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Future Circular eTe™ Collider (FCC-ee)

Searches for Majorana/Dirac Heavy Neutral Leptons (HNLs)

can be conducted at FCC-ee

~Y,LNrH — 1 MrN§Ng + h.c.

----------------------------------------------------------

Update of the European Strategy for Particle Physics'’
® 2025: Completion of the FCC Feasibility Study
® 15 year run at four centre of mass energies

— /s =91.2 GeV, Z = 100 — 150 ab™"
‘Tera-Z run’, 5 X 1012 Z bosons

- /s =240 GeV, Z =5 ab™!
'ZH run’, 2 X 10° Zh events

----------------------------------------------------------
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® Post-LHC accelerator following priorities set by the ‘2020
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Future Circular ete™ Collider (FCC-ee)

HNL production and decay via V,y

Electron coupling dominance: U”: U2: U2 = 1:0:0
. — ' | -8

107% == o
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NLs are long-lived (LLPs)

w— |_HeC, displaced vertex
S w==_ FCC-eh, displaced vertex
S—LC, displaced vertex
W CEPC, displaced vertex
= = CEPC, Higgs BRs
CEPC, mono Higgs
e CEPC, EWPO @ 20: l&X’ =16 + 10f
FCC-ee, displaced vertex
= = FCC-ee, Higgs BRs
s— FCC-ee, mono Higgs
FCC-ee, EWPO @ 2o: IoF =10) + 10,

s wws FCC-hh, displaced vertex
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[European Strategy for Particle Physics Preparatory Group, Update 2020]
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Displaced vertex search N = £W* — £jj
[Blondel, Graverini, Serra, Shaposhnikov, 14]

® Displaced vertex search N — v£?

[Alimena et al., 22]



mailto:patrick.bolton@ijs.si
mailto:patrick.bolton@ijs.si

Future Circular eTe™ Collider (FCC-ee)

Electron coupling dominance: U%: Up: Us = 1:0:0

N
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Active-sterile mixing (electroweak production of HNLs)
could be below reach of FCC-ee
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Future Circular eTe™ Collider (FCC-ee)

~ Electron coupling d

ominance: U’: U: Uz = 1:0:0
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|
= Ee e FCC-ee, mono Higgs
: aW FCC-ee, EWPO @ 20: If = 16, + 10,
: I s wews FCC-hh, displaced vertex
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e HeC, displaced vertex
| === == FCC-eh, displaced vertex
w— |LC, displaced vertex
s CEPC, displaced vertex
= = CEPC, Higgs BRs
CEPC, mono Higgs
| s CEPC, EWPO @ 20: 0¥ = 18] + 10.f
FCC-ee, displaced vertex
= = FCC-ee, Higgs BRs

-----------------------------------------------------

:' Active-sterile mixing (electroweak production of HNLs)
:‘ could be below reach of FCC-ee
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Could heavy new physics instead mediate HNL

Interactions observable to

FCC-ee?
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VSMEFT at FCC-ee: four-fermion operators £ = Lsusne + ) Yol

d _
¢4 PR C’L( ) X A4 ’
d=06 Ou | (LyuLl)(Ly*L) e Vi /NZ
1 O | (EuL)(Erren) S
P = 2 Oinie| €i5(L*Ng)(LeR)
Ov | (LvuL)(Nry*Nrg) )
AL=0 Oun |(Eruer) Ny Ni) /AT
eN \\€RVu€R)INRY"IVR o U XNJ'
Vi H V,RR, i V.RL / 1
Outer | €ij€mn(€RLY) (LICL™)H™ Vector: | O, (NR’Y"NR)(éR’yueR) CN’ e (NRW“NR) (er"er)
d - 7 T \7C 12 ) \ ] — | \ ]
1 Ownim | €ij(Ly,L)(Ngy* L) H Scalar: CYI(N&Ng)(erer) Crit (NENR)(erer)
_ Oenitr |€ij(ERVuER) (NGY L) HY RR ive _ l
S R L S
e R
AL =+2 Oanmu H'(erL)(N§NR)
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VSMEFT at FCC-ee: four-fermion operators

b
d=6 Ou (_I_A'ML) (Ly*L)
I Ol (ng{l)(éRv_’feR)
i = A2 OINte G_ij(LzN}:E)(LJeR)
AL = 0 Oin (L’yML)(NfWMNR)
Oen | (€rVueR)(NRY'NR)
v H
Outer | €ij€mn(ERLY) (LI L™)H™
=7 Owin | €ij(LyuL)(Ngy*L*)H?
C = L Oenin | €i5(ErYuer) (Ngy* L") H?
A OINer (LNR)(N%er)H
AL=%2  O,nu|\ H'(erL)(NgNg)

Vector:

Scalar:

Tensor: \
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VSMEFT at FCC-ee: four-fermion operators

--------------------------------------

: + Constrained by cLFV processes: '
a ' 1 — eee (A 2 150 TeV, SINDRUM),
d=6 O (_I_’Wu (Ly*L) / \ T > eee, T — pee (A = 10 TeV, Belle)
1 Ole (L'Y;_L.L)(eR’Z“. er)) = Tmmmmmmmemmmeeeemeemeeieeiieannt
i =3 Oinie G_z‘j(LzNzi)(L] eR)
Ao O | TN Nr)
Oen | (ErYuer)(NrRY*NR)
Ot eijemn(éRLi)(f/chm)H"
a=1 Owvin | €ij(LyuL)(Ngy* L) H
C. = L Oenin fz’j(éR’YueR)(Nﬁ’Y“ L')H’ Vector:
A3 OINeH (LNg)(N§er)H
AL=%2 o vyl Hi(@ErL)(N&Ng) Scalar:
R
Tensor:
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VSMEFT at FCC-ee: four-fermion operators

i et :“Vi/‘ i
d - 6 Oll (E’)’ML) (E’)’“L) ‘|‘ ‘|‘
| O | (LyuL)(ery"er)
= = OlNle €ij (EiNR)(EjCR) ‘\‘ ‘|‘
A? - = VAT
Oin (L”YuL)(NR”Y“NR) e Vj )‘/N*,
AL — O _ — ‘~_¢'
Oen | (ErVu€R)(NRY*NR)
V,RR - _ V,RL - _
Vector: (C x. (VLvuNr)(€RY'er)  Con. (VLvuNr)(€LYeL)
v H )
o Scalar:
Olter | €ij€mn(€rL")(L7°L™)H™
d="1 OiNiH [ . | Tensor:
C. = L OenNiH

l 3 — —
A ON o (LNR)(Néer)H

Ount|  H'(erL)(N&NR) Note: Weak basis EFT operators — mass basis

No mixing between vv, uN, NN operators for V,y — 0
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vSMEFT at FCC-ee: effective neutral- and charged-currents

y2H2D
-6 oM | (Ly,L)(H'i D*H)
| 0D | (L' L)(H D H)
i =22 Oun |(Nry,Ng)(H'i D H)
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et Vi /N
; V2H3D o /
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N OterD | €ij€mn (LY, er) H H" DFH™ e~ Vi /N
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vSMEFT at FCC-ee: effective neutral- and charged-currents

d=06
B 1
A2
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HNL production cross sections

Calculated at LO,
including all interference

terms, neglecting m,

For cut-based analysis, EFT

operators implemented in

200 300

Vs [GeV]

Feynrules and simulated in
MadGraph_aMC@NLO
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Monophoton analysis

HNLs produced and decay via EFT operators:
® HNLs long-lived and decay outside detector,

signal

monophoton plus E_ ;.

® Can be used to constrain v'SMEFT operator coefficients C;

e Apply cuts to minimise SM background (eTe™ — viy)

® Require HNL not to decay inside detector (fyct > 5 m)

e~ ~  Vj/N;
Consider bounds on ‘diagonal’ and 'off-diagonal’ couplings

Patrick D. Bolton, patrick.bolton@ijs.si, DISCRETE 2024, 03.12.24 13
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FCC-ee Simulation (Delphes)

® ‘ d ‘ ° E1O30%lllllllllllll[lllllllllIllllllllllllllllllllllll
Displaced vertex analysis Ll
= L=150ab"
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: : .. e Blce -Z—>w
Complimentary constraint on ¥'SMEFT operator coefficients C, = Bl oc 2 o
10° k
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Cuts on e™ track transverse impact parameter |d,| minimise SM backgrounds
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01 02 03 04 05 06 07 08 09 1
Reco electron tracks Idol [mm]
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*UE>1022:: e'ee - Nv,N — eev
q>) :: 2 electrons; No muons, <7ts or fhotons Mi mpmentu 10 GeV
= —— my=70GeV,V_=141e-6 &€ >Z—>cCC
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Constraints: four-fermion operators 0,y = @wed@er' N CLF8 = Copy = —

5 = (my, — my)/my =1 §=10""

— 1 TeV

— 10 TeV

Rt
T N, [GGV]

100 10t 102
my, |GeV]

[PDB, Deppisch, Kulkarni, Majumdar, Pei, 24]
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Constraints: four-fermion operators 0,y = @wed@er' N CLF8 = Copy = —

pyct >S5 m Brer > 0

/ 5 =102

— 1 TeV

— 10 TeV

10—10

Rt
T N, [GGV]

100 10t 102
my, |GeV]

Pyct <3 m
Patrick D. Bolton, patrick.bolton@ijs.si, DISCRETE 2024, 03.12.24 16

pyct > 1 cm
[PDB, Deppisch, Kulkarni, Majumdar, Pei, 24]
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Constraints: effective neutral-current 6, = VN D H)
2 2 e*e (= Z) = N|N,

C.n =
2 N A2 N,( > N,Z*) > N,e~e*

5=1 5 =102
102 -

— 5 TeV

1077 —— 50 TeV

NN T W
my, |GeV] my, |GeV]

. . . [PDB, Deppisch, Kulkarni, Majumdar, Pei, 24]
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Summary and conclusions

We consider the production and decay of Dirac/Majorana HNLs via EFT operators at FCC-ee

® Possible if active-sterile mixing is suppressed in the relevant HNL mass range

® d =6andd="7vSMEFT operators with possible tree-level UV completions are considerea

Patrick D. Bolton, patrick.bolton@ijs.si, DISCRETE 2024, 03.12.24 18
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Summary and conclusions

We consider the production and decay of Dirac/Majorana HNLs via EFT operators at FCC-ee
® Possible if active-sterile mixing is suppressed in the relevant HNL mass range

® d =6andd="7vSMEFT operators with possible tree-level UV completions are considerea

For long-lived HNLs, two interesting signatures:

e Monophoton plus E_... signature (ete™ — vy, eTe™ — uNy and eTe™ — NNy)

miss

® Displaced vertex (eTe™ — vNy and eTe™ — NN’y followed by N - N'e“e™ or N — ve~e™)

Patrick D. Bolton, patrick.bolton@ijs.si, DISCRETE 2024, 03.12.24 19
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Summary and conclusions

We consider the production and decay of Dirac/Majorana HNLs via EFT operators at FCC-ee
® Possible if active-sterile mixing is suppressed in the relevant HNL mass range

® d =6andd="7vSMEFT operators with possible tree-level UV completions are considerea

For long-lived HNLs, two interesting signatures:

e Monophoton plus E_... signature (ete™ — vy, eTe™ — uNy and eTe™ — NNy)

miss

® Displaced vertex (eTe™ — vNy and eTe™ — NN’y followed by N - N'e“e™ or N — ve~e™)

The two analyses provide complimentary constraints in the (n1,, C;) parameter space:

® ionophoton constraints generally weaker, but applicable tfor my — 0
® Displaced vertex stronger in a specific mass range

Conclusion: FCC-ee can considerably constrain vSMEFT operators involving HNLs in small V5 scenario

Going forwards, combine with other probes to constrain NP

Patrick D. Bolton, patrick.bolton@ijs.si, DISCRETE 2024, 03.12.24 20
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Thank you for your attention!

Patrick D. Bolton, patrick.bolton@ijs.si, DISCRETE 2024, 03.12.24 21
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Bonus slides
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HNL production cross sections

ete” — NN (i #)) ete” — N,N; (i =)
Vs =912 GeV Vs =912 GeV
105' 105_
5 —— Dirac N, 0 =1 3
107 —:— Majorana N, 0 =1 107
-=--- Dirac N, 0 = 0.1
o O Majorana N, 0 = 0.1
= 107 —— Dirac N
Ty TR In =T ---- Majorana N
— e
° 101 ——=3g
e \'.\|
——_ ~~~~ + 7
..... \i - O]‘\/rfR
— SRR
10_3' E CN@
— o
| A
1073 - - - -
0 20 40 60 30 100 60 30 100
my, |GeV] my, |GeV
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HNL decays

A v/ N;
N; . 0+ N; i
W= Z
Vj g_l_
Majorana N, Wi | Majorana N, Z&, 6 =1

------------ 10V - e

10 h , /\ :

1071 . = 10° 'K :
o ’ AQ =
T : 7 12PN :
SN i o }’ :
é - i — g \Z_/ — Y v i — 7Y
Q2] — e / T K Q02— et T
| — ot E — D — pupu E —
| —— '\ —— Df T | —
: —— hadr. i p* — hadr i W
— W:I: : . K*:I: ———— T ‘ : o ¢
107 2 1n=1 100 YSE "”!”2 103 107 2 1n=1 100 10l "”'LQ 103
10~ 10~ 10 10 10 10 10~ 10~ 10 10 10 10
my, [GGV] T N, [GGV]
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Constraints: effective charged-current 6y, = (Ver,ep @ iD*H)

|
Mono-y | WR — VZC _ P2
i' N TR A2
/’/.
— S TeV
FCC —ee
_____________________________ —— 50 TeV
+ Recasted from V5 bounds _
10-°

+ involving CC production and
+ decays of HNLs

------------------------------

10010t 102
my, |GeV]

.----'

[Ferndndez-Martinez et al., 23]

[PDB, Deppisch, Kulkarni, Majumdar, Pei, 24]
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Monophoton constraints - Splitting dependence

Four fermion Vector vs =91.2 GeV Four fermion Vector vs =240 GeV

Patrick D. Bolton, patrick.bolton@ijs.si, DISCRETE 2024, 03.12.24 26
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Tree-level UV complete scenarios

Scalar S S © = =1
Irrep. (171)0 (131)1 (172)% (173)0 (173)1
Fermion N E Al Ag )Y 21
Irrep. | (1,1)0 (1,1)—1 (1,2)_% (1,2)_% (1,3)0 (1,3)—4
Vector B B, )4 Wy L4 L3
Irrep. (171)0 (171)1 (173)0 (173)1 (172)% (172)—%
et N;
B
e Nj
6+ Vi /Nz
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