dominate

multi-lepton final state.
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Conclusions

Extending the reach to short-lived heavy neutrinos — fast decays via new force:

Decay in flight —> upscattering —> meson decays

New ideas for explaining MiniBooNE with dilepton pairs, currently being tested at uBooNE.

3
Revisited semi-visible dark photon explanation to (g-2). If this is to work, the dark photon must:
1. Decay to dark particles close in mass, my/mz 2 0.1 , which in turn have large mass splittings, Ai; 2 0.3
2. Decay to Short-lived particles.
3. Have large dark couplings (pushing pertubativity and large s-channel production)
Thank you!
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