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Where to best look for heavy neutrinos?

http://belhene.deviantart.com/
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http://belhene.deviantart.com/art/High-Resolution-Tamriel-map-Elder-Scrolls-series-315840004

Motivation for sterile (= right-chiral) neutrinos

Three Generations
of Matter (Fermions) spin %2

m There are no et 4& %10 > t 2 g
right-chiral neutrinos
. name — up ccharm top gluon
(VR) n the SM 104 MeV 4.2 Gev 0
m Observation of _ i proton
. . . 91.2 GeV. 0 126 GeV
neutrino oscillations By, "V, 0 7 0 H
. ) 0
requires at least two it | = iz
of the Iight neutrinos E‘ 0.511 MeV X 105.7 Mev. ) 1.777 GeV. % Hnl.AGEVi spin0
S |2 4 3 s B
to be massive. g e 1 T 8 M.y
electron muon tau force

Shaposhnikov et al.

= Extra terms in P v,) 7,& ro 1Ty ( j)c -
: N =—Y)iaV} — 5V M;;(vyp)° + H.c.
the ITagranglan R 2"R R
density due to v Yukawa matrix sterile v mass matrix
adding vg:
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The seesaw mechanism

: : 1 VEwly|?
= Naive (1 vy, 1 vpg) version: my, = 5 =437

m More realistic example, the (2 vz, 2 vR) version:

Y= (O(gy) o&g) M= (AgR MR(§)+E)>

2 O 2
Mg > yvEw = My, = M(l +e)
Mpr

= Knowledge of m,, implies a relation between ¥, and Mp.
=> In general not very promising to observe at collider experiments:

Mg ~ 10% GeV = y, ~ O(1079)
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Lowscale seesaw

m Specific structure of the Yukawa and mass matrices can be realised by
symmetries, e.g. approximate “lepton number”-like symmetry.

m A (2, 2 vR) example:

v O(yu) 0/’ MR €
2 2
=my, =0+ sivEWOZ(y”)
MR

=> In general: no fixed relation between y,, and Mg.
= Large vy, are compatible with neutrino oscillations.

= Allows for testable effects at collider experiments.
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Neutrino parameters landscape

. Top i 2 2

= EW écale sterile mi=Am2, T
20 neutrino models
= 1073+ (often similar to

3 latter example) -

Q 2 2

g Y, B mv=Amsol
g -7

< 107'F
>
g 107
% 10711 L
Z reactor & LSND anomaly
eV keV GeV PeV ZeV MGUT Mpl

Sterile neutrino mass scale
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Symmetry Protected Seesaw Scenario

A benchmark model for collider searches with EW scale sterile neutrinos

m Assumption: collider phenomenology dominated by two sterile
neutrinos N; with protective symmetry, such that

Iy = —INEM(N2)¢ —y, Nko! L* + H.c.
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Symmetry Protected Seesaw Scenario

A benchmark model for collider searches with EW scale sterile neutrinos

m Assumption: collider phenomenology dominated by two sterile
neutrinos N; with protective symmetry, such that

Iy = —INEM(N2)¢ -y, Nko! L* +He. +...

Additional sterile v can exist but have no ef-
fects (“decoupled”) at colliders, which can be
realised e.g. by giving lepton number=0.
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Symmetry Protected Seesaw Scenario

A benchmark model for collider searches with EW scale sterile neutrinos

m Assumption: collider phenomenology dominated by two sterile
neutrinos N; with protective symmetry, such that

Iy = —INEM(N2)¢ -y, Nko! L* +He. +...

Additional sterile v can exist but have no ef-
fects (“decoupled”) at colliders, which can be
realised e.g. by giving lepton number=0.

= In the symmetric limit (i.e. without O(e) terms), M and
Yy, (¢ = e, u, T) are free parameters (not constrained by m,).

m Specific models have correlation among the v, .

Strategy of the SPSS: study how to measure
the y,,, independently in order to test such
correlations!
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Symmetry Protected Seesaw Scenario

A benchmark model for collider searches with EW scale sterile neutrinos

Y5o VEW

VoM

m The active-sterile mixing parameter: 6, =

SPSS Parameters:
M and y,, (= e, u,T) or
M and 0,(a=e,p, )

heavy sterile

active
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Symmetry Protected Seesaw Scenario

A benchmark model for collider searches with EW scale sterile neutrinos

.
. . . . v
m The active-sterile mixing parameter: 0, = ?J’:O‘[TEN

SPSS Parameters:
M and y,, (= e, u,T) or
M and 0,(a=e,p, )

heavy sterile

active
m_The leptonic mixing matrix to leading order in 6,
Mixing matrix i 1
! Ner Nea Nes vl vz Sterile v mix
of the light v Nt Noo N g " . .
= Upmns pl Nu2 Aps gk o with active ones
Z/{ = NTl N‘rQ N7—3 _%67 %97—
0 0 0 % 7
* * * i 92 1 92
563 - ~5(-) (-5

Eros Cazzato (University of Basel) Golden channels for neavy neutrinos CERN, 18 January 2017 8



Symmetry Protected Seesaw Scenario

A benchmark model for collider searches with EW scale sterile neutrinos

.
. . . . v
m The active-sterile mixing parameter: 0, = y%;f

heavy sterile

SPSS Parameters:
M and y,, (= e, u,T) or
M and 0,(a=e,pu, )

active
m_The leptonic mixing matrix to leading order in 6,
. - . )
Mlxmg.matrlx Ny Nz Noz _ﬁge X P —
of the light v Nt Noo N g " . .
= Upmns pl Nu2 Aps gk o with active ones
Z/{ = NTl N‘rQ NT3 _%97— %97—
0 0 0 % 7
* * * i 02 1 92
563 - ~5(-) (-5

= Heavy v (mass eigenstates) participate in weak interaction processes:

w 00‘ N Z 05’9#’9" N h aeve,u:g‘r N
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Systematic assessment of heavy neutrino signatures

at colliders

Production Different production channels for collider types:
b'd £y €_€+ pp e_p
. / Wi X v+ LNV/LFV X
Wi
>”“WNN T We | v X v +LNV/LFV
X Zs v v X
h | (V) ) ()
X Y
W, : gW
2
b N
X v
Z, AN § At leading order!
Z 0e0u0: N
X
X v
IL — - — a
h 0,00 N
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Systematic assessment of heavy neutrino signatures

at colliders

Production Decay

Inclusion of decay channels gi-
i ves processes with different

X' ta
W, : >'VNNN" / V}{ % dependencies on the active-
W 0 N

sterile mixing angles.

X N 1 we

Xz Y / Decay channel
W, : w

0 v w Z(h)

Oe
N J&c,ep,a, >

X v e | ow, | 1Ol
z,: N L7 2T ; 12 :
s K/N\;gwe v § (Ev W 1005)? o

X °5| 2 |t

e 2 2
X p Zs(h) | |05 |6

v
he L */ec,eu,e,
h 0e,0,,0- N N
X : N AN 012 =3 [0a?
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Systematic assessment of heavy neutrino signatures

at colliders

Production Decay Final States
X ¢ pp: Lal5ij, Lalitiv
Wi eetep: Y(tjj, Y/i(’fl/
B o+ ,
X W N eet,pp: vlijj, vliliv
v At leading order! 7
W
; pp: luwvij, LovlE0E, Cwwvw
o , eetep: Yvjj, Yulili, Ywww
X v N eet,pp: wvjj, wwlil}, wvwwv
Zs :
7z 0e,00; N
X
b'e y y pp: lLwij, LwlEE, (WVV
" > L oo, < eetepr Yujj, Yuliti, VvV
0c,0,.0- N 7 S .
X h ! AN N “Oh eet,pp: wvjj, wwlili, wVV
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Systematic assessment of heavy neutrino signatures

at colliders

e et pp e p
Ws < VFINV/LFV <
Wy v x v +LNV/LFV
Zs v v X
h ) ) )

Remarks on LNV:

m When light v are in the final states, difficult
to measure LNV since they escape detection.
Unambiguous signal of LNV if no light v in
the final state:

m Example on unambiguous signals of LNV:
Q@pp : same-sign dilepton @e p: tLjjj
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Systematic assessment of heavy neutrino signatures

at colliders

e et pp e p
Ws < VFINV/LFV <
Wy v 3 v +LNV/LFV
Zs v v X
h ) L(J) )

Lepton-number vio-
lating signatures
(with no SM back-

ground at parton le-
vel) however in the
SPSS suppressed by
the protective “lep-
ton number” -like
symmetry.

Remarks on LNV:

m When light v are in the final states, difficult
to measure LNV since they escape detection.
Unambiguous signal of LNV if no light v in
the final state:

m Example on unambiguous signals of LNV:
Q@pp : same-sign dilepton @e p: tLjjj
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Systematic assessment of heavy neutrino signatures

at colliders

e et PP e p Remarks on LFV:
W X V4 LNV/LFV X
\271: 5 /j v +LNV/LFV m Example on unambiguous sigials of LFV:
S x " e Tt
u ) ) ) Q@pp : dilepton-dijet «— £ ZB 37

with e.g. a=eand B =p
Lepton-number vio-
lating signatures
(with no SM back-

ground at parton le-
vel) however in the
SPSS suppressed by
the protective “lep-
ton number” -like

symmetry.
Remarks on LNV: Qe p : lepton-trijet «— £o jjj with a # e
m When light v are in the final states, difficult u Unambi.guoes signa.ils for L_FV (at the parton
to measure LNV since they escape detection. level) with light v in the f'”{" ftﬁ‘je possible:
Unambiguous signal of LNV if no light v in Gpp: Lelylrv Qe p: jlL bl

the final state:

m Example on unambiguous signals of LNV:
Q@pp : same-sign dilepton @e p: tLjjj
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Systematic assessment of heavy neutrino signatures

at colliders

e et PP e p Remarks on LFV:
W X V+ LNV/LEV X
VZVt j % v +LNV/LFV m Example on unambiguous siglals of LFV:
S x " e Fot ..
u ) ) ) Q@pp : dilepton-dijet «— £ EB 37

with e.g. a=eand B =p
Lepton-number vio-
lating signatures
(with no SM back-

ground at parton le-
vel) however in the
SPSS suppressed by
the protective “lep-
ton number” -like
symmetry. J

Q\
~
Q]
~
S

Remarks on LNV: Qe p : lepton-trijet «— £o jjj with a # e

m When light v are in the final states, difficult = Unambiguous signals for LFV (at the parton
to measure LNV since they escape detection. level) with light v in the final state possible:
Unambiguous signal of LNV if no light v in Opp: Lelylrv Qe™p: jg;ZjV
the final state:

m Example on unambiguous signals of LNV:

Opp : same-sign dilepton @e~p: £Ljjj
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Systematic assessment of heavy neutrino signatures

at colliders

Remarks on Displaced Vertex signature:

m Heavy v with M < My, and small mixing |§]?> may be “long-lived” .

m Visible displacement of the secondary vertex from the interaction point.

t=0

electron-positron
collision

N m e+

. > .
interaction
point

Eros Cazzato (University of Basel)

0 < t <lifetime of N

production of N
and propagation

Golden channels for neavy neutrinos

lifetime of N< t

decay of N into
detectable particles

vertex detectable
particles

CERN, 18 January 2017
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Heavy neutrinos at the FCC-hh

10 production a(q) N
_ . +
2 100 channel: Z(WH*)
g 2
s Zs x |0]
z 1 — FCC-hh, Z, (Ws o |0a]?) q G
B — HL-LHC, Z,

0.01

107

10 50 100 500 1000
M [GeV]

Signatures of heavy v for pp colliders at leading order

[ Name [ Final State [ [0« dependency [ LNV/LFV ]
dilepton-dijet Lalgij ‘Gae#lz VIV
trilepton (*) Lolplyv \%9# X /v
lepton-dijet Lovj] 10al? e
dilepton (*) Calpuy 166 ]? X
mono-lepton Lovvv [0 |? X
dijet vujj e X
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Heavy neutrinos at the FCC-hh

10%] production q(q) N
g channel: +
48 100 ) Z(W*)
- Zs x |0]
= 2
s 1 — FCC-hh, Z, (Ws o [04]%) g G
8 — HL-LHC, Z,

0.01

107

10 50 100 500 1000
M [GeV]

Signatures of heavy v for pp colliders at leading order eting g Al cpiorE e S
[ Name [ Final State | [0q | dependency | LNV/LFV_| died signature, in SPSS suppres-

] R B 100057 - sed by the protective “lepton

dilepton-dijet | £algjj T2 VIV \: number’-like symmetry.

. 1908517

trllepton(*) Lalglyv T X /v

lepton-dijet Lavii [6a \2 X

dilepton (*) Calpuy 166 ]? X

2 .pe
mono-lepton Lovvy [0cl X ) Modifies mono-Z, mono-h pro-
dijet vvjj lo|? x =T dustion
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More heavy neutrino signatures at the FCC-hh

m Indirect searches via h branching ratios
A Extra decay channels modify the h total width and branching ratios.
No SM background,
m Displaced vertex searches very promising!
/A Heavy v with M < My and small mixing |0|> may be “long-lived”
A Visible displacement of the secondary vertex from the interaction point.

. No SM background,
m LFV signatures very promising!

A Unambiguous signal for LFV (at the parton level):
e.g. dilepton-dijet +— égfﬁgjj with a =eand 8 =p

7 o t
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“First looks” at FCC-hh sensitivities

Displaced vertex search 2o sensitivity. Dis-

placements of Imm - 1m as backgroundfree.

Presented first looks for the 1o sensitivities
- of heavy v signatures at the parton level.
Z
—
0.010
107 HL-LHC
o « 0.001
2 e — 3l5i:191%=16265|°/16| %, a*p
107" 0. FCC-hh 104 /
-5
10—‘1. 10 H
20 40 60 100 500 1000 1500 2000
M [GeV] M [GeV]

The golden channels of the FCC-hh:

m For M < 100 GeV: displaced vertex
m For M > 100 GeV: LFV signatures

/A As unambiguous signal at parton level |0,05|%/]0|? ~ 10~ reachable
/\ Displayed as estimate with ditop BKG |0,65|%/]0|? ~ 107° reachable

Eros Cazzato (University of Basel)

For the considered physics program: 20 ab—! for /s = 100 TeV;

Golden channels for neavy neutrinos
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“First looks” at FCC-hh sensitivities

Displaced vertex search 2o sensitivity. Dis-

placements of Imm - 1m as backgroundfree.

Presented first looks for the 1o sensitivities
- of heavy v signatures at the parton level.
Z
—
0.010
107 HL-LHC
o « 0.001
s e — 3l5i:191%=16265|°/16| %, a*p
1070 FCC-hh ,04/
10
10—‘1. H
20 40 60 80 100 500 1000 1500 2000
M [GeV] M [GeV]
The golden channels of the FCC-hh: it i ey & Hist lses, moie
m For M < 100 GeV: displaced vertex

thorough investigation is required,
e.g. LFV signature is being inve-
stigated at reconstructed-level.

/A As unambiguous signal at parton level |0,05|%/]0|? ~ 10~ reachable
A\ Displayed as estimate with ditop BKG [0,0]/|0]* ~ 10° reachable

m For M > 100 GeV: LFV signatures

BKGs from final states
. . with additional light v.
For the considered physics program: 20 ab—! for /s = 100 TeV; g€
Eros Cazzato (University of Basel) Golden channels for neavy neutrinos
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Heavy neutrinos at the FCC-eh

1000 . -
production e N

5 100 channel: Ww-
2 1 Wi o |02
s — FCC-eh, W@ 4 J
3 — LHeC W@

0.10

0.01

10 50 100 500 1000
M [GeV]

Signatures of heavy v for e p colliders at leading order

[ Name [ Final State | [0 dependency [ LNV/LFV ]

0cbq |2

lepton-trijet Jijla % VIV
K

s (%) ot ) F [6e00

Jjet-dilepton ey ZB v Y X /v

trijet jijv 16¢]? X

monojet jvvr 16¢]? X
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Heavy neutrinos at the FCC-eh

1000

production e N

100 .
) channel: ) w-
= 10 Wy o |0e] .
s — FCC-eh, W@ 4 J
2 — LHeC W{?

0.10

0.01

10 50 100 500 1000

M [GeV]

Signatures of heavy v for e p colliders at leading order

eTjjj as unambiguous signal
of LNV, in SPSS suppres-

[ Name [ Final State | [0 dependency [ LNV/LFV ]

lepton-trijet Jijte M T sed by "'ch? protective ‘“lepton
§ 09 E ~ number”-like symmetry.

jet-dilepton (*) jzfeju leT; X/

trijet jijv 162 x

monojet V12%2% 1612 X
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“First looks” at FCC-eh sensitivities

Displaced vertex search 2o sensitivity. Dis-

placements of Imm - 1m as backgroundfree.

Presented first looks for the 1o sensitivities
[__| of heavy v signatures at the parton level.
Z //
0.001 /
107 LHeC
s g 10 -5 1012216.6. 121102
2 = — Tjjj: |©]*=16e6:| /16|
108l FCC-eh 10
1078
10 20 30 40 50 500 1000 1500 2000 2500 3000
M [GeV]

The golden channels of the FCC-eh:

M [GeV]

m For M < Myy: displaced vertex
m For M > Myy: LFV signatures

/A As unambiguous signal at parton level |0.6.|%/]0|?> ~ 10~® reachable

A Displayed as estimate with BKGs from final states with additional
light v 0.0,]2/]0|> ~ 10~6 reachable

For the considered physics program: 1 ab—! for /s = 3.5 TeV;

Eros Cazzato (University of Basel)
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Heavy neutrinos at the FCC-ee

5000 . _
production e v
5 ‘ggg channel: Z
= — Z pole run (90 GeV) 2
% — WW threshold run (160 GeV) Zs o< |0]
é 128 Higgs physics run (250 GeV) et N
— \I\ Top threshold run (350 GeV) prod uction e~ v
0 20 50 100 200 500 channel:
2 w
M [GeV] Wi |96|
et N

Signatures of heavy v for e“e™ colliders at leading order

[ Name [ Final State [ 6], Z pole | [0], v/s > mz |
lepton-dijet Lavij 0] ‘06’:%‘2
mixed flavour dilepton Lalgry [6a \2 \9690%\2
same flavour dilepton Lolovy \9\2 |9e\2
dijet vvjj 16]2 [0c1?
invisible vvvy \9\2 |Ge‘2

Eros Cazzato
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Heavy neutrinos at the FCC-ee

5000 . .
production e v
3 "% channel: Z
] — Z pole run (90 GeV) 2
% — WW threshold run (160 GeV) Zs o< |0]
E 128 Higgs physics run (250 GeV) et N
\‘\ Top threshold run (350 GeV) prod uction e v
10 20 50 100 200 500 channel: W
M [GeV] Wi o |02 . N
€

Always one light v in the final state, no unambi-
guous LNV signature at the leading order.

Signatures of heavy v for e~ ¢ colliders at leading order

[ Name [ Final Stat€ [ 6], Z pole | [0], v/s > mz | - -
NE /‘ Modify WW production

lepton-dijet Lavjj [0 \2 6’97;

. 4 0cba
mixed flavour dilepton Lalgry [6a \2 YT
same flavour dilepton Lolavy 0|2 1612 Modifies mono-Z, mono-h

- roduction

dijet vvjj |6]2 162 —P
invisible 122%% e 1612
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More heavy neutrino signatures at the FCC-ee

High lumi of FCC-ee (10'2 Z) al-
Indirect searches via EW precision data < lows for efficient indirect searches.

A Mixing matrix of the 3 active v (Upmns) becomes non-unitary.
/A Modification of the weak currents modifies predictions for EWPOs.

Indirect searches via h branching ratios
A Extra decay channels modify the h total width and branching ratios.

No SM background,
Displaced vertex searches very promising!

/A Heavy v with M < My, and small mixing |#|> may be “long-lived”.
A\ Visible displacement of the secondary vertex from the interaction point.

m LFV signatures

A LFV decays of the Z boson into two charged leptons with different
flavour arise at the 1-loop order.
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FCC-ee sensitivities to heavy neutrino signatures
(available from previous works)

. Displaced vertex search @20: |0 |2=|6|2
—_— -7
g 1 EWPOs @20: |0 | 2=|6, | 2+/6, |2
T EWPOs @20: |0|2=6,|?
10711 1NG

50 100 150 200 250 300 350
M [GeV]

The golden channels of the FCC-ee:

m For M < Myy: displaced vertex searches
m For M > Myy: indirect searches via EW precision data

For the considered physics program:
110 ab™ ! for v/s =90 GeV; 5 ab~! for v/s = 240 GeV; 1.5 ab~! for v/s = 350 GeV
Eros Cazzato (University of Basel)
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Summary

m Systematic assessment of heavy neutrino signatures at colliders.
m First looks at FCC-hh and FCC-eh sensitivities.
m Golden channels:

m FCC-hh: LFV signatures and displaced vertex search

m FCC-eh: LFV signatures and displaced vertex search

m FCC-ee: Indirect search via EWPO and displaced vertex search

| FCC-hh able to

102 test all flavour
FCC_W combinations.
10-% N ——
= FCC-eh
® 107}

-9 o
Best sensitivity to 10 \/ Good sensitivity re-
|62 from displaced \/ FCC-ee ach from FCC-hh &
vertex searches at W - ) ) ) FCC-eh.
the FCCee. 10 50 100 500 1000

M [GeV]
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Where to best look for heavy neutrinos?

http://belhene.deviantart.com/
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