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INFN
C ==-Can HNLs be the origin of the neutrino masses and oscillations? é
SU(2)xU(1),, singlet Right Handed Neutrinos responsible of the neutrinos’ mass generation
can have any coupling/mass in the white area, assuming an approximate U(1); global symmetry
0.05 eV 1TeV 1016 GeV
One or few of the Yukawas exceed unity.
-> perturbative treatment is not valid. \l\ \L \L
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(In this domain HNLs interact with Ul /W W W %
the neutrinos too strongly and would SN ////////////////// Couplings masses. and number
lead to visible effects in different 10" '_/13/ v //7 7 - " - ’ ’
neutrino experiments, would modify 10 10 01 10 10 10 of HNLs are unknown:
the invisible width of Z, etc.) T ZT T T N = 2 if m(active ]ightest) =
LSND v MSM LHC GUT | see-saw

N = 3 if m(active lightest)>0

Majorana mass, GeV



-

IN FN
_ =s-Can HNLs be the origin of the neutrino masses and oscillations? ﬁ
SU(2)xU(1),, singlet Right Handed Neutrinos responsible of the neutrinos’ mass generation
can have any coupling/mass in the white area, assuming an approximate U(1); global symmetry
0.05 eV 1 Tev 10 Gev
Shaposhnikov 0605047
Kersten,Smirnov: 0705.3221
: : ? - - Standard choice:
Alternative choice: Y\ | —— ~strong coupling
EW “see-saw”’ el @1000 GUT see-saw
MSM typ % b T i ) / . It “natural” to assume that Yukawa
(IV ) ) ) = lidadhauil 7 //////; couplings of the RH neutrinos
t is “natural” to assume that the | —Guu A } 7 .
m fthe RH neutrin O o5k kW are similar to the top Yukawa, o(1).
are below/around the EW scale % . // ’ 7 /%%/// //7/ //
3 VWt /747 P2 o
7 /%?5‘//3////%7/%7/¢//7//// Mp =~ - ~ 6 X 107" GeV
NB: Masses at the EW scale and T %%%WWW too’ W Matm
Yukawa ~ 10"%-10° G
could be a consequence of a 1077 = /7 ” - ” -
“symmetry-protected” scenario. 10 10 ' 10 10 10
LSND T v MSM T ZfLHC GUT Tsee-saw

Majorana mass, GeV

Large spectrum of possible masses. Here we focus on the 0.1-100 GeV range. 3
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Update November 2019

INFN .
C HNLs experimental searches: current status
0.05 eV 1TeV 1016 GeV
. \L i ] JI 1 ] J] Updated status of HNL searches for electron-coupling dominance
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Majorana mass, GeV

For my=2 GeV, U? ~ 1078
-> Yukawa coupling ~ 107°
(like the electron...)
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Can we infer any information about HNLs from active neutrinos?
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Very little: in fact with 3 HNLs we introduce 18 new parameters that can easily accommodate any PMNS pattern.
But, in presence of additional terms, the PMNS matrix could become not unitary:

(- e What do we know about HNLs couplings to active neutrinos?

Leptonic mixing matrix for 3 active neutrinos and 2 RHN in the limit of exact symmetry
(3 active neutrinos massless and 2 heavy neutrinos with degenerate mass values)

(- N .
PMNS matrix ( Nel Ne2 NeS _% € %ee \
” Ny,l NuQ Np,B _ﬁeﬂ %0#
U — kN'rl NT2 NTB) —ﬁer %07-
i 1
0* O* O* —1 % 12 E 1
\ —0; _9u —07 T;(l — 36%) \/-( — 3t %) /

The leptonic mixing matrix U is unitary up to second order in theta:
—> The PMNS matrix becomes the non-unitary 3x3 submatrix N See Stefan’s talk

The mixing of the active and sterile neutrinos can be quantified by the mixing angles:
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HNL-active neutrino mixing angles and PMNS non unitarity

™

Current knowledge of the active neutrino mixing angles is still very poor
with respect to e.g. CKM elements:

CKM

0.97446 + 0.00010  0.22452 4+ 0.00044  0.00365 + 0.00012
Vora = | 0.22438 £0.00044  0.97359700001)  0.04214 + 0.00076

0.008967 000023 0.04133 %+ 0.00074 0.999105 + 0.000032

PMNS 30

NUFIT 3.2 (2018)

0.799 — 0.8344 0.516 — 0.582 0.141 — 0.156
\Ulss = | 0.242 — 0.494 0.467 — 0.678 0.639 — 0.774
0.284 — 0.521 0.490 — 0.695 0.615 — 0.754

Precision might be key not only to to discriminate different models and identify a clear

pattern but also to shed light on the possible PMNS non-unitarity effects.




(M. HNL-active neutrino mixing angles and PMNS non unitarity !

The present status of neutrino oscillation experiments allows to do some quantitative analysis.
One can use the statistical information about the light neutrino parameters gathered
in various neutrino oscillation experiments to obtain a probability distribution for the U2,/Uz2

Normal Mass Ordering Inverted Mass Ordering

light neutrino

mass splittings

N-mass M

and splitting AM

Dirac phase 0 lightest V mass complex

WAVAVA. . Y4\
)
0. 0.2 0.4 0.6 0.8 1.
Uei®IU?

Majorana phase a || (almost) vanishes || angle w

In case of one generation the seesaw formula holds:
U2 = VZFZ/mNZ (c) Flat prior on «, using NuFIT 3.2 data. (c) Flat prior on a, using NuFIT 3.2 data.
M. Drewes et al., 1801.04207

We cannot know absolute values of couplings to the three active neutrino generations
but we can constrain the ratios.
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The present status of neutrino oscillation experiments allows to do some quantitative analysis.
One can use the statistical information about the light neutrino parameters gathered
in various neutrino oscillation experiments to obtain a probability distribution for the U2,/Uz2

Normal Mass Ordering Inverted Mass Ordering

light neutrino

mass splittings

N-mass M

Dirac phase 0 lightest V mass complex

Majorana phase a || (almost) vanishes J|angle w | | and splitting AM 0.8 SNSRI N 0.
AVAVAVAVar. S
1. = 0.
_ 0. 02 04 06 08 1.
In case of one generation the seesaw formula holds: Ui 2IU2
U2 = VZFZ/rnN2 f (¢f Flat pri Tusing NuFIT 3.2 data. (c) Flat prior on a, using NuFIT 3.2 data.

Single flavor dominance (very conservative) M. Drewes et al., 1801.04207

We cannot know absolute values of couplings to the three active neutrino generations
but we can constrain the ratios.




L e HNL-active neutrino mixing angles and 0p é

™

The present status of neutrino oscillation experiments allows to do some quantitative analysis.
One can use the statistical information about the light neutrino parameters gathered
in various neutrino oscillation experiments to obtain a probability distribution for the U2,/Uz2

without &¢p with 8¢p = -t/2 +- T/9
0. A 1.

light neutrino light neutrino

Higgs vev v

mixing angles mass splittings

N-mass M

and splitting AM

Dirac phase 0 lightest V mass complex

Majorana phase a j(almost) vanishes || angle @

02 04 06 08 1.
UePIU?
2 — yr2K2 2 . .
U =V F /mN (C) Flat prior on <, using NuFIT 3.2 data. (b) Using the NuFIT 3.2 data

M. Drewes et al., 1801.04207

In case of one generation you have the seesaw formula:

Inclusion of knowledge of 8. does not change
dramatically the situation
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_ ==we HNLs mixing parameters: lower limit from lightest active neutrino A
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) Electron coupling dominance: U?: U2: U2 = 1:0:0 Update November 2019
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Lower boundary depends on the mass of the lightest active neutrino
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Current cosmological limits on the sum of
neutrino masses is between 0.12 ~ 0.14 €V,
(depending on what dataset you use).

From oscillations we know that

Y. m, >= 0.10 eV for Inverted Ordering
Y. m, >= 0.06 eV for Normal Ordering.

Sprenger et al., 1801.08331

/
0.0%

Current knowledge on the absolute active neutrino masses

2

=  Current cosmaological 95% C.L. uppér imit (Paper 1)
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=  Normal ordering ||
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New data from Euclid and Square Km Array
(SKA) will be able to bring the cosmological
limit down to ) m, <= 0.06 * 0.02 eV
and shed light on the value of the mass
of the lightest neutrino

(and the seesaw limit of HNLs...)

10



L e HNLs and Big Bang Nucleo-synthesis %

Electron coupling dominance: U?: U2: U2 = 1:0:0 Update November 2019

iz

Big Bang Nucleosynthesis (BBN): o 107
to avoid tension with the observed abundance

of light elements in the intergalactic medium, W s
HNLs should be enough short-lived that their
CHARM

decays do not disturb the primordial
nucleosynthesis and the measured density of

light elements (eg. “He).

=1712.03275
] TA T2K,1902.07598

[ N W
NA62. 12102 K" — e* v decays, preliminary

NB:

any feebly-interacting particle should decay before 107"

0.1 sec (< BBN) or after 300,000 years (eg. Dark Matter) 107"

in order to not perturb BBN and CMB expectations 1012 |

- see Hufnagel et al, arXiv:1808.09324. 107! 1 10 02
my (GeV)

11



How can we directly search for HNLs?



s HNL production modes

=l

(and corresponding experimental facilities)

If the HNLs exist, they would be produced in every process containing active
neutrinos with a branching fraction proportional to the mixing parameters |U, , . |>.

K decays — kaon and neutrino experiments; )
D,B decays — B-factories, LHCb and beam-dump
W decays — LHC and future pp, ep colliders
\ Z decay @ — LEP and future e+ e- colliders )
[1 € 17
D, ,
Ue puzl?
*\T € N\

12



U2.:U2,:U%, = 1:16:3.8

Normal hierarchy of active neutrino masses

HNL production modes via D and B decays

!

HNLs can be produced in decays where a neutrino is replaced by a N (kinetic mixing, U?);

Ds—Ne
— De—>Nu

U2 =02 +U%,+U2, =107

—— Ds—> Nt
=mms D">Ne
am=s D"—>N
—D*%K‘#eN

/ Production via D, B decays \

- D—KI{N

- Dg —¥¢N

- Dy — 1y, followed by 7 - pvNorT =N
- B—{¢N

- B—-DIN

D*-K''eN
11 D°—~K*eN
1\ 10 ZoEEEEEEEEEgy D°-KYeN
m SLETT D Ll . —D*—>K"(’5LN
10_12 .. .'\t" s D;—>K uN
oV e e - 3, , —D’—=K*uN
D ....... PR~ x‘ - DK )MN
N—" 1013 ............... == - R RRZS ===t Ds—tv,t>aN
-------- el i .- \ Ds—>‘rvt,‘r—>uvIN
_____ 03‘.‘ ‘, s Ds —tv, T—=€v,N
10.14 I L LS o 1 s Ds =TV, T>uv N
m _____ 2N e\ wmm=s Ds—=tVv,T>€veN
. be) N\ BR(B*—Ne)
10—15 - N5 = BR(B* — N y)
----------------------------- :_ , . : BR(B+~>N17)
.............................. i SRR YR BR(B*—De*N)
-16 HE ARG ) ==: BRB*—~Du*N)
L0 ™ - [ | A | -+ BR@'—~DvN)
--------------------------- N LI‘ Y : L BR(BOQD-E*'N)
17 BT T . L + =1 BR(B"—D u*N)
10° ‘ tay o . BR(B"—D N)
-18
10
19
10
10'20 l/l 1 1 ¥ ¥ |lq l r 3 aal 1
107 1

Green-ish: U2, dominated
Blue-ish: U?, dominated
Red-ish: U2, dominated

10
m, (GeV/c?)

- Bs -+ Ds{N
- J

Similar production processes for K decays

13
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HNL production modes at ee, pp, ep colliders:

ee colliders: 7 in s-channel (dominant at the Z pole), W in t-channel (for higher energies)

e v -
€ > . vV

et N et . N

pp colliders: Drell-Yan processes (dominant), Higgs boson decays, gauge boson fusion (eg: W y )

Drell-Yan —

a(d) N X
Z(W*) /
B 0e,0u0r N
q G X
ep colliders: W in t-channel and W y boson fusion See Stefan’s talk
€ > N e N
W= W
q . R / W=
production channel: Wt(Q) production channel: W (") 14



C e HNL production modes 2\

™

v Production processes and related

experimental facilities:
K decays = — kaon and neutrino experiments;
D,B decays — B-factories, LHCb and beam-dump
W decays — LHC and future pp, ep colliders
Z decay = — LEP and future e+ e- colliders

Thresholds set by the production process.

Electron coupling dominance: U?: U2: U2 = 1:0:0 Update November 2019

10 s
Sics E‘VPI)

U, P

v The decay rate is proportional to the mass to the
fifth power:

TN —weak X |Uat|” GZ M?
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(L e oere H N L d ecC ay mo d es

Once produced, they can then decay again to SM particles through mixing (U?) with a
SM neutrino. This (now massive) neutrino can decay to a large amount
of final states through emission of a Z° or W boson (NC or CC currents):

I/f,ff

/ Decay channels \
N — H%, with H? =79, p% n, o/
v N — HEF, with H =7, p
N > U?Q > g, v N — 3v
f Z, W N — (;tffl/]

\N — Y fi ’$ J

q,t,v

16



Normal hierarchy of active neutrino masses

U2.:02,:U2, = 1:16:3.8

HNL decay modes

— BR(N—p 1)
— BR(N—pe)
1 —BR(N-0p
— —pT N
BR(N—xv) vt
|—BR(N—xe)
— BR(N—>mt 1)
== BR(N—nx7)
BR(N—3v) vy
BR(N—>1, |,v) N - o > q,t,v
BR(N—euv) U
---BR(N—eTv) f zZ,W
%%]---BR(N—utv)
— BR(N—1 X)
+ = BR(N— eev) _
+= BR(N—=uuv)
= BR(N—=TtV)
.=BR(N—q ql)
- BR(N—>§%.V

T / Decay channels \
N — H%, with H® =70, 0% n, o/
N — H*(F, with H =7, p

N — 3v

105 . ,,,L,| L . , ol . N—)ffﬁf}/j

10

10" 1 10 N — vt
m,, (GeV/c?) \. j

Green-ish: U?, dominated
Blue-ish: U?, dominated
Red-ish : U?_dominated 17




HNL experimental searches:
the past, the present and the future



C fre HNL searches - the past (1986-2013)

1986: CHARM @ CERN

Phys. Lett. 166B (1986) 473

Dump of o(2 - 10'®) 400 GeV protons on a
thick Cu beam dump; look for visible decays
with electrons in the final state in the 35 m
long decay volume with a spectrometer of
3 x 3 m? cross section.

Electron coupling dominance: U?: U2: U2 = 1:0:0

LN

2

Update November 2019

Belle

107 |

(2

_8 :
107° pesay 7

107°

NA62,11.2 To¥

CHARM

T2K,1902.07598

K* g> €* v decays, preliminary

EWPD

=

CMS

<

my (GeV

18



- e Search for HNLs at the SPS in the ‘80

Phys. Lett. 166B (1986) 473

(signed by Ferroni & U. Amaldi).
Timing layerg,

P3,PL PS
veto S DECAY DETECTOR\\ e

DECAY LINE 0~ |oh‘ 35 m‘l decay VOIFHme EGB%‘E?ETER
Proton beam impinging — - — - - | = .
on Cu-based dump

480 m upstream

of the decay volume V LINE .
5m COHS DETECHOR ARM DETECTOR
_ o e—

S

sm| SCALE P1,..P5. 5 tracklng stations,

4 planes of drift tubes each

e

CHARM result still dominates the sensitivity for U?, up to the D meson mass (after > 30 years)

19
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di Fisica Nucleare

INFN HNL searches - the past (1986-2013)

1986: CHARM @ CERN 1 0_2 Electron coupling dominance: U: U2: U? = 1:0:0 Update November 2019
Phys. Lett. 166B (1986) 473 N EWPD /]
Dump of o(2 - 10'®) 400 GeV protons on a = 107 e Ay N
thick Cu beam dump; look for visible decays 107 ‘ I\ e

with electrons in the final state in the 35 m
long decay volume with a spectrometer of

3 x 3 m2 cross section.

1988: PS191 @ CERN —
Phys. Lett. B203 (1988) 332

specifically designed to search for neutrino decays
in a low-energy neutrino beam. Made of 10 m
long nearly empty decay volume instrumented by
flash chambers, calorimeter and scintillator
hodoscope. 2 Dominated the mass range below

the kaon mass until 6 months ago. 20
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INFN HNL searches - the past (1986-2013)

1986: CHARM @ CERN

Phys. Lett. 166B (1986) 473

Dump of o(2 - 10'®) 400 GeV protons on a
thick Cu beam dump; look for visible decays
with electrons in the final state in the 35 m
long decay volume with a spectrometer of
3 x 3 m? cross section.

1988: PS191 @ CERN

Phys. Lett. B203 (1988) 332

specifically designed to search for neutrino decays
in a low-energy neutrino beam. Made of 10 m

long nearly empty decay volume instrumented by
flash chambers, calorimeter and scintillator
hodoscope. 2 Dominated the mass range below

the kaon mass until 6 months ago.

2

Electron coupling dominance: U: U2: U? = 1:0:0 Update November 2019
EWPD
| CMS
{ I Ve —> VIT
Ve —> Vqq
v, —> lqQ

. B

ee Bay,

1997: LEP data dominated by DELPHI:
3.3 x 10° hadronic Z° decays at LEP1 (Z —v N);
Prompt and displaced decays. Z. Phys. C74 (1997) 57.

10

<

my (GeV

21
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2013 Belle @ KEK: 772 M of BB pairs, leptonic and semileptonic B mesons
decays, B— X1 N, wherel =¢, pand X = K (*), D(*, (p,T, 1, etc.) or nothing;
range of masses between K and B masses. Phys. Rev. D87 (2013) 071102.

C fre HNL searches - the past (1986-2013)

1986: CHARM @ CERN

Update November 2019

Phys. Lett. 166B (1986) 473 = 107 ~ EwPD
Dump of o(2 - 10'®) 400 GeV protons on a = 107 |
thick Cu beam dump; look for visible decays 107} - CMS I
with electrons in the final state in the 35 m 107 ‘ I
long decay volume with a spectrometer of 1076 = I
3 x 3 m2 cross section. 107 I
1078 fesey I
1988: PS191 @ CERN 107"k :
Phys. Lett. B203 (1988) 332 107" Z,W,
specifically designed to search for neutrino decays 107" | |
in a low-energy neutrino beam. Made of 10 m 10712¢
long nearly empty decay volume instrumented by 107! 1 10 my, (Ge\})oz

flash chambers, calorimeter and scintillator
hodoscope. 2 Dominated the mass range below

the kaon mass until 6 months ago.

1997: LEP data dominated by DELPHI:
3.3 x 10° hadronic Z° decays at LEP1

Z. Phys. C74 (1997) 57. 22
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2018: CMS: trilepton search, any combination of electrons/muons,
prompt decays only, LNV or LNC, (N-> W 1, W -> I’ nu)
13 TeV, 35 fb-'. 1802.02965 (not much better than DELPHI)

Update November 2019

=

HNL searches - the present (2018-2019)

2018: PIENU @ TRIUMF M13 beamline,
107 n* — e* v decays, p = 75 MeV
(4 years of data taking).

Phys.Rev. D97 (2018) no.7, 072012




C fre HNL searches - the present (2018-2019)

2

2018: CMS: trilepton search, any combination of electrons/muons,

2018: PIENU @ TRIUMF M13 beamline,

107 n* — e* v decays, p = 75 MeV
(4 years of data taking).
Phys.Rev. D97 (2018) no.7, 072012

2019: NA62 in kaon mode, preliminary
1.2x10'2 K* decays in FV (30% of 2016-2018 dataset)
[Goudzovski, KAON2019]

2019: T2K, off-axis ND28§0,

2010-2017 dataset,
(12.34x10%° pot (v-mode) and 6.3 102 pot (anti-v mode))
Phys.Rev. D100 (2019) no.5, 052006, arXiv:1902.07598

prompt decays only, LNV or LNC , (N-> W 1, W -> |’ nu)
13 TeV, 35 fb'. 1802.02965 (not much better than DELPHI)

Electron coupling dominance: U: U2: U? = 1:0:0 Update November 2019

-2
L, 10 EWPD |/jI
=) 1073 .-

41 Belle

0 I\ e

107§

10_1 1 10 02
my (GeV)

NA62 and T2K pushed the 90% CL exclusion limit
down to the BBN boundary. Beautiful results. 24




The NA62 experiment @ K12 in EHN3
(the “Kaon Factory”)

https:/ /na62.web.cern.ch/

NAG62 currently running in K12. Main goal: measure the BR(K+ —n+ v vbar) with 10% accuracy.
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(- e The NA62 CXP eriment - laYOU.t

™

Detectors for decay products

E.M. Hadron
Charged calorimeter calorimeters

E.M. Hod
calorimeters OCOSCOPES (forward)
Detectors for (eyge angles) W ll ‘
secondary beam et A
Beam JA' H - E:)
Be target Kaon ID guard | - S
‘l ( ring & o |
—_— =11 o N = == - L T — e E
D“‘g ||3|£ 1 O L SU’[ [ o
beam 7: o i Decay volume <t
Beam (60m, 10-6 mbar vacuum) T
Acromat for tracker ” H H H H
precise beam HE
momentum selection H ” " H |

Straw spectrometer  pMuon Veto}

0 50 100 150 200 256 m

Physics run 2016 (30 days, ~1.3x1072 ppp): 2x10"" useful K* decays.
Physics run 2017 (161 days, ~2.0x10"2 ppp): 2x1012 useful K* decays.
Physics run 2018 (217 days, ~2.3x10"2 ppp): 4x10'2 useful K* decays. 25



w g&ﬁ‘é?ﬁil‘i‘:ﬂ: NA62 in ka on Mmo d c

!

HNL search in K*— e*N and K*— p* N decays: bump hunting over continuous background spectrum

™

S T - A E : '
_ = S ]~ Data [l e | —— Data
K+->e+nu, BR 1-6’<1? ...................................... S I:IKf . - . _ K+->mu+nu, BR=64%: | || I:I K sy (E <10 Mew |
1.19M candidates —en i 920M candidates VY (E <10 MeV)
: |:] K —=u'v |:] T —u’v (upstream) | |:| K s vy (E_{>1O MeV)
’ 05 ------------- 1 07 ........................ ..................................... - K*—u*vy (upstream)
"""" :I K -snn'n

HNL search window

al | T, & R 1
10 T . :: 10°

istagged as K)

| K+—pv, p— e nu nubar
(suppressed by good vertex 1

10°
PR AT T N N AR N oo e v g gy L v 0y
0.05 0.1 0. 15 Og -0.1 -0.05 0 0.05 0 1 , 0415
m|ss [GeV7ic ] I’T‘IISS [GQV /c ]
squared missing mass: (Pg-Pg)? squared missing mass: (Px-P)?

Searches are background dominated - progress will be slow 26



INFN NA62 in dump mode

Dump mode allows NA62 to search for Hidden States above the K* mass.
Switch between kaon and dump mode possible within minutes.
~3x10'% pot collected in dump mode in 2016-2018 (~50 integrated hours of data taking)

Signal signature:
a vertex appearing in the decay
volume and nothing else

beam and the beam let impinging on the
collimators (Cu-based) 2x10.7 A,.

[Be target can be moved away from the] |

} t

- VILJ__W

e s -T--:—“-—-——> IaIS_Fr“’[g:h E

II II Si tracki ing ALP q

e e ‘ stations S ]
TH-™

bending --____-

dipoles

NAe62 intends to collect 10'® POT in dump mode before LS3 (e.g.: by 2024-2025)
This corresponds to 3-4 months of dedicated data taking at 100% (or slightly more) beam intensity.

27



INFN NA62 in dump mode

Dump mode allows NA62 to search for Hidden States above the K* mass.
Switch between kaon and dump mode possible within minutes.
~3x10'% pot collected in dump mode in 2016-2018 (~50 integrated hours of data taking)

Signal signature:

a vertex appearing in the decay
volume and nothing else

beam and the beam let impinging on the |E&==
collimators (Cu-based) 2x10.7 A,.

[Be target can be moved away from the] \

SPS protons

Um
400 GeV/c H
102 p/s /PAt Tpxes TS :;F T‘f
=3 B iy K e 1 E
I |_ e e 2 > | ~
= %neutrlfl_(;k;_ﬂgﬁzﬁ'{>halo 1] >
«—> <€
T A— A

Two types of background expected:
1) muon combinatorial background:

—> mostly out-of-time tracks, not pointing backwards to the target; main detector to reject it: tracker and charged hodoscopes
2) neutrino and muon inelastic interactions with the detector material, namely with the decay vessel;

— mostly in-time tracks, not pointing backwards to the target; main detectors to reject it: tracker for pointing & VETOes. 28



Combinatorial p+p- background

An example of how the p+p- background looks like in a dump experiment

—_ = DN
S wnm O

Signal region
Bkg control region

| |
—_ = |
wnm O W

|
[\
-

0 200 400 600 800 1000 1200
Impact parameter wrt production point [mm]

I
\®]
N

Difference in time of the two tracks (ns)
@)}

Dimuon background is dominated by combinatorial background.
hence it is intrinsically made of out-of-time events with sparse IP values.
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muon/neutrino inelastic interactions: m*pu* background

An example of how the m+u- background looks like in a generic dump experiment

_2 5 PR TR T NN T T T NN T S S ' T T I TN SRR TR NN TR T
0 200 400 600 800 1000 1200

Difference in time of the two tracks (ns)

Impact parameter wrt production point [mm]

m+U- background is dominated by inelastic interactions,
hence it is intrinsically made of in-time events with whatever IP. 27
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i TR

But typically this background is concentrated
close to a piece of material (eg: endcap of the
decay vessel)...

—1000
—1500 ﬁ
—2000 M BT T S S RS SRR T R :
SPS protons 80 100 120 140 160 180 200
400GeV/c, 1m
1012 p/s pi* J‘(
. ! , : — |
) W Il
~ RICH
neutrino & muon halo _J 1
T EM.
Straw calorimeters
-100 m ~150m PO (amall angles
i e —>4 + > 2 8




NA62-dump:

Addendum CERN-SPSC-2019-039
submitted to the SPSC in October:
2-3 months in Run 3 to collect ~10'® pot
in dump mode and go beyond the K mass.

4

1 0_2 Electron coupling dominance: Uf: Uﬁ: U2 =1:0:0 Update November 2019
EWPD .
1 0—3 N\
Belle
107 1,
[ CMS
107
6 CHAR
10~
—7 -
10 V4 624
i
_ , Il
10 8 LV 0 81)ot
T2K,1902.07598

my (GeV])02
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s HNL searches: the short-term future (2021-2024) A

Electron coupling dominance: Uf: U2: U2 =1:0:0 Update November 2019

- EWPD /j
Belle
CMS
10 cm radius, 1.5 m long ~
approved by the CERN Research Board |, P
In March 2019 and being installed now T2K,1902.07598

@ TI12, 480 m downstream of ATLAS IP.

NA62-dump:

Addendum CERN-SPSC-2019-039 02
submitted to the SPSC in October: My (GeV])
2-3 months in Run 3 to collect ~10'® pot
in dump mode and go beyond the K mass. 29




HNL experimental searches
the medium-term future (10-15 years)



HNL searches: the medium-term future (2028++)

FASER2: upgrade of FASER detector
R =1 m, length = 5 m
Aim to collect 3 ab™' in HL-LHC era.

4

If: U? = 1:0:0 Update November 2019
R H-2ND\. EWPD P
1 0_3 ANANANN ==
| CMS
107 o ||
; ol CHA
10 1 - X
_7 ] N \ \‘
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2 98
107 et I bt v MATHUSLA200,3 ab’!
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11 ()
10 €ty 04) ee Saw
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107! 1 10
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s HNL searches: the medium-term future (2028++) A

FASER2: upgrade of FASER detector
R =1 m, length = 5 m
Aim to collect 3 ab™' in HL-LHC era.

I2: U2 =1:0:0 Update November 2019
— v = 1NN \ e EWPD D
10_3 P A\, ANNEA LN -
CODEX-b: 1708.09395, 1911.00481 i N
— ’j 9 N
- UXA hall, 25 m away from LHCb IP 10 [ > CMS
i L 0
300 fb-1 in Run 5 : Syll] ciaRy
- 10x10x10 m®* RPC-based detector. 10 ! RN
-7 ] N S / ‘\ ‘\‘
DELPHL /— CODEX-b bax Wl \ 10 A 102 o ' SHiP,2x10% pot
L D, S< » _solid: withou
. 10_8 4 Izj;:’ 0 Pog o -dotlt(eid: W::;l Bt 1(;Gpper limit)
G ‘ — 2K, 07598
| 17/ : o ‘! : . . 10_9 A6 ,ly.i 2K |5 et v decaPmprelmms MATHUSLA200, 3 ab-l
) = 3‘” I = c§:::: solid: B,D mesons
g 1 th i ilﬂwl ''''' 2 jLI—IC '..,'{ 1071 0/"84, dotted: W,Z
o~ | ‘ ! Comae / E -1 arbetec 00
I EN ; w ‘ oy | 10 lo,. 47 ce SaW
1*“~W~\ ”Amﬁ ’ | —12 1 1 T | 1 1 A | 1
= Sy 0 107! 1 10 0?
— | 1 YA as
| i | WP 15 mN (Ge\/])
| SO AL
. i | A lot of creativity in proposing the use of unexpected sites....
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s HNL searches: the medium-term future (2028++) A

MATHUSLA: 200x200 (or 100x100) m?2 on top of CMS
20 m of decay volume, 1 veto layer, 5 tracking planes;
3 ab™' in the HL-LHC era [1606.06298, 1806.07396, CERN-LHCC-2018-025]

1 0_2 Electron coupling dominance: U?: Uf: U? = 1:0:0 Update November 2019
h 3 |
O \\\\ EWPD ]
ot 1 \“ -m
10—4 FASER, v !y Be \ S
= ~ & ~ {b.l CMS
_5 | ~
10 DN
: 1 O— ~
-7 - < 0 ¥ St ‘\ \‘
10 A Rew s “<X\ )\ SHiP2x10% pot
10—8 ENIf‘gf 1 ~<J7.." - solid: without B,
3275 - dotted: with B, (upper limit)
2K TS207598
107 NAG A TOERT b e v andsorstm: MATHUSLA200, 3 ab™!
10 solid: B,D mesons
10~ UNg dotted: W,Z
Neal‘b N
—11 €7,
10 ectol, 6’4) ee Saw
— L L L L 'l L1l I L L L L L L1l 1l L
10 12 |
107! 1 10 W
my (Ge

A lot of creativity in proposing the use of unexpected sites....
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HNL searches: the medium-term future (2028++)

MATHUSLA: 200x200 (or 100x100) m?2 on top of CMS
20 m of decay volume, 1 veto layer, 5 tracking planes;
3 ab™' in the HL-LHC era [1606.06298, 1806.07396, CERN-LHCC-2018-025]

4

N 1 0_2 Electron couplhng dominance: U%: Uf: U? = 1:0:0 Update November 2019
50 = ! \\\ EWPD .
— 1 3 \“ -m
F .
107 JSew, it Be
~ & ~ N [b.l CMS
S . - - g 10_5 S S
(=4 ‘c'.' - - our o l/area 6 21 ICHA .
» —" e 10
’= 1 LM e pige 7 0 S . . \\‘
L 1 b 10_ 4 s ‘ 20
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2 98
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DUNE (preliminary): 12 years of data taking,
2x1022 pot collected; K and D produced in a

graphite target
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(i HNL searches: the medium-term future (2030++)

MATHUSLA: 200x200 (or 100x100) m?2 on top of CMS
20 m of decay volume, 1 veto layer, 5 tracking planes;
3 ab™' in the HL-LHC era [1606.06298, 1806.07396, CERN-LHCC-2018-025]

LLP Docay Volume

-

-
@ -

- ’ -"'
-
§I ,0":";;=1Lu' Opp & 1/area
" “"‘_{."
] 1 LHE b pige
L J L
£100m ~100m

SHiP @ BDF: 5 years of data taking, 2x102° pot
will dominate the searches between K and
B masses:

- SHiP Technical Proposal: arXiv:1504.04956

- The SHIP Physics Case: arXiv: 1504.04955

- SHiP Progress Report: CERN-SPSC-2019-010

- SHiP Comprehensive Design Study in preparation

!

1 0_2 Electron coupling dominance: U?: Uf: U? = 1:0:0 Update November 2019
= \\\ EWPD I
3 N -=
1 S
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DUNE (preliminary): 12 years of data taking,
2x1022 pot collected
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http://arxiv.org/abs/arXiv:1504.04956

Eid The Beam Dump Facility (BDF) in the North Area (&)

~Colliders

1 o /A 400 GeV proton beam
4 7 up to 4x10" pot/year

(the same number

sent to the CNGS)

E
|

SHiP experimental hall
TALTVF

Target building

hall
Surface Services Gas |
JURA  hall building building

G

o

Brand new high-intensity proton beam prop(h)sed in the North Area .



5 9 SHiP @ BDF

*Beyond
Colliders

Beam:
400 GeV/cp

4x1013 pot/sp B, K, D, photons
2x102% pot/5

v Hidden particles have very feeble couplings, hence they are (very) long-lived:

- The 60m-long, in-vacuum decay volume allows SHiP to be sensitive to extremely low couplings (long lifetimes);
v Hidden particles from D and B decays have large py:

- SHiP large geometrical acceptance maximizes detection of decay products.

33




i SHiP @ BDF: Hidden Sector Spectrometer

*Beyond
Colliders

Beam:
400 GeV/c pro
4x1013 pot/spil B, K, D, photons
2x1020 pot/5 ye

Timing P
detector = Muon
system

racking
system

A standard spectrometer

"\ Em & Hadron
calorimeters 34



o ~ SHiP @ BDF: Active Muon Shield

*Beyond
~“Colliders

Beam:
400 GeV/c

4x1013 pot
2x102% pot

Prompt dose rate muons

2000

1500

1000

500

% (cm)
o

Active Muon Shield: 1500

40 m long, 1400 tons of magnets,
sweeps out muons emerging from the target.

z(cm)

0 2000 4000 6000 8000 10000 12000

2

1x1010
1x108
1x108

10000

usv/h

100
1
0.01

0.0001
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5 Muon coupling dominance: U:: U;:Uz = 0:1:0
N_:. 107 l EWPD /
2 1073
—4
10 DELPHI
107
FASER2, 3 ab™ =
—6 X ~ -1 SHiP,2x10"" pot
10 CODEX-b, 300 fb - solid: withouﬂ B,
10_7 \ % -dotted: with B, (upper limit)
. 20 i
Yo, et i SHiP2x107 pot, MATHUSLA200,’3 ab
10—8 2 : e : et - solid: without B, ™. solid: from B.D inesons
. : e SO - dotted: with B, (upper limit) solid: from B, m{wm
' ¢ - dotted: from W,Z
10‘9 MATHUSLA200, 3-ab ) ;
10 -- B,D mesons
10~ . W.Z FCC-ee
1071
10—12 T N T B | Lol 1 1 L1 1 111

10 0’
My (Ge\/l)



HNL experimental searches:
the very far future (20-30++ years)



Eps’g» HNL experimental searches: the very far future

LHeC (1 ab’!, 60 GeV e, 7 TeV p) and FCC-eh (3 ab’!, 60 GeV ¢, 50 TeV p)

Electron coupling dominance: U”: U2: U? = I}Q

1072 =
M 107 |
o 10 E Sources:
@ 10°5 3 1. Submission #159 to ESPP
E “Exploring the Energy Frontier
1076 2 with Deep Inelastic Scattering at the
Production mechanisms o7 &\ LHC,”
at e b colliders: S 2. FCC report, Vol.2
P . 107 CERN-ACC-2018-0057
T-channel W boson exchange 10°° FCC-eh, displaced vertex & LFV Both based on arXiv:1612.02728
Y 10~ 10 :
W=
. ; 107"
production channel: w, @ 10_12 Lol -77777\7]”"’**1,, Lol 1 1
107! 1 10 10?
¥ W boson fusion my (GeV)

LHeC and FCC-eh can explore low-coupling, high-mass (> 10 GeV) range.

production channel: th 3 6



Eps’g» HNL experimental searches: the very far future

U

!

Prospects for ILC-500, 5 ab™!

102 Electron coupling dominance: U”: UZ: U = 1:0:0 I
Europe: sl \-) \ // .
| \ . Source:

\ The ILC physics group (Peskin et al.)
Based on Antusch et al., 1710.03744

Production mechanisms
at e e colliders:

e v ILC, 500 GeV, 5 ab™!

I | 11 11 II 1 1

10?
§ } m, (GeV)
N

ILC can fill the gap between low-mass (< 5 GeV) and high-mass (> 10 GeV) regions

production channel: Wy
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Eps’g» HNL experimental searches: the very far future

!

Prospects for CEPC: 10 ab! at the Z-pole and 5 ab-! at 240 GeV.

Electron coupling dominance: U”: UZ: Uz = 1:0:0

o 107
D Source:
R 1 Ny e CEPC report, arXiv: 1811.10545
”5 107 Based on arXiv:1612.02728
107
. . 107 ™\ Ewro:
Production mechanisms 1077 The PMNS matrix in presence of HNLs
at e e colliders: : : .
: 10~ is not unitary. Modification of the theory
< v prediction of precision observables.
7 107 7 Present constraints include: EWPO,
10-10 o lepton universality, charged LFV,
. N | CKM unitarity.
roduction channel: Zg 10_“ E \
p 10712 o] Op=—evi = (NNf)ee (NN*)”” ) afy_)e_m.,._
< Y 10_1 1 / 10 / 102 G2 GQ — G‘Z . i T
§ W my (GeV) F o Gy 7 NN ee WN) e
. N Displaced vertex searches: Higgs BR:
production channel: W, Several decay modes accessible  presence of HNL modifies )
the Higgs width and BRs. Mono-Higgs:
The more sensitive is the if my is above the Higgs mass,
H—WW which constrains N — v H, H — hadronically (dijet).

H—v N (and ©?) 37



Eps’g} HNL experimental searches: the very far future

Prospects for FCC-ee : combination of data at the Z-pole (110 ab™!), 2 my (7.5 ab™!) and 240 GeV (5 ab!).

Electron coupling dominance: U”: UZ: U? = 1:0:0

NS 1072 : w1 [ 3

= 107 e | Source:

) 1074 | - FCC report,

- 10_5 e, AWPQ) @ 20: |©] = |0,° + 0, CERN'ACC'ZO 1 8'0057

(based on Antusch et al.,
arXiv:1612.02728)

V

10°° 5’
Production mechanisms
at e” e colliders:

e

+

production channel: We FCC-ee is highly competitive when running at the Z-pole
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Europﬁear} ?trateg)
Update

®F =|Uf?

Production mechanism

at p p colliders:

Drell-Yan
q(q) N

Z(W*)

production channel: Zs (Wy)

HNL experimental searches: the very far future

Prospects for FCC-hh: 100 TeV, 20 ab™!

All couplings switched on

! )
European Strategy)

1072

_.
o
&

._.
<
=S

107°

10710
107" '

10712 —

107 1 10 10°
my (GeV)

hed on here.

NB: all couplings swi

IIIIIII1 Il

Source:

FCC report,
CERN-ACC-2018-0057
(based on Antusch et al.,
arXiv:1612.02728)

FCC-hh cannot improve with respect to e+ e- colliders below the Z threshold

(but can improve at high masses, see later)
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European Strate
Update

HNL experimental searches: the very far future

~ 1072
= o0
I
Sy
5 107
107°
10°¢ §
Il Il I B S .
1077
10~ o
10~ e
10—10 é_ E EEE:;E:P::;WH”N”
107"}~ NB: all couplings switched on here. T
10_12 1= : T | Lyl ; Ly gy g Lo Fochh. displaced vertex
107! 1 10 102
my, (GeV)

Nice complementarity between beam-dump and colliders’ experiments

All together

High mass range

2
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Eps’g) HNL experimental searches: the very far future

2

High mass range: LHC, HL-HC, HE-LHC, FCC-hh

% Sen VILV - ppD —> C &

Source:
Beyond the Standard Model Physics

at the HL-LHC and HE-LHC,
arXiv:1812.07831

6 =164, 6,*=0

~—— LHC 14 GeV, 300 fb™
~—— LHC 14 GeV, 3 ab™
1075 ~— LHC 27 GeV, 3 ab
——— LHC 27 GeV, 15 ab™
~——— LHC 100 GeV, 15 ab™

~—— LHC 100 GeV, 30 ab™'

10° 10
my (GeV)

Hadron colliders can cover large-coupling in the high-mass range
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/ \ .
Sg) HNL experimental searches: all together

XL J] J] Back to the initial plot:

SU(2)xU(1),, singlet Right Handed Neutrinos responsible of the
neutrinos’ mass generation can have any coupling/mass in the
white area, assuming an approximate U(1);, global symmetry.

10' | ™ ™ T .l ™

1000} -

I
=

=
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—
S,
©

NN
N

Yukawa coupling
NS

.
o

1012 DELPHI

-----

e

N
NN
N
NN
N\
N

ARANIINNNNSNNNNK

_| Physics Briefing Book,

-
~

10

1910.11775, Fig.8.19, p.138

N,

N,
N,
GUT. | see-saw
N
N,

Majorana mass, GeV

With neutrino, beam dump, fixed-target, and future collider experiments we can explore (light) RHN
in the mass range 0.1-90 GeV almost down to the see-saw limit.
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Heavy Neutral Leptons: possible connection to leptogenesis

#

v" Initial idea: Akhmedov, Rubakov, Smirnov 98

v" Formulation of Kinetic theory and demonstration that NuMSM can explain neutrino masses,
Dark matter and baryon asymmetry: Asaka Shaposhnikov 05

v Analysis of baryon asymmetry generation in the NuMSM: Asaka, Shaposhnikov, Canetti, Frossard,
Abada, Domcke, Lucente, Hernandez, Racker, Salvado, Drewes, Garbrech, Guetera, Klaric, Hambye,

0L
105 ¢
104}
107
10}
5
Tl T

109}

101
1

Eijima, Timiryasov, ...

Regions compatible with leptogenesis

1
o 10° 10t
M, GeV

10*

104
107}

10}

10

109}

1ot

1079}

a | ™R

1
101 10° 10t
M, GeV

Eijima, Shaposhnikov,
Timiryasov, 1808.10833

-~

Region compatible with leptogenesis is accessible at accelerator-based experiments.
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Conclusions

v" HNLs could be a possible explanation of the origin of the neutrino masses and oscillations in a

wide range of masses and couplings:

- Masses around (or below) the EW scale and very small Yukawa’s are allowed within a symmetry-protected
seesaw mechanism;

- For same values of masses and Yukawa couplings could also provide a valid mechanism of leptogenesis.

v Experimental searches of HNLs at or below the EW scale can be performed with a large variety
of experimental facilities:
- neutrino, fixed-target, beam-dump, colliders, B-factories, future ee,ep, pp colliders, etc..
and are intimately connected to:
- active neutrino physics, astroparticle, and cosmology.

v" The future of this (fascinating) field will be driven by:

- new astroparticle results (Euclid, SKA,..), active neutrino measurements (mixing angles and CP violating phase),
ovp3 decays, beam-dump/neutrino experiments in the very-low (< 5 GeV) mass region and future e+ e- colliders

in the Z,W masses region.

HNLs are a bright example of synergies and complementarities across very different communities,
which is - in my opinion - the future of our field.
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Big Bang Nucleosynthesis

What exactly goes wrong? recent update: Hufnagel et al 1808.09324
* Decay products can dissociate nuclei

§ * Decay modifies relation between temperature and energy

o density... .

A y | L e - 71'2 4 7 4 4/3
S | Py + Pneutrinos + [new physics effects| = p, + p = ET’7 1+ J.Neﬂ‘g m

S

> ...and thereby the Hubble rate

Q

= 8

= 2

S HE =g r

* Entropy injection modifies baryon to photon ratio

—




Heavy Neutral Leptons and Leptogenesis

YN
f Thermal Leptogenesis Fukugita/Yanagida 56

-~

Resonant Leptogenesis Pilaftsis/ Underwood 04

high scale
M >> TeV
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Heavy Neutral Leptons and Leptogenesis

6.x107°F

Freeze-In Leptogenesis
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mass / temperature

Heavy Neutrinos undergo CP
violating oscillations during
heat production.

This induces asymmetries in
the SM lepton flavours.

Sphalerons partly transfer the
asymmetries into a baryon
number.




Courtesy of M. Drewes

The Ovpp Connection

Heavy neutrino exchange can dominate Ovfp...

..even in the leptogenesis region
= additional probe of Rew !

Normal Ordering
",‘;‘ *t r"u&; gw

10-10 10-8 1076
my [eV]
Abada et al 1810.12463

10-4 10

Bezrukov 0505247

Blennow et al 1005.3240
Lopez Pavon et al 1209.5342

MaD /Eijima 1606.06221

Hernandez et al 1606.06719
Asaka et al 1606.06686
Abada et al 1810.12463




