ollider tests of low scale
seesaw models: some aspects
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One of the big open questions in BSM physics:
What is the origin of the observed
neutrinos masses?




Seesaw models type I, Il and Il

Classification as
tree-level realisations
of the dim=5 neutrino
mass operator:

Type | Seesaw

Type |l Seesaw Type Il Seesaw

SM + r.h. neutrinos N,
in (1,1), of Ggy

SM + scalar triplet A SM + fermionic triplets 2
in (1,3); of Ggy, in (1,3), of Ggy
3




Seesaw models type I, Il and Il

Classification as
tree-level realisations
of the dim=5 neutrino

mass operator: We have no experimental
hint so far which
mechanism is the right
one! — part of BSM quest

Type | Seesaw

Type |l Seesaw Type Il Seesaw

SM + r.h. neutrinos N,
in (1,1), of Ggy

SM + scalar triplet A SM + fermionic triplets 2
in (1,3); of Ggy, in (1,3), of Ggy
4




§M1+1r.h. ?%utrinos N, SM + scalar triplet A~ SM + fermionic triplets >
n ( ’ )1 O SM N (1,3)1 of GSM IN (1,3)0 of GSM

Also unknown: At which scale?

A) At very high scale (~ MgyT)
B) At EW/TeV scale (— colliders, ...)

) At keV scale (— sterile v DM)

(
(
for Type | seesaw also:
(C
(D) At eV scale (— oscillations & sterile v’s)




Neutrino masses:
At TeV energies?

Type Il Seesaw

Type | Seesaw Type lll Seesaw

With an approximate “lepton
number”’-like symmetry

— all three types of seesaw
mechanisms can operate
“naturally” at EW/TeV energies
— Low scale seesaw models




Neutrino masses:
At TeV energies?

Forbidden if symmetry was exact!

E.g. in the type | seesaw: Example for protective “lepton number”-like symmetry:

— Note: "Symmetry protection” requires pairs

septon-it i bde bl ol of sterile (right-handed) neutrinos)!

Similar: “inverse” seesaw, “linear” seesaw

See e.g.: D. Wyler, L. Wolfenstein ('83), R. N. Mohapatra, J. W. F. Valle ('86), M. Shaposhnikov (,07), J. Kersten, A. Y.
Smirnov (‘07), M. B. Gavela, T. Hambye, D. Hernandez, P. Hernandez ('09), M. Malinsky, J. C. Romao, J. W. F. Valle (‘05),
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Content of my talk: Some collider
aspects of low scale type | and Il
seesaw scenarios.
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A benchmark model for EW scale sterile v:
SPSS (Symmetry Protected Seesaw Scenario)

Consider 2+n sterile neutrinos (plus the three active) = with M and Y, for two of
the steriles as in example 2 due to some generic “lepton number’-like symmetry)

+ O(€)
perturbations
which generate the
light neutrino
masss and a AM of
heavy neutrinos
(and which we can
often neglect for
collider studies)

Similar: “inverse” seesaw, “linear” seesaw  Additional sterile neutrinos can exist, but have no
For details on the SPSS, see: effects at colliders (which can be realised easily,

S.A., O. Fischer (arXiv:1502.05915) e.g. by giving lepton number = 0 to them).
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What are the observable effects of
EW scale sterile neutrinos?




As example: SPSS (Symmetry Protected
Seesaw Scenario)

In the
symmetry

limit:

Stefan Antusch ' University of Basel



As example: SPSS (Symmetry Protected
Seesaw Scenario)

In the —1 C2 _1~_l_ o
symmetry | Ny =— Nr M NR — yYalNR ¢' L™ + H.c.

limit: + ... (terms from additional sterile vs)

4 Parameters:

M, Yo (a=e,u,T)

Stefan Antusch 12 University of Basel



As example: SPSS (Symmetry Protected
Seesaw Scenario)

In the
symmetry

limit:

After EW symmetry breaking, we diagonalize the 5x5 mass
matrix:

neutrinos

“active’ and “sterile”
neutrinos

with:

This defines the 5x5 mixing matrix U.

Stefan Antusch E University of Basel



We consider the SPSS: Instead of the y,, we use
the active sterile mixing angles 0,, (a=e,u,T)

In the —1 C2 _1~_l_ o
symmetry | Ny =— Nr M NR — yYalNR ¢' L™ + H.c.

limit: + ... (terms from additional sterile vs)

» The leptonic mixing matrix to leading order in the
active-sterile mixing parameters:

ey

7! T
Parameters:

M, y, (a=e,p,T) : _ _ o
or > Active-sterile neutrino mixing parameters:

equivalently g, = Lo EW
M, ,, (a=e,p,T) v2 M

Stefan Antusch University of Basel
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Observable effects of the sterile
neutrinos: for M >> Ngy,

(Effective) mixing matrix of light
neutrinos is a submatrix of a larger
unitary mixing matrix (mixing with
additional heavy particles)

Main effect for M >> Agy:
cc ; ; ” Langacker, London ('88); S.A., Biggio, Fernandez-Martinez,
L e ptOﬂIC non-unita ry / Gavela, Lopez-Pavon ('06), ...

see e.g.

S.A., Baumann, Fernandez-Martinez (arXiv:0807.1003)
: S.A., Fischer (arXiv:1407.6607)

= various obs.
effects!
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Relation to the parameters of the
SPSS benchmark model
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Observable effects of the sterile
neutrinos: M = Agy,

Sterile neutrinos mix with the
active ones =» the heavy neutrinos

In addition for M = /\EW: Effects (= mass eigenstates) participate in
. Kk int ti !
from on-shell heavy neutrinos W?” il

= heavy neutrinos can get produced
also In weak interaction processes!

Stefan Antusch 17 University of Basel



Heavy neutrino interactions

When W bosons are
involved, there is a j
possible sensitivity to ... vertices for

the flavour-dependent 6, o production and
for decay ...

Stefan Antusch = University of Basel



Lifetime and decay length of heavy neutrinos:
For M < my, they can be long-lived!

100 150 200

cf. S. A., E. Cazzato, O. Fischer

Note: Decay length in the laboratory frame is: C (arXiv:1709.03797)
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Very sensitive searches possible for
M<m,, via “displaced vertices”

E.g. at an e*e- collider:

t=20 0 < t <lifetime of N lifetime of N< t

electron-positron production of N decay of IV into
collision and propagation detectable particles

detectable
particles

interaction
point

Stefan Antusch 20 University of Basel



Present bounds (& estim. future sensitivities)
from displaced vertex searches at LHCb

LHCDb analysis exists for LHC run 1 data:
LHCb Collaboration, Eur. Phys. J. C 77 (2017) no.4, 224 arXiv:1612.00945

The results can be translated into bounds on |62
(here for 6, = 6, = 0):

--- Belle

- LHCb prompt

VErtex LQOcator

— DELPHI

- LHCb dv run 2

-=- LHCbdvrun 5

HL-LHC ™
(380 1) el

Remark: Forecasts for the sensitivities at
Atlas and CMS for the HL-LHC phase are
comparable, cf.:

E. Izaguirre, B. Shuve (2015)

LHCb dv run 1

S. A., E. Cazzato, O. Fischer; arXiv:1706.05990
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Present constraints on sterile neutrino
parameters (conv. searches, M>10 GeV)

DELPHI (Z pole search) @20: |©|?%=|6|2
LHC (Higgs decays) @10: |©|?=|6|?

ALEPH (e~e*—4 leptons) @10 |©|2=|6, | 2

Precision constraints @20: |O| =16, | 2
Precision constraints @20: |O| 2=|9p | 2

Precision constraints @20: |©|2=|6, |2
(global constraints, including EWPO and cLFV)

with: 0% := Z 10a]?

Constraints from present data (M > 10 GeV): S.A., O. Fischer (arXiv:1502.05915)
For a similar study, see also: E. Fernandez-Martinez, J .Hernandez-Garcia, J. Lopez-Pavon (arXiv:1605.08774)
Constraints for smaller M, see e.g.: M. Drewes, B. Garbrecht (arXiv:1502.00477)
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What are the prospects for
discovering such heavy neutrinos




Ambitious plans for future colliders
FCC (-ee, -hh, -eh)

E.g.10"3
Z bosons
@ FCC-ee

@ CEPC
dlSCUSSGd”’ 30 k

;»;f- <€
 J

Schematic of an
80 - 100 km
long tunnel

g ‘b- SI,': 013 Mapa
Je 2013 Te 1;".1
o

‘alaz

~_ E.g. 109.Z bosons FCC and CEPC may be operated
Internatlon\l\Lmear Colh dor with e*-e- (in first stage) — Z,W,h factory
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Systematic assessment of signatures
of sterile neutrinos at colliders

S.A., E. Cazzato, O. Fischer (arXiv:1612.02728),
4 See also many other works by many authors ...

>’V\/\/ \/
Different collider types feature
different production channels ...

Stefan Antusch = University of Basel



Systematic assessment of signatures
of sterile neutrinos at colliders

(at LO)

... and, including the possible
decay channels, sensitivity to
different combinations

of active-sterile

mixing parameters:

Decay channel

|9a93|2
612

|9605|2
612

Production
channel

05/

Stefan Antusch University of Basel



Systematic assessment of signatures
of sterile neutrinos at colliders

Ezﬁt PP : Eaﬁgjj, Eafzﬁtfffy
05 <~ e"et,ep: Yl5jj, Yigliv
N W e et pp: vl;jj, I/E:Btﬁfu

S.A., E. Cazzato, O. Fischer (arXiv:1612.02728)

pp: flavjj, KQV%E;F, lovvv

v
Oc,0,,0- < e e,ep: Yvjj, YI/EEEEE, Yvvv
N 7 e e, pp: wvjy, I/I/EZEEE, 0%

v pp: lawvjj, Lavlgli, LwVV
—/QG’QM,QT < e e,ep: Yvjj, YVE%EE, YvVV
N N
\\ h

e e, pp: vvjj, z/uézﬂtﬁg, vvV'V
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Signatures for lepton num
from sterile neutri NV

Example signature
at pp colliders

Z 0,040 N

However: LNV can get induced by
heavy neutrino-antineutrino oscillations!
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Recent result: Heavy neuftrino-antineutrino
oscillations could be resolvable

S. A., E. Cazzato,
O. Fischer
(arXiv:1709.03797)

Example:
Linear seesaw
(inverse mass
ordering)

M =10 GeV, |0]2 = 1076, v = 50 (fixed)

e
(Now adding the pp = gigij{ (LNC)
symmetry breaking pp — 43, Eﬁff (LNV)
terms and using the
prediction for AM in
the minimal linear
seesaw model

(= only 2 RH Nus)
for inverse neutrino

mass ordering)

Signature: The ratio of
LNC and LNV decays of
the heavy neutral

o
N

leptons oscillates as a
function of lifetime (or
\jvertex displacement)

H Events(x)/& Events(0)

O
)N

Integrated effect discussed in:
J. Gluza and T. Jelinski (2015),
G. Anamiati, M. Hirsch and

g:x?g;z(zza(i;,fsl);ischer (2017), 0.0 0.1 0.2 0.3 0.4 0.5

A. Das, P. S. B. Dev and . (Size, e.d., LHCb‘s VELO)
B. R. N. Mohapatra (2017) Vertex displacement X [mM]
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Signatures with lepton flavour violation

(at LO)

Different collider types feature
different production channels:

Lepton flavour violating LFV (and
lepton number conserving LNC)

signatures possible (with no SM
background at parton level*).

Promising for future searches!

-”\\/“//“.\\\j /\\l //""-\j /’"‘\\J

Z 00,0 N

*) Note: Relevant SM background from final states with
additional light neutrinos!

Stefan Antusch 2 University of Basel



Signatures with lepton flavour violation

(at LO)

Different collider types feature
different production channels:

Example: Final state at ep colliders
(LHeC, FCC-eh): “jet-dilepton”
jlalg"vwithe,g.a=1-and B = p*

Lepton flavour violating LFV (and
lepton number conserving LNC)

signatures possible (with no SM
background at parton level*).

Or e.g.: “lepton-trijet” at ep colliders (LHeC,

FCC-eh) | jiwithe.g. o =1 or - Promising for future searches!

Or e.g.: “dilepton-dijet” at pp colliders (LHC,

FCC-hh) | [y withe.g. o 7 [ *) Note: Relevant SM background from final states with
FCC-hh sensitivity: cf. ArXiv:1805.11400 additional light neutrinos!

Stefan Antusch 2 University of Basel



Comparison: Estimated sensitivities at

future ee, pp and ep colliders

For M < my:
Best sensitivity
from displaced
vertex searches
at FCC-ee

Stefan Antusch

(FCC-eh)

(shown: FCC-ee,
similar: CEPC, ILC)

50 100 5001000
Heavy neutrino mass: M [GeV]

For M >> O(TeV):
Best sensitivity
from EWPO
measurements
at FCC-ee

(also: cLFV)

Plot from: S.A.,
E. Cazzato, O. Fischer
(arXiv:1612.02728)
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Comparison: Estimated sensitivities at
future ee, pp and ep colliders

Note: Sensitivity
to different
combinations of
active-sterile
mixing angles!

For intermediate M:

Very good sensitivities

from LFV (but LNC)
(shown: FCC-ee, channels at pp and ep
similar: CEPC, ILC)  colliders (FCC-hh & -eh)

10 50 100 500 1000 Plot from: S.A.,

Heavy neutrino mass: M [GeV] E. Cazzato, O. Fischer
(arXiv:1612.02728)
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Part 2:
Collider signature of low scale type Il
seesaw scenarios




Doubly charged scalar from the type Il
seesaw mechanism

Neutrino masses from
the induced vev of a
new Higgs field in the
rep (1,3), of Ggy

Type Il Seesaw \

SM + scalar triplet A Can be searched for efficiently
: art colliders via decay into same-
in (1 ’3)1 of GSM sign leptons

... however typically assumed that
the decays are prompt!

Stefan Antusch e University of Basel



Summary of present consftraints

Interesting parameter region:
LLP (long-lived particle) but
unconstrained

allowed

muon anomalous magnetic moment
1 1 1 1 1 |

LHC 8 TeV LHC 13 TeV

300 400
M+ [GeV]

Summary of present constraints from: S. A., O. Fischer, A. Hammad, O. Fischer, C. Scherb (arXiv:1811.03476)

Stefan Antusch
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Lifetime of doubly charged scalars in the
type Il seesaw mechanism

Plot: ct (with lifetime 7 in the eigenframe)

Average Lorentz factor at LHC/FCC-hh:

-
(4]

D
e
O
-—
O
]
—
N
-
c
e
o
-l

Note: Decay length in the laboratory frame is: CT \/ ’)/2 —1

S. A, O. Fischer, A. Hammad, O. Fischer, C. Scherb (arXiv:1811.03476),
See also e.g.: Dev, Zhang, arXiv:1808.00943
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Revisting the LHC bounds from decays
Into same sign leptons

S. A, O. Fischer, A. Hammad, O. Fischer, C. Scherb (arXiv:1811.03476)

l:l:

LHC Constraints from H*+ — [F

LHC 8 TeV

250 300 350
my [GeV]

Figure 7: Parameter space constraints from prompt LHC (y/s = 8 TeV) searches for same-sign dileptons
at 95% confidence level [20], taking the possible displacement into account. The dashed black line
indicates where the effective cross section is smaller than the observed limit. The dotted yellow line
shows where the limit from the prompt search would be if all decays were prompt.

ATLAS Collaboration], arXiv:1412.0237
Also:

Stefan Antusch £k University of Basel



For a selected benchmark point (simulated):

Table 1: Cut flow of simulated signal samples for displaced decays of the H** to same sign dimuons.

For this table, the benchmark point with pr = 5x10™* GeV and my++ = 130 GeV |was considered. For

the LHC, HL-LHC, and FCC-hh we use 13, 14, and 100 TeV center-of-mass energy and an integrated
luminosity of 100 fb~*, 3000 fb~ ', and 20 ab™ ', respectively. In our analysis we consider the production

channel pp — ~v*Z* — H¥*HTT only.

Cuts _ FCC-hh

Expected events (detector level) 10640 345323
Two same sign muons 8135 244050

Pr(p) > 25 GeV&|n(p)| <2.5&AR(p, 1) > 0.2 6508 | 209883

110 GeV< my++ < 150 GeV 6332 | 203586
Ly > 8 mm 2749 | 105864

d0 > 4 mm 13.6 | 467 31759

\

Benchmark point can be tested even with present LHC data!

S. A., O. Fischer, A. Hammad, O. Fischer, C. Scherb (arXiv:1811.03476)
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Example of a simulated displaced vertex decay of H --H **to tow pairs of same sign muons

Picture by Ahmed Hammad (from Delphes detector simulation)




Summary

> With a protective “lepton number’-like symmetry, neutrino mass generation can
well occur at the EW/TeV scale (& be technically natural).

> Low scale type | seesaw:

Using a benchmark scenario (SPSS) we discussed various promising signatures
(e.g. displaced vertices, LNV in heavy neutrino-antineutrino oscillations, LFV, ...)

> Low scale type |l seesaw:

For long-lived doubly charged scalars, we have revisited the present LHC
constralnts = mterestjng parameter space W|th Ion-lved doubl chr ed

\@"\4 "'o" ¢‘.'“ /3"’..1-‘-




Thanks for




Extra Slides




Resolvable heavy neutrino-
antineutrino oscillations




Heavy neutrino-antineutrino oscillations
at colliders

Definition: ; superposition of mass eigenstates N4, Ns

antineutrino, W~ — N/~ N = 1/v2(iNy + N3)
neutrino, W+ — N¢* N = 1/v2(—iN, + N5)

Consider, e.g., the “dilepton-dijet” signature at pp colliders, pp = I, Ig jj:

/% (LNC)
5
la 05 (LNV)

In the symmetry limit of the SPSS benchmark model, lepton number is exactly conserved
=>» only LNC processes!

pp — £5¢5jj (LNC) v

pp — 05 jj (LNV) x
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Heavy neutrino-antineutrino oscillations
at colliders

Probability that a produced N oscillates into N (or vice versa) given by |g_(1)|?, with

W\ Mass splitting AM predicted
e.g. in minimal low scale
linear seesaw models

Signature: Ratio of LNV/LNC final states oscillates as function of heavy neutrino lifetime (or of
vertex displacement in the laboratory system)

Rue(t1,t2) = Jo l9-(WFdt _ (e+eh) + (e £7)

t
Jey

: AM
il (it ana ios <Tt)
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As shown earlier: Lifetime and
decay length of heavy neutrinos

100 150 200
M [GeV]

cf. S. A., E. Cazzato, O. Fischer

Note: Decay length in the laboratory frame is: C (arXiv:1709.03797)
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A typical distribution for the y-factor for
heavy neutrinos N at LHCD

Vs =7 TeV

o
g
2
QJ
[=)
c
<

Lorentz y

S. A., E. Cazzato, O. Fischer; arXiv:1706.05990
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Heavy neutrino-antineutrino oscillations
could be resolvable

S. A., E. Cazzato,
O. Fischer
(arXiv:1709.03797)

— 2 _ 1n—"6 . :
SENICE M =10 GeV, |0]° =107, v = 50 (fixed)

Linear seesaw
(inverse mass
ordering)

pp — LiLgjj (LNC)

— 0E0T i (LNV
(using the prediction PP o gl ( )
for AM in the minimal
linear seesaw
model for inverse
neutrino mass

ordering)

Signature: The ratio of
LNC and LNV decays of
the heavy neutral

o
N

leptons oscillates as a
function of lifetime (or
\jvertex displacement)

H Events(x)/& Events(0)

O
)N

Integrated effect discussed in:
J. Gluza and T. Jelinski (2015),
G. Anamiati, M. Hirsch and

g:x?g;z(zza(i;,fsl);ischer (2017), 0.0 0.1 0.2 0.3 0.4 0.5

A. Das, P. S. B. Dev and . (Size, e.d., LHCb‘s VELO)
B. R. N. Mohapatra (2017) Vertex displacement X [mM]
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Sensitivity estimates for
Slqnatures glsterie feutings

23




Sterile neutrino signatures

at pp colliders

Name Final State | Channel [production,decay] |0,| dependency LNV/LFV
: . . 6,05|°
dilepton-dijet lol3)] (W, W] | 92'8 | VIV
. 62951 ) 209
trilepton Lolglyv (We,{W,Z(h)}] 02 , 04| X /v
lepton-dijet Lovjj (Ws, Z(h)], [Zs, W] 10| X
dilepton Colgvy Zs, {W, Z(W)}] {|9a|2<*>, |9|2(*)} x
mono-lepton lovvy (Wg, Z] 160,)2 X
dijet 220 Zs, Z(h)] 6] X

Table 4: Signatures of sterile neutrinos at leading order for pp colliders with their corresponding final states, production and decay channels
(cf. section 2.2), and their dependency on the active-sterile mixing parameters. A checkmark in the “LNV/LFV” column indicates that an
unambiguous signal for LNV and/or LFV is possible (cf. discussion in sections 2.2.3 and 2.2.4).

(*) ;. The dependency on the active-sterile mixing can be inferred when the origin of the charged leptons is known.

S.A., E. Cazzato, O. Fischer (arXiv:1612.02728)
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Sensitivity estimates for sterile neutrino
signatures at the HL-LHC

— Lotojj: 1O=(6.]*/16

latpij: 1O1*=10.651*/16), @# B, (LHC—run 2)
— tolpjj: O1*=[6.05*/16)*, 8

lel frv: |®|2=Z#ﬁ|9a9ﬁ|2/|9|2

lavij: |OF=|0af
tevv: |0*=|9?
Lavvv: |OF =6, [

iiv: 1©F=(61

200 300 400 500 600 700 800
M [GeV]

S.A., E. Cazzato, O. Fischer (arXiv:1612.02728)
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Sensitivity estimates for sterile neutrino
signatures at the FCC-hh/SppC

—— Lalajj: |O*=(6a[*/16]

talpii: |®12=0,051%/161%, @8, (LHC—run 2)
— Lolpij: 1O=|608p*/10%, a8
— Lol v |OP=3,.5100651/16/

LaVij: 10]*=6ef?

128%% |®|2:|9|2

Lovvv: |OPP=]0,?

fivv: 1©=|6 FCC-hh/SppC

500 1000 1500 2000
M [GeV]

S.A., E. Cazzato, O. Fischer (arXiv:1612.02728)
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Sterile neutrino signatures at e"p colliders

Stefan

Name

Final State

Channel [production,decay]

10| dependency

LNV /LFV

lepton-trijet

Jiiha

[Wt(Q), W]

0fa?

VIV

jet-dilepton

sty

(W'D (W, Z(h)}]

{

62
|0€00|2 ) |9 |2(*)}
92 bl e

X /v

trijet

Jagv

[Wt (q), Z(h’)]

02

monojet

N1%2%

[Wt (q)7 Z]

B ?

X

S.A., E. Cazzato, O. Fischer (arXiv:1612.02728)

lepton-quadrijet

J333%a

[Wt (7)’ W]

[Bebal?

VIV

dilepton-dijet

fafgl/jj

(W™ {W, Z(h)}]

92
|069a|2 (%)

= ’ |96|2(*)

X /v

trilepton

b ts vy

(W (W, Z(h)}]

{

10,002 |96|2(*)}

X /v

quadrijet

3333V

[Wt ™ 9 Z(h)]

02

lepton-dijet

L, jgvv

W, Z(h)]

0 ?

dijet

Jjvvy

[Wt(’v), 7]

B ?

monolepton

n%7%7%7%

[Wt(v)’ Z]

B2

Table 5: Signatures of sterile neutrinos at leading order for e~ p colliders with their corresponding final states, production and decay channels
(cf. section 2.2), and their dependency on the active-sterile mixing parameters. A checkmark in the “LNV/LFV” column indicates that an
unambiguous signal for LNV and/or LFV is possible (cf. discussion in sections 2.2.3 and 2.2.4). The upper and lower part of the table contains

signatures where the heavy neutrino is produced via electron-quark scattering (Wiq)) and W+-fusion (WSY)), respectively.
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Sensitivity estimates for sterile neutrino
signatures at the LHeC

— e7jjj: 1O1*=|6e[*/16”
— 77]jj: |®*=6c6-|*/16)?
— T ujv: |O1=(66:1*/16]*
— Vijj: 1O]=|6e|*

jvvv: |O=6e|?

— e vvbb: |O>=|6,|?
LHeC

400 600 800 1000
M [GeV]

S.A., E. Cazzato, O. Fischer (arXiv:1612.02728)
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Sensitivity estimates for sterile neutrino
signatures at the FCC-eh

— e7jjj: [O]°=|6e|*/16°
— 77]jj: |®*=6c6-|*/16)?
— 17 utjv: |O1*=(6e0:*/|6)
viij: |©]*=|6e|*
jvvv: |O)2 =0

— e~ VVbb: |®?=|6,|?
FCC-eh

500 1000 1500 2000 2500 3000
M [GeV]

S.A., E. Cazzato, O. Fischer (arXiv:1612.02728)
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Sensitivity forecasts for
displaced vertex searches




General: Number of signal events from
displaced vertices

Ng: Number of N,n: Overall number of
signal events from events from N decays
displaced vertices

Production cross section o Br into desired final state

NXN
L: Integrated

Y N
Ndv(\/g,E,M,|9|2): Z OXN(\/E,M,|9|2)BrM'j£>< luminosity

x=v 0t

/ D (9,7) Py (2rmin (9) Zanae(9), Aty (T,)) el

Now in addition one needs:

D,n: Probability distribution Dy Prébability distribution - Efficiencies for the various
for producing N with for for the decay to occur FCC detector regions, ...7?
certain 6 and y. within a certain detector part. - Backgrounds when closer

to primary vertex, cuts ...?
— A lot of work to be done ...

Stefan Antusch = University of Basel



Parameter sensitivities of the different
detector regions

Example: FCC-ee, Z pole run, SiD-like detector

,,,,, Decay rate of N increases

---------------- with M and |8|? — Outer
detector regions can probe
smaller M (and for a given
M smaller |6|?)

] inner region
tracker+vertexdetector
ECAL+HCAL

W uCAL

I Y T S S Y Y N (S R H N S

20 40 60
M [GeV]

Plot by Eros Cazzato

Stefan Antusch > University of Basel



Estimated/“first look‘ sensitivities via
displaced vertices at FCC-ee, -hh and -eh

B 10-10-;

10-”-;

10—12. |

E.n =350 GeV M [GeV]
E.n = my; E.n =250 GeV;

Estimate for FCC-ee [using
SiD-like detector, L = 110 ab! at
the Z pole]:

S.A., E. Cazzato, O. Fischer
(arXiv:1604.02420)

See also:

Blondel, Graverini, Serra,
Shaposhnikov

(FCC study team, 2014)

Stefan Antusch

“First look” result for FCC-hh:
S.A., E. Cazzato, O. Fischer
(arXiv:1612.02728)

[Assumed for FCC-hh “first look™:

Xmin = 1mm’ Xmax = 1m’ yaverage =
40 (LH-LHC), 100 (FCC-hh),
L= 20 ab', 100% efficienty]

1079}

FCC-hh/SppC

“First look” result for FCC-eh:
S.A., E. Cazzato, O. Fischer
(arXiv:1612.02728)

[Assumed for FCC-eh “first look”:
Xmin = 1MmM, X = 1M

Yaverage = 3 (LHeC), 5 (FCC-eh)
L= 1 ab-', 100% efficienty]

University of Basel



16]°

ce also A A D aSe
z 300.07390
10 3 surface
ngtr&"éard surface MATHUSLA
<
—5 C_/]) 7] ”
107>+ S 2 standard” setup
P/ >
=
,ah ao\
P z=100 m z=300 m
1 0—7 L
9 . z (m] y [m] 2 [m]
10~ < , “standard”  [100,300] [100, 120] [-100, 100]
* z [m] r m] ¢ [m]
_ . “forward” 20,40] [5,30] 0, 27]
estimates :
-11 o o o A Table 1: Possible detector geometries for MATHUSLA at FCC-
10 hh. The origin of the coordinate system is the IP, with
5 10 15 20 (z,y,2) = (0,0,0), with the z axis pointing along the direc-
tion of the beam, and y in the vertical and x in the horizontal
M [GeV] direction. The “forward” detector variant is assumed to be

symmetric in the angle ¢ (which rotates in the z-y plane) and
with the fiducial detector volume starting outside of an inner
circle with radius 5 m (to account for the beam pipe).



