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Introduction.

Who are the inhabitants of the Light Dark World?
There is a plethora of candidates that can lie in what we call the Light Dark World:

* Neutrinos, heavy neutral leptons

* Axions, axion like particles (ALPs), ultralight scalars
* Light dark matter, inelastic dark matter

* Millicharged particles

There could be also new interactions making the Light Dark World more complex:
* U(1) gauge interactions, Z', dark photon
* New scalar interactions
* Violation of leptonic number
* EFT approach
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Introduction.

How can we detect the inhabitants of the Light Dark World?

There is a plethora of different experiments that can dig the surface of the Light Dark World:
* Colliders: LHC, forward experiments, Belle Il
* Direct detection: LUX, CDMS, Xenon, PandaX
* Neutrino experiments: COHERENT, DUNE

* Fixed-target experiments: NA62, NA64
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NAG64L.

Fixed-target experiment searching for the Light Dark World. (See Paolo’s talk)

* Muons beams (160 GeV).

* Lead target.

* Missing energy/momentum signal. \/l

* MOT: 1.98x10'° (latest results)
3.5x10" (current statistics) A _Vfr
1.0x10™ (optimistic future) x

MS1 ECAL Trackers
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Muon Four Fermion Effective Operators.

New Phyisics may manifest in processes at energies below the characteristic scale of the underlying
theory. An independent way to analyse these effects is the use of the EFTs. In the case of only SM
degrees of freedom below the EW scale (SMEFT), we can write the Lagrangian as,

L=Lsv+ La=5 + Li=6 + ...,

Beyond d=5 (Weinberg operator), the least suppressed New Physics would appear in d=6 operators
&
Ly = ' U—QOi
However, there could be new degrees of freedom appearing at energies below the EW scale, in that
case they should be included in the operator expansion. If these new degrees of freedom are Heavy

Neutral Leptons, the usual parametrization is given by the SMEFT.

(In our study we will focus in d=6 operators)
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SMEFT.

Let us start with the Weak Effective Field Theory,
Lwerr O —V2Grely 7y, Povs) (10"0) = V2Grels (TayuPrvs) (" vsi)

Assuming flavour conservation, the correspondence with the SMEFT parameters is

e 1 v 1
eV = 6,4 ((5ng“ —dge + a[ca]ewe) - (1- 45@)695 o 59?‘ + 59%“ —5 (:L‘W + [Cge]aaw) ,

1 1
7A w e
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SMEFT.

Let us start with the Weak Effective Field Theory,
Lwerr O —V2Grely 7y, Povs) (10"0) = V2Grels (TayuPrvs) (" vsi)

Assuming flavour conservation, the correspondence with the SMEFT parameters is

e 1 v 1
652/ = 6M0£ (6ggf’u - 69‘2/ + §[Cff]€ﬂ,u€> - (1 - 45&;)595 * 4+ 5gfﬂ + 591?{# - 5 (x,ua -+ [Cfe]aa,u,u) )

1 1
JA w We
— SMEFT vertex corrections to the vertex between the fermions and gauge bosons

— Tpa = [Cfﬂ]aauy for a =-e,u and Tur = [CEE]M,LLTT
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Vo (K
SMEFT at NAGA4. (k)
NAG64 is sensitive to the linear combination Y (alehn |> +blefil?) Vau(k2)
However, most of the SMEFT parameters hold strong bounds, with ,
the exception of: u(p) wp’)
[Cee] pperr [Ceelrrin cee) upupens [Cte] upugus
Unbounded Flat direction n(p;) n(py)
CPE SO | S
OOt bap = upaap 37 g g Ctelupin lcee]ppan, [Coe]aapp
gV = _1 ([Cﬁf]u,u,aa + [Cfe]aa,u,,u,) [CEE]HJMTT T M T
e 2 Op = U—Q(Iﬂﬁ L) (LryuLr),
1 .
8554 S ([Cﬁf] oo [Cﬂe]aa ) ) ClelrT - =
2 o s Ope = H%(LTVHLT)(ZM'MZM)J
ete! =l =0, ’
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vSMEFT at NAG6A4.

N (k1) N(k1)
In this case NA64 is sensitive to the NC operators )
N (k2) v(ks2)
CM.M 2 \/
OMM = A2 (E.U’Y l )(NFYMN)a
C,U / ’
o, KQN (Eay" L) (N N), p(p) p(p') p(p) u(p')
and the CC operator n(p;) n(pys) n(p;) n(py)
OM#: OEN OEKTLQ
LNL
@ =B (L, N)e(L,t,,),
LNLp = " A2 (LN )e(Lu) These operators are currently unbounded!!!
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SMEFT & vSMEFT at NA64.

w(p) +N(pi) = @) +N(ps) + xa (k1) + xa(ka)

The cross section of the process is written as

___
do(pN — pNxix2) Byt MMMJ"_B
>4 =3 {57 [ dalinke) 32 7))} { [ dvator =

51,52

after some manipulatlon,

Wil s
do(uN — uNx1x2) = d0§53p—

(2m) *—
/ \ 1—-2 process

2—3 process
aﬁ—/d‘l’z ki1, k2) Z T (TP

spins
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SMEFT & vSMEFT at NA64.

w(p) +N(pi) = @) +N(ps) + xa (k1) + xa(ka)

Using the Weiszacker-William approximation,

d02_>3 Qv 1 — T k-Q Umax d,& -
- ~ 1672 z? — _2/ TQ‘MQM2|2—>3XWW
d:C o B S ~—» Photon fl
'/ oton flux
and the total number of events, Squared amplitude
o PA 22 F2
PN By H do
Ng :NMOT—LeTH/ da?/ dkzﬁ}(k)d e

M (myy +my,) /By (M, +i15.0 )2 £
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SMEFT & vSMEFT at NAG4.

it 2 E?

E d
Ns = Nyor 2 Lsf / " da / " dk? k() s
my (mx; +mMxy)/Ep (mxy +1mx5)? \ dxdk
0.20
In order to set constraints we compute the 90% CL requiring P
that 0.15
Ng < 2.303 R
S 010

since we have a Poisson distribution with zero background.

0.05

0.00 s
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SMEFT bounds at NA6GA4.

10* 50 -

5 2
=198 x 10'° MOT 3.5 x 10" MOT =10 MOT = [Ceel g =\Colpupus + ?i_;f[cfe].u#ﬂﬂ
L Y

[Cee] e
s e by G
(e ] (e [ ] [ ] =
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USMEFT bounds at NAGA4.

10°

E 0 (Liv*Ly)(N7aN)
i O,u,u: (Fp']’ﬂfp}(‘\r”fa}\'r)
— Dirac
1071 — — Majorana
1.98 x 10'° MOT

1072E

3.5 x 10" MOT
1073

i 1.0 x 10" MOT
10"—1_ I | |||||||_ 1 I |||||||_ | ol

10~° 10~* 107! 10°
my [GCV]
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SMEFT & SMEFT bounds at NAG4.

Units in [GeV?]

Type Operator Current NA644 bound | Ultimate NA64y Sensitivity
colpprr  (Luy" L) (LeyuLr)| [—3.49,3.49] x 1072 —4.94,4.94] x 10~*
NC.SMEFT lceelup (L L) (Lrvp [ J [ ]
[coe)rrpp (Lo L) (Luyuly) | [—3.49,3.49] x 1072 [—4.94,4.94] x 1074
O L") (N N) 2.47 x 1072 3.49 x 10~*
NC-vSMEFT e (") (N
O (Luy*Ly)(Nvy.N) 2.47 x 1072 3.49 x 1074
CC-vSMEFT|  O%., (L.N)e(L.t,) 4.84 x 1072 6.84 x 10™*

We have shown that NA64. can probe several four lepton effective operators in the SMEFT

and Y'SMEFT completely unbounded so far and break one of the current flat directions.
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Inelastic Dark Matter.

Inelastic Dark Matter (IDM) mediated by a kinematically-mixed dark photon:

TI’LAr

LD ALA" + A (gpJpg — eeJgy) (DS = Dark Sector)

while the inelastic Dark Matter sector is given by,
LD Ypi(§ —igp AL + Yri(§ — igpA)br
—mp) — ( Vi + RZECR?/JR + h-C-)

The IDM regime is achieved in the limit where the rotation angle between the gauge and mass

basis is maximal,

m . . _ .
tan 20 = A—Z — 00, (Ap = pp — pig =~ 0) Jhg = ixaY"x1 + O(Ap/mp)

_ 2 _
ma, € My, ap=gp/it, A=m,, —my,

(A =0.4m,, to 0.0lm,,)
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IDM production at NA64.

The IDM production cross section is given by,

do(uN — uNxy) = do(uN — uNA") x BR(A" — xX)

BR(A" — xy) ~ 1

The 2—3 process can be computed using the Weiszacker-Williams (WW) approximation,

do 5 3 m4y 1 —x v
(%)WW_EQ 3;2—E2 - ZAIZ- (z, 1)

And the total number of A’ produced in NA64 is,
N = Nuorney L /dU(HN — pNA')
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IDM detection at NAG4.

4e* o
The decay width of x, is given by, I'(x2 — xiee ) = o 2o

A5

1 57‘1’?’]’1124;

with K = 0.640 a correction factor for the masses.
The probability of an invisible signal reads,
P, = o(—Lexp/biab)

Paw = (1= 7 0¥1ts2) (et ivieaslita — g~halti) 4 (~on/ta)

y

GEM; GEM,
5T,

M
" Pout < 80 GeV/e

HCALy HCAL,
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Results.
Outside Inner decays allowed

A= 0.4m}a; my = 3mxl, ap = 0.1 ol = 0.4mxl: my = Smxlz ap — 0.1

au
.,

w Bo oo . NAG4p © NAG4y
et ", (MOT=1x10%) MOT=1x10)
107 = E 107
}jy.(‘fal i{l{‘@m
—4 ] e . 1] ""“.‘,. |
10 107! 10° 10 1071 100
TrL or [GEV} my [Gev}
Number of events tagged as invisible inside the detector: 100%  50%  20%
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Exploring the LDW with NA64 Light Dark World

Conclusions.

SMEFT and v'SMEFT
* We have shown that NA64. can probe several four lepton effective operators in the SMEFT and

VSMEFT completely unbounded so far and break one of the current flat directions

* There is room for improvement with a better understanding of the efficiency of the experiment.
A~ 50-60 GeV for operators of the type: (£, v*€,)(Nv,N) (L, y"L)(Nv,N) (L,N)e(L.L,)

Inelastic Dark Matter

* We have derived bounds for the inelastic dark matter mediated via dark photon.

* These bounds can cover an area that lies between other experiments (BaBar,NuCal).
* A better understanding of the efficiency and the decays inside the detector could improve the

bounds.
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Exploring the LDW with NA64 Light Dark World

Back-up slides.




Exploring the LDW with NA64
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