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Dark Sectors

Standard Model (SM) Dark Sector

7
S II?
e Dark matter
e Neutrino masses 4 SM-singlet fermions Ng?

e Baryon asymmetry
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Right-Handed Neutrinos

As Ng is a SM-singlet, additional renormalisable terms (d = 4):
_ 1_ _ -
LD Lsm + iNg@Ng — {ENEMRNR + LY, NgH + h.c}

Introduce N states Ng:

1, - e 0 Mp v
== SAM, (L h.c.; v = . Mp=—Y,
2 (”L NR) o <NR> the; M (Mg MR> b=

my ~ Mg (eV to 10'° GeV)
Mp < Mg
utr Mmou* Ny = Ng + Ng
Uon = MpMg*

my, = —MpMz'M] (< eV)
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Majorana vs Dirac Heavy Neutrinos

Other scenario: 2N SM-singlet states

C
L

1 _ / 0 Mp 0o mI
-~ (o < N h.c.; = , Mg = S
5 (l/L N NR> My N/Rc +hec; My <M,§ MR) R (Ms M >
R

In < 1 limit (approximate AL = 0), obtain Dirac fields
Np = Ng + N;—‘,C

= Np = 2 X Ny, with degenerate masses and opposite CP phases

Two low-scale seesaw scenarios:

)Y, <1 = m =~—MpMg'MJ, U~ /my/my
2) AL~0 = my = —MpMg'ML, U,y 2 /my/my
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Active-Sterile Mixing Phenomenology

The active-sterile mixing induces

LS —%UQNI.ZQWPLN,-Jrh.c. —ﬁ a,\,’.aaZPLN,-—% i, Ua, NiZ PN

Any SM CC or NC process can produce single N (suppressed by U?) or N pair (U*)

Constraints on U? for my € [eV, TeV]:

e 3 decays (3, 2vBp3, OvBp)
e Charged meson decays (77 — e™N, KT — uTN)
e Collider (Same-sign leptons, electroweak precision)

e Astrophysics + cosmology (supernovae, BBN, ANg)
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Active-Sterile Mixing Constraints

1.1(,““\'\(% Hpy
i
S
{ CHARM
Viable
Leptogenesis
Supernovae
10-10
X-—ray CMB +BAO + H, Seesaw
10—12
107° 107° 107° 1 10°

[PDB, Deppisch, Dev, 2019]
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SMEFT + Right-Handed Neutrinos

SM and Ngr may couple to new degrees of freedom at A

For E < A, integrate out new physics = O(@) d > 5

e Building blocks: Q, ug,dg, L, er, Ng, H
AN eg. Z', leptoquarks, SU(2), x SU(2)r
SU(3)e x SU(2), x U(1)y
p=mz | INgH, Nghg, > (0l (SMEFT)

SU@3)e x U(1)g

p<myz| m, my, Un, P09 (LEFT)
k

e Complete basis of operators written up to d =9 [Bhattacharya, Wudka, 2015]

[Li, Ren, Xiao, Yu, Zheng, 2021]
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Dark Sector

Standard Model (SM) Dark Sector

S II?
e Dark matter
Ny = N, NS
e Neutrino masses = Ngr M R NR
Np = Ng + N

e Baryon asymmetry
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Phenomenology - Leading Effects

o (Dressed) Active-sterile mixing: LNH, LNA(HTH)
Dipole moments: (N, N)B*, (Lo, NYHBHY, (Lo, NYr! AW
v, N

e 4-Fermion CC: (Leg)e(LN), (Qdr)e(LN), (Qugr)e(NL), (dryuur)(Ny* er)
e 4-Fermion NC: ( '\/HfR)(N'y”N) ( wL)( 7HN) (Q%; ) VMN)
v N f N

d A f N
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Constraints on SMEFT + Ng

o (Dressed) Active-sterile mixing — 3 decays, charged meson decays, collider, ...

e Dipole moments — Mono-v, mono-j, decay signatures (LEP, LHC)
— Fixed target experiments (CHARM, NuCal, NA64)
— Neutrino (up)scattering (COHERENT, NUCLEUS)
— Inv. vector meson decays {7°, 1, n’, ¢, J/1} — inv.
— Supernova cooling (SN1987A)

e Bosonic currents — Invisible Z decays
— Peak searches in meson and 7 decays (PIENU, NA62, T2K)

e 4-Fermion CC & NC — Mono-v, mono-j
— Inv. vector meson decays {7°, n, ', ¢, J/2b} — inv.
— 7 decays (Belle 1)

— Supernova cooling
[Li, Ma, Schmidt, 2020]

[PDB, Deppisch, Fridell, Hati, Harz, Kulkarni, 2021]
[Zhou, Gunther, Wang, de Vries, Dreiner, 2022]
[Barducci, Bertuzzo, Taoso, Toni, 2023]

[Fernandez-Martinez, Gonzalez-Lopez, Hernandez-Garcia, Hostert, Lopez-Pavon, 2023]
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Future Lepton Collider Constraints
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Case Study: FCC-ee

Proposed Future Circular Collider (FCC):

e Post-LHC particle accelerator at CERN, labeled a high-priority future initiative by
the 2020 Update of the European Strategy for Particle Physics

e Frontier factory for Higgs, top, flavour and electroweak physics
e 100 km circular tunnel, FCC-ee (e*e™) followed by /s = 100 TeV FCC-hh (pp)

e Opportunities: High precision SM measurements + searches for new physics

Z(91.2 GeV) : 4.6 x 10 cm?s™! *  FCC-ee (Baseline, 2 IPs)

ILC (Baseline)
CLIC (Baseline)
CEPC (Baseline, 2 IPs)

10?

W*'W (161 GeV): 5.6 x 10%° cm?s™!

HZ (240 GeV) : 1.7 x 10% cm2?s™

Luminosity [10* cm2s™']

1t (350 GeV) : 3.8 x 10> cm?s”!
(365 GeV) : 3.1 x 10* cm?s™

HZ (250 GeV) : 1.5 x 10™ cm s

10° ' o TS
Vs [GeV] [FCC Collaboration, 2019]
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FCC-ee LLP Search

Active-sterile mixing = ete™ — Z — vN = Long-lived N + displaced vertex

Oy ~ 3 cm (1 GeV)6 . mfv
U2

my m2Z
= Negligible background for decay at fy ~ 1 m
= With 5 x 1012 Z bosons, expect a few clear signal events for U? ~ 1012
1 DUNE Indirect | S
10720 f
107
! P
™ CMB 4
b% 106 '\‘:;rLAs
= \
" TRISTAN
107
10 T HONTER
10 PIONEER DUNE. SHiP
10°° 106 109 1

10% [Alimena et al., 2022]
my [GeV]
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Relevant SMEFT + Ny operators

Interesting operators in the context of FCC-ee are:
£ (Nop, N)BH + (HTi'D ,H)(Ar* CunN)
+ (LyuL)(NY* CuyN) + (eryuer) (N ConN)
+ [HT(éRL)(NCELNHN) + (ZN)(NCLNeHeR)H + hC]

= Another way to induce et e~ — N;N; at colliders, not suppressed by Ut

-

ot N; et N;
e N; 7]'
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LEFT Operators (Majorana Case)

Below the EW scale, the NC-like operators induce for Majorana neutrinos (Ny;):
£®) > (&y.e)(Nry* Cv,irNR) + (ruer)(Nry” Cv,rrNR)
+ [ (&rer) (N Cs.LrNg) + (3rer) (W Cs, rrIVR)

+ (éLopver)(Nga"” Cr rrNR) + h-C-]

et N;
e~ N;
Cv.xy = C\T/ XY #(free parameters) = N (BN + 1) = 22
Cs.xy = Cs7:xy7 Crxx = *C-;’—:XX #(CP-invariant) = %N(SN—&- 3) =13
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LEFT Operators (Dirac Case)

Below the EW scale, the NC-like operators induce for Dirac neutrinos (Np):

% > (ervuer) (N Cv i NL) + (Bvuer)(Nry* Cv R NR)
+ (8rvuer) (N Cv riNL) + (R er)(NRY Cv RRNR)
+ (8re)(NR Cs, 10 Ni) + (Erer)(Ni Cs 1R NR)
+ (&Ler)(NrCs riNL) + (8Ler)(Ni Cs rrNR)
+ (&

rouver)(Nra” Cr 1 Ni) + (ELouver)(Nio"” Cr rrNR)

et N;
e N;
Cy xy = C\T/ oY #(free parameters) = 10A? = 40
Cs xy = C;yxz Crxx = Cj]"yyy #(CP-invariant) = N (5N +2) = 24
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Matching of the NC-like SMEFT operators on to the LEFT (around p ~ mz)

Cvir=Cin, Cvrr=Cen ,

aBij apBij aBij apBij

C Y ¢ c Y (c +C )
sLR = —= CeLnH s,RR = ——=| CLNeH LNeH
wgy N2 B Bij 42\ Liis wig /)

v

Cr.RR = 7(CLN5H = CLNeH)

o Bij 1612 «ijp wjiB
and
8 5 2
- N,-Z(C,-j+ VG ) PN = Uiy Uan,
2cw if o ! e/

et Nz €+ Nz
M i
e Nj e Nj

Patrick Bolton, YOUNGST@RS - Interacting dark sectors in astrophysics, cosmology, and the lab, 09/11/23 17



Production of HNL Pair

From effective Lagrangian, the cross section for ete™ — N;N; is

— S
a(ete™ = NiNj)|y, = a2 V(= Zp)(1 = Ay) F(Zy, Ay, Clwag)
— s
o(ee” = NiNj)|piac = Tozz V@ = Zi)(A = 8§) G(xj, Ay, Cloirac)

with Z,-j = (le. + mNj)z/S and A,‘j = (mNI. = m/\/j)2/$
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Production of HNL Pair

my, =10 GeV V4

1 i i i
104~ W Ha — Zsw i
my, =10.1 GeV | | { |
A=1TeV i P Z - hadrons
100 | oo — NiN3, Cy,r
[ 1 1 1 1 i
E : P — N1N2, Cs1r
— i i i — NiNz, Crrr
1 I 1 1
b e oo £
T I I I /\4
o g
‘o 0.01 P~
\S 1 1 1
I
]
1074 , -
i o Ggmyg
i s
1

10 50 100 500 1000
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Dark Matter Searches at Colliders

DM searches at colliders:

e Monophoton (ete™ — xx7) and monojet signals (pp — xx&)
e Signal: Hard photon or jet and missing ET

e Complementary to direct DM searches from scattering (px — px)

350/ DELPHI 650 pb!

500 Y Eree 90% C.L. -
300/ _
|3 peLPHIMC = 400
T 250! S
e [ <
I 300
g 200, Lé
§ 150+ “5 200
> s =
S 100- © 100
50- 0
05" . 0 20 40 60 80 100
= 02 04 06 038 o WIMP mass m, [GeV]

Xy = Ey/Epeam

[Fox, Harnik, Kopp, Tsai, 2011]
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FCC-ee Monophoton Signatures: Analytical

The cross section for ete™ — N;Nj~ can be calculated analytically

e To leading order:

do a 14 (1 —zy)? 1 4m2
————— ~o(s(l—zy)) — ( 7) s Be=4/1-—=
dzd cos 0, 27 Zy 1 — B2 cos? 0, s
where z, = 2E, /\/s = E, /E}
et v Nz et N;
e~ N; e y N;
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FCC-ee Monophoton Signatures: Analytical

d 1+ (1—2)?
99 o (s(1 = zy)) 2 2EE =2y, =
dz, 2w P m2

100 my, =10 GeV

10.1 GeV —Zow
”,A: _25. :40 GeV NiNa, Cvr 1
= 2E, =
= Axp = 1 TeV NiNz,Csr |
— N4N2, C
£ o4 1N2, CTRR |
<
x
IT
i; 1074+ 4
S
107 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
z, = E,IE,
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FCC-ee Monophoton Signatures: Analytical

1000~ my, =10 GeV — Z->vv
my, = 10.1 GeV NiN3, CV,LR
A=1TeV o o S In S
10- E, = 5GeV ] A m2
)
£ 0.100 oo —
—~ - /\4
x
T 0.001
()
P
()
T 10°
wilt /o Zy - vvy
NiN2y, Cyr
10—9 L

50 100 500 1000 5000

Vs [Gev]
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Validity of EFT Approach

Note (in the context of DM searches) that the EFT approach is not always valid:

e Integrating out a heavy mediator of mass M:

2
Be8N Be8N S S
=— 1+ — +0 >
s — M2 M2 < Jr/\42+ <M4))

1 _ Be&N = M > 2mN
A2 M2 Vs <M< Jgegn N < 4nA

e For the monophoton signal, s — s, = s(1 — zy)

e For hadron colliders, sy ; = x1x25 — \/spr(x1€~" + x2€"), but higher /s
= Simplified models favoured

v/9 v/9
q DM q DM

q DM q DM
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FCC-ee Monophoton Signatures: Simulation

Simulation:

e Model file for effective Lagrangian in Dirac and Majorana cases

e SM backgrounds: ete™ — eTe~ (reducible) and ete™ — vy (irreducible)

MadGraph: Generate events for the following scenarios:

[0}

Te~ — NiN; (Majorana)
Te~ — Ny N, (Majorana) /s =91.2 GeV (100 ab~1), 240 GeV (5 ab™1)
ete™ — NyN; (Dirac) Cv,xy, Csxy, C1 xx

ete™ — NiN, (Dirac)

[}

@ Nj
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FCC-ee Monophoton Signatures: Simulation

e Event generation cuts: p?- > 1 GeV, E, > 1 GeV (avoid soft singularity)

A.U.

e Veto prompt electron to remove Bhabha scattering background

e Additional cuts on (E,, 7, cosf) to maximise signal-to-background ratio (S/B)

= For each coefficient C = 1//\2, set lower limits on A

Vs =91.2 GeV, no cut, Dirac different

.
S
3

10

&

Il Il
10 10 20 30 40 50 60

o

| I I
70 80 90 100

E' [GeV]

AU.

Vs = 240 GeV, no cut, Dirac different

! -
1072
10°F
104 v v Ly 1 | |
0 50 100 150 200 250
E' [GeV]
26
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Example:

e Constraints on Cs gg = 1/A% (90% CL) with mp, = mpy, = my

e Dashed lines: For each my, cuts on (Ey,n, cos ) maximise S/B

1400F 1

1200 T |

1000f~-- - : ]

800
240 GeV

A [GeV]

600 i
400 ]
200 ]
0 1 1 1 1 1
0 20 40 60 80 100 120
My [GeV]
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Operator Types
/\2 = ﬁ /\3
Note that for Cs xy and Cr xx (matching onto d = 7 operators): v " 'SMEFT
AsmerT < A
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HNL Decays

HNL decays via the effective operators can also be considered N;
F(N; = N; ‘ Z(my,, me, C N et
( e € ) Maj 76871’3 (mN Me ‘Maj)
-
Nj
r(N; — NjeJrei)‘Dirac 1536 —-— J(mn;, me, C|pirac) N; et
=

e To see monophoton signal, we require heavier state to decay outside detector

Other detection signal:

e ete™ — Ny N, followed by Np — Niete

e Assume decays induced by active-sterile mixing negligible (e.g. Ugn ~ /my/mpy)

e Focus of ongoing work
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Constraints

By By
by= —————— >5 by = ———— <5
NTR(N: = Niete m NTR(N: = Nete "
J J

Csgr,m;=0.99 m;

2000

1500

A [GeV]
A (GeV)

100
my, (GeV)

my [GeV]
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HNL Angular Distributions

If heavy states IV; are observed via decays, possible to measure angular distributions

e Production and decay via active-sterile mixing (y = m32,/m%):

1 do 3 .
— = [1—4—cos29—&—ysm2 0}
odcost |y,  4(2+y)
1 do 3 . g’ — g3
= = 1+c0529+ysm29q:2%c056
o dcost|pi,e  4(2+y) & +8r
1.0 09
0.8 b
01
5 0.6 i
o| @ °
T8 & 00
s
-] 5 04 1 — Z>VN|wmaj
— Z- VN|maj 0 Z - vN| pirac
0.2 Z - VN | pirac 1 ’ Z > VN| pirac
Z - VN | pirac
0.0 ~0.2
-1.0 -0.5 0.0 05 1.0 0.0 0.2 0.4 0.6 0.8 1.0
cosOy my/mz

[Blondel, de Gouvéa, Kayser, 2021]
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Conclusions

Analysis of SMEFT + Ng at FCC-ee:

e Systematic analysis of NC-like operators inducing ete™ — N;N;(v)
e Simulation of monophoton signal at /s = 91.2 (100 ab™1!) and 240 GeV (5 ab™1)

e Appropriate cuts to eliminate reducible and maximise S/B for irreducible
backgrounds

e Cy xy, Cs xy and C7 xx in Majorana and Dirac scenarios

e Constraints on new physics A as a function of my
In progress:

e Simulation of ete™ — NiNy and Np — Njete™
e HNL angular distributions and beam polarisation effects

e Other interesting phenomenology!
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Backup
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RG Running

Below the EW scale, the scalar and tensor operators run as

d 3a «@
— C. =—— C , — C. =——2C ,
ud# S,LR o S,LR Mdﬂ S,RR o S,RR
d «
=L G = =t ©
Mdll T,RR on T,RR

Above the electroweak scale, the dimension-six operators run

d 1
p— Ciy = P (CLN +Cen — Con —2Cun + Can — ECHN>5<1/37

CIM apBij ppij ppij ppi PP PP

d,u apBij ppij ppij ppif ppij ppij i

.Ui Cev = %(CLN +Cen — Con —2Cyn + Cany — %CH_N>5Q,8,
with
£0) 5 (@7, Q)(Nr v Con Nr) + (ur vy ug)(Ng v* Cun Ng)
+ (dr Y dr)(NrR ¥ Can NR)
From A ~ 1 TeV down to /s = 91.2 and 240 GeV, running is not significant

[h Kumar, Liu, Marfatia, 2020]
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HNL Decays: Majorana

The decay rate for a Majorana state I; via the effective operators is:

5

s Moo, = o gy, v (AT + | )

Ni
Maj 76873

+ IZ()’j»}’ev}/e) Re<(ce\l/\;le\';j)2 + (Ce\//\;f’fvf)Q)

+ /1(}’e7ye7yj) (|C5N,L/C; |2 + |C:’\7/5\’2 |2>

S,LR ~S,RR
+4h(y;j, Ye, ye) Re (CeN,Nj CeN,'Nj)

CT.RR|2

+48/1(yj,}/e7}’e)| eN; N +O(mg)

where

(1-2y?
h(x,y,z) = 12/ o (1+ 22— 5)(s — x> = y*)A(L, 5, 2)A(s, %, ¥°)
(x+y)2 S
1—x? 4
h(x,y,z) = 12x/ bl (s —y? = 2H)A(, s, x*)\(s, ¥2, 2%)

(y+2)?
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HNL Decays: Dirac

The decay rate for a Dirac state N; via the effective operators is:

5
r(N; — N,‘e*ef)‘Dirac = 15:# |:I1(yj’ye’ye)<|ce‘7v7,-LNLj 2y |Ce‘7V7,'LI\5 2
+ |C;7\,"_R,:,i}2 + |C¢e‘7\};§/§‘2)
— 2h(yj, ye, ye) Re(Ce‘j\;fL,\Z Ce‘j\;le\ij* + Cewf% Ce\/l\if’fvf*)
+ %n(ye,ye,yj)(|c§¢;j|2 IS

IS P+ 1eSP)

S,LL ~S,LR* S,RL ~S,RRx*
+ b(yj> ye, ye) Re(CeN,-Nj CeN,-Nj + CeN,N/- CeN,N/- )

T,LL T,RR|2
G G

+12’1(}77Ye7)’e)<| eNI.NJ.ZJF} eN; N ) +O(m§)

where l1(x,y, z) and h(x,y,z) are given on the previous slide.
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