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Introduction

» Particle masses in the SM are generated by the coupling of the Higgs
field to a given particles LH and RH components %
neutrio
* In SM there are only LH neutrinos = massless o | oSty 105.7 Mev 1.777 Gev
o |1 =il -1
s € n T
. . . -
« Neutrino oscillation data e muen i
Super-Kamiokande (1998) —.
15 L _ shows they do have mass,
* and that these masses are much smaller than the other fermions
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Heavy Neutral Leptons

* Neutrino masses can be incorporated into the SM by
introducing sterile RH (Majorana) neutrino(s)

* For example, the viiSM model introduces three RH
singlet HNLs (N1, N2 and Ns). Can solve:

- origin and smallness of SM neutrino masses
(with GeV scale N12 and see-saw mechanism)

- dark matter (N1 with mass ~keV)

- BAU: leptogenesis due to Majorana mass term
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* N is mostly RH neutrino, but small LH component allows it to interact with SM particles

* Interacts with vsm via N<>vsy mixing. Long lifetime due to small Mn and small mixing.

* HNLs also appear in other BSM models (SUSY, grand unification theories, exotic Higgs, ...)
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HNL Production and Decay

» Neutrino flavour and mass eigenstates need not coincide,

) | Vy= ) Upp a=eut, ..., i=1234 ..
but may be related through a unitary transformation l. ’

« HNL production can occur through mixing with the SM neutrinos = suppressed by factor of Ug2

» They can then decay (after long flight length) by mixing again with SM neutrinos = additional Uq2

Production Decay
a N )
Low mass High mass N — ht, ¢¢'v vy €y
Semileptonic decay Decays of Z and hOU, £tv, 3v
of mesons, t decay W+ bosons
N Vg
= X
2
Up
DO
mn > Aacp
v, quarks hadronize ’ ;,1_/
ur oy separately (di-jet) » OV
g
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Status of Direct Searches for HNL

« Existing experiments have explored My from 100 MeV up to almost 1 TeV

e Mn> Mz * Mn< Mzw * Mn < Mgk
direct search @LHC (pp—NI#) DELPHI (Z9—VN) beam-dump, NAG2, etc.
ATLAS/CMS (W:—NI%) LHCDb, Belle, soon also Belle |
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Belle and Belle I

- Energy asymmetric e*-e- colliders operating mostly at Vs=mys), KEKB S,E,E?TQEE(B
located at KEK near Tsukuba, Japan - . Py

o0 T
LN

« KEKB — SuperKEKE accelerator
- 2X beam currents, 50nm vertical beam spot size (“nano beam”)
- design lumi 2.1x1034 — 8.0%1035 cm-2s-1

Belle Il

Super conducting coil
|

LSS ENNSSS»>v LY O O e g
- \//mﬁ | | 2419 IBDDS S5 65 SAEIL
\ 833 g

» Consequently, SuperKEKB has higher beam bkg
conditions and event rates

* Belle — Belle |l detector
- PXD at r=1.4cm significantly improves vertexing
- larger SVD acceptance and outer CDC radius
- improved PID, TOP + new ARICH (K/1T separation)
- Faster electronics in general

% J |
Belle = (Dataset size: 1 ab'— 50 ab' (by 2027))
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First collisions @ Belle |l

* First collisions recorded by Belle Il on 26t April 2018

* During Phase 2 (April-duly 2018) about ~0.5 fb-1 of

data was recorded

 Phase 3 since March 2019 with ~6.5 fb-1 so far

» Good performance of the subsystems. Clear mass
peaks observed from both tracks and photons.
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Belle Il Schedule

 Belle and Belle Il are B-meson + t-lepton factories X1°3".5'—102
- o(ete—Y(4s))=1.05nb, o(ete—r11)=0.92nb f:': gl e
o [
» Over its lifetime Belle |l aims to record 50 ab-! of e*e- 2 6—
collision data (x50 that of Belle) I ara hara i 3 T
e L e S ]
- 5.25x1010 BB and 4.6x1010 11 events E i E.,.’l
- unique environment to search for HNLs that =N EERRRD/RRRNE ARRREEEEE
are produced in B and 1 decays! § S/
0

o i R T A B A
ohgMgs 1/1/2023 1/1/2025 1/1/2029

s 1/1/2019
e I
Phase Il Phase il
(2018, 3 months) (began March 2019)

» Data taking in Phase Il was performed with
all subsystems, except full vertex detector

« VXD installed and running during Phase |l
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Global constraints on N« v mixing

Phys. Rev. D 93, 033005 (2016)

A. de Gouvéa et al:

 Direct searches for visible HNL decay products can strongly 10° = : e
. 10! 3 t Se7
ConStraIn |UGN| 10-2 ﬁdec\at}; 1}}} ---’J.---‘ Leptaon Universality 32?_ .........
= e.g. search in B decays with N—IT @ Belle L0 = LS 99% C.L. (LNC)
o 107 L\
< 10 2N K —ev o (‘ﬁ\/
SRR 0 O
* In addition, more model independent global constraints can be = 10-6 %\1\ N/ Al
Set assuming 107 \\\, ///
(i) invisible HNL decay (to SM v, dark matter, ...) 1070
1077
(i) HNL too heavy to be produced in a given process 1010
10° =
10! 47\ : = %, S
. . . 2, \ ! RN
* For these constrains, the main input from Belle comes from tests 10-2 7 \ i epin Universality ees==r==s
of lepton universality, for example: 10-3 \‘* I 9% C.L,
10-*
Br(B - D%rv Br(B — K* . T
» B-meson decays ( ) ( HH) 2107 W
Br(B — D™¢v) Br(B — K*ee) = -6
_ 1077
» Dand tdecays Br(D; — tv) Br(t — evv) 10— NP
Br(D, — uv) Br(t — uvv) 1079 !
» and many more... 10-10
1073 102 1071 10° 10t 102 103
my [GeV]
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Search for HNL at Belle

 Direct search for Majorana HNL in B decays using
the Belle detector

Phys. Rev. D. 87, 071102 (2013)
Phys. Rev. D 95, 099903(E) (2017)

« Data sample of 722x108 BB pairs (711 fb-1),
collected at Vs = Myus)

e - Ly
« Sensitivity to N«vsm mixing for Vi < Wiy < Wi b
—i ‘
: HNL production A g Detector Signature )
» Both leptonic and semi- » HNL decays to emr/utr after a very long flight length
leptonic B decays B — Xf N eg Mn=1GeV, |Uey2=104 = cr=20m!
where: ¢ = e, X=D, D* » Final state: XCETT
U light meson (11,p,n,...), - eetr, puTr or eptr (Majorana = OS or SS leptons)
‘nothing’ (leptonic decay) - etr or uTr originate from a displaced vertex
- _J - _J
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Reconstruction and selections

» Partial reconstruction technique X /
- Partial B decay candidate = ©»¢ & N 1
- HNL candidate = OS charge £\« from displaced vertex Mg~ ~ 7
. oy . cT = 20m!
» Analysis split into two Mn regimes (mn=1GeV, 1U2l=10-)
- low-mass (<2 GeV): targets dominant B — D¢y mode g
- high-mass (2-5 GeV): inclusive production —
~ < 207
Selections 4 Displaced Vertex + ) S8 L” N
. . JULE— % ]6—
- 24 tracks, pr > 0.5 GeV « ¢ 7 is fit to common vertex
= x2/ndof < 16 14 r¢N
« tight lepton ID (ee, pu or ep) 7 B
- lepton veto for « then 0,7 is fit with IP 1ok
constraint . :
* Low-mass regime: = y2ndof<4 / 8 D(*)fN/,
- B - D¢ selected via ] 6
recoil mass (1.4-2.4 GeV) + cuts on track dr, d¢, dz., that p g
vary with nCDCHits and rvix b
My = (Ecy = Epg)* —Plon— Py : .
) « dry, = min(ry,r,) — 1, above-2cm, forlarge rux T TP IONT ATTY
proton veto fh ©in Vi 9 0 05 1 15 2 25 3 35 4 4. 5 5
k j k J M(,vh) GeV/c
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My distributions

« Signal MC: 500k signal events for each production mode
- Background MC: known SM BB decays from b—c processes (3x data stats)

4 Backgrounds reduced by factor of ~10¢ to only a handful of events A
= no evidence for HNL in Belle data
I MC Iy Data
0.5: 05"
0.251 0.25H
0'. I:\Ill\ll 1 I B 0 s
Imon i MC 1r Data
0.75 MMTT 0.75+ MMTT
05 05"
025 025+
0:. Ju.l.‘..i....“.ll. | I RS R 0 ' R B
o MC Ir Data
1.5 euTr 0.75 eMTT
I 05+
0.5 n N ‘ HN N ‘ 0.25 |
{ M | IR O 11O PR, A IR N N R N R e e
05 115 2 25 3 35 4 45 R UG 15 2 25 3 35 4 45 5
M(Vh) GeVic M(v,) GeVic
h
\_ J
DESY. P. Rados 15th Rencontres du Vietnam, 8/8/2019

Requirement | Applied |Supp.|Signal| Syst.
to eff., %|eff., % |error, %
X3 /ndf < 16 All 35 99 2.9
X3/ndf < 4 All 27 | 85 | 10.1
Re(f1) >09 | Al 0 | 45 | 22
Ru(€1) > 0.99 All 17 35 4.9
Re(l2) > 0.9 All 38 53 3.0
Ru(lz) > 0.9 All 25 38 3.1
Lepton veto All 86 99 1.8
dp < 0.03cm | Typel 39 95 R
dp < 0.03cm | Type II 5 80
dp < 0.04cm | Type III 11 85 5.8
dp < 0.09cm | Type IV 66 96
dp < 0.15cm | Type V 51 94 /
dr > 0.09cm | Typel 5 97 R
dr >01cm | Typell 7 98
dr > 3cm Type III 1 79 3.7
dr > 3cm Type IV 10 94
dr >5cm Type V 42 95 !
dzytx < 0.4cm| Typel 37 94
dzytx < 04cm| Type II 17 74
dzytx < 0.5cm| Type 11 21 75 10.0
dzytx < 0.9cm| Type IV 36 80
dzytx < 2cm | Type V 68 83
drg > —2cm |ryx > 6cm| 32 84 2.9
Recoil mass |[Small mass| 24 99 4.1
Proton veto |Small mass| 94 97 1.6




Limits on N<ve , mixing

* Number of HNL decays detected by Belle: | Phys. Rev. D 95, 099903(E) (2017)
mlI mI'R 10 ¢
— — _ 2 f eet
n(vy) =2Npp B(B — vy) B(vy — {m) p exp( v )E(R)dR 0 z channel
— [Ua2|Us]? 2Np5 fi(m) fo(m) %/exp(— T )e(Rydr 10 4
L — —— 10 ST~ T
= solved for |U|2 to obtain upper limits 1
0"
» Total systematic uncertainty of 25.0% and 25.4% for 10 2 !
small and large-mass regimes. Largest contributions: 07 i
- ¥2/ndof and dz vertex cuts (10.1%, 10.0%) 10
- tracking of HNL daughter particles (8.7% per-track)
10 B E
2k
" Maximum sensitivity at Mn = 2 GeV A 10 L
» 3.0x105 for |Uen|2 and |Upn|2 o,
» 2.1x10°5 for |Uen| |Upn| 0
B(B — Xtw) x B(vp — rt) < 7.2 x 1077 05 1 15 2 25 3 35 4 45 5
GeV/
\_ Y, M(v,) evie
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Comparison with other experiments

Phys. Rev. D 95, 099903(E) (2017)

g ——— 3 1 — — T3
- | | ~ 3
Al ] 1 | |
10 3 3 10 | 3
g | E E
B . | _
10°F l E 1078~ | -
- I Belle 3 Y~ Belle 3
] | h ]
107F | E 10°F E
N_Q - | ] N_S. - .
4l [ . . .
E 10455 -,j-. EE E ].()-4:E
_5: L e ; _5: TN — -
10 : DELPHI ?E 10 E DELPHI
< < _ CHARM ' . -
10°F ~~~<__ ! 1 10
; ‘_\\\ B i 75
10 l 1 1 1 1 l - 1 1 1 l 1 1 1 1§ 10 E | 1 1 1 1 I ......... 1 1 1 I 1 1 1 1
0.5 1 5 5 10 0.5 1 5 5 10
M, (GeV/cY) M, (GeV/c)

* Results are shown from Belle, CHARM, CHARMII, DELPHI, NuTeV, BEBC and NA3
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B— uN search at Belle

* Recent result on SM B—pv, from Belle

_ —7
(talk @ Moriond EW 2019, M. Prim et al.) B(B — “Vu) — (5'3 +2.0=x 0-9) x10 " Q@280

L —

SM = 4.26 x 107
* u recoil against HNL (N—invisible)
would shift momentum spectrum B(B — p + missing energy) = B(B — uv,) + 5(B — uN)

= SM result recast with My scan

Sterile Neutrino Scan

_Signal Enriched | _Signal Enriched Il 100 ———
——————————— T | L L L L L | L
150 Pre||m|nary mmm Continuum - 250 4 Prel|m|nary | Contlnuum .
%: s b-cC ] r s b-cC .
G] B Rare 1 200F B Rare .
2 100 B - puvy ] r s B - vy 4
= mm bou 1 150F L -7 L R S 0 I .
e = Signal | : . Signal
0 r/ sys.unc. 1 100F r/. sys.unc. i
2 50 $ Data ] : $ Data o
c 50 Q
@ J—
0 n O = =
Background Enrlched | Background Ennched 1] 8 - .
—1 T T T [ T T T [ T T T T T T T J — T T [ T T T [ T T T [ T T T T T T T T T n .
. Pre||m|nary s Continuum - Pre||m|nary N Continuum : - | i
S 600 — b 1 1000 — b ] T e e P PP e P PP P L PP E PP P PPEPPREPPEPPPEPPR 20 -...: I
(©] I Rare 1 800 BN Rare _:
2 s Bopuvy B -puvy B 7
g 400 mm bou 1 600 mm b-u ]
- I Signal HE Signal ] § 1 1
5 r/. sys.unc. | 400 7/ . sys.unc. _: — B —)l_lN Stat_ + sys_ Prellmlnary
-‘E 200 ¢ Data 1 00 $ Data 10 -2 RTINS ST SN AN N RN A TR SN AN SN SN WO NN N SN T NN SR SN SN AN
w
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
327724 26 23 24 26 28 : : Sterile Neutrino Mass my / (GeV)

pg / (GeV) Pt / (GeV)
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http://moriond.in2p3.fr/2019/EW/slides/6_Friday/1_morning/1_Markus_Prim.pdf

LHCDb and Belle Il Prospects

Events/(0.02)

DESY.

Since the Belle result, LHCDb has also performed a Majorana HNL search

with displaced vertex in B decays 0.100

' B. Shuie et al: arXiv:1607.04258 /

revised limit

3fb-1 of pp data at Vs=7,8 TeV L 0010
[ L . B_ >§. \\
Approaching the Belle limits = 0.001 "
. LHCD stated limit ; j
Updated results are expected " 1074] A A
_ T el e Belle limit
using the Run 2 datasetat Vs=13Tev. =~ SO | | | TR - |
1 2 3 4 5
my (GeV)

x10° Belle Il 2019 Preliminary
[ T T T T T “o A I R I B L B B ]
600 F . vas) d E % 600} B: — D(Kn, Krmo, K3n)n; Belle Il —
: 4 (4S)data 3 2 [ B~ D(Kr, Kiut', Kanlp 2019 (preliminary) -
- Ldt =2.63 fb —BB ] ©w  500f B~ D (O°(Kn, Knn', Kan)n')n § ]
S00f Ee [ B° — D (D°(Kn, Knn', K3m))e f Ldt=2.62fb .
400 - .off-resonance 1 g a00f B: N D:(Km:)nj E
. g " B — D' (Kan)p* .
C © [ B° - D'(Kgm)n* E
300F % 300 . .
L c R _
L [0 R |
200 o 200:— =
100 100} .
00 0.2 04 0.6 0.8 1 1.2 521 522 523 524 525 526 5.27 528 5.29
R, M, (GeV/c?)
Belle I P. Rados 15t Rencontres du Vietnam, 8/8/2019

* B-physics @ Belle Il isin the
early stages

 Rediscovery of known BB
decays using Phase 2 and
early Phase 3 data

» Belle Il will be a major player
in HNL physics via B-decays
in the near future!




Constraints on Nev, mixing

 Tight limits already exist on HNL mixing with ve and v,

0A. de Gouvéa et al: Phys. Rev. D 93, 033005 (2016)
10 3 S

S
« Limits on |Un|2 are weaker, motivating |U.n|2 > |Uen|?2, |Uun|? 107! LeptcnUniversalityL\ %,
—92 S e e e -
- Global constraints = below ((10-2-10-1), for Mn > 200 MeV 10 \ 99% C.L,
10~
- CHARM = below O(104-10-1), for 20 MeV < Mn < 300 MeV 104
- DELPHI = below ()(10-5-10-3), for 1 GeV < My < 60 GeV 10
107
a e 10-2
=) . 107
10 10—8
107 DELPHI 10-9
105 Belle 10710
Belle Il 1072 1071 10° 10t 102 103

my [GGV]

« By studying © decays at Belle and Belle Il, we
DELPHI: Z. Phys. C 75, 580 (1997 can improve existing limits for My < M,

CHARM: Phys. Lett. BS50, 8 (2002)

* No measurement yet!
Sensitivity studies will be shown in coming slides.

107! 1 10 0?
my (Ge\})
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HNL in T decay kinematics

« Proposed search for HNL in ©—37rv decays A. Kobach et al. arXiv:1412.4785v2

» Phase space of 31r-system could be superposition of massless neutrinos and HNL

dltot (77 — vh™ dl'(t— — vh™ dl'(t— — vh™
t t( ) — (1 . |U7'4|2) ( ) B + |U7'4|2 ( ) B
dmthh dmthh m, =0 dmthh my=m4

g: I 1« Kinematics of © decay will contain info
S B on whether 31T recoiled against HNL
0.8:— h — * General idea:
i n i Measure a crescent-shaped endpoint in 17
06 | - the E3n-Mar plane ¢
I ] J— —
0.4 - o . o -
i ] » Method is insensitive to details of HNL decay, lifetime or whether it is
. . Majorana/Dirac
0.2_— ]
I TV » Would require large data statistics and excellent E/M resolution
I NI BRI BRI R B .
0 07 04 06 0s 1 . = Possible at Belle and Belle Il! y
mh/mt

DESY. Belle IT P. Rados 15t Rencontres du Vietnam, 8/8/2019



HNL in T decay kinematics

A. Kobach et al. arX|v 1412 4785v2

S S VA L A - Sensitivity estimate based on pseudo-data study
-) RO | . -
_ 10- é_ \::\\ . :: i Helo et al. _é
SF ‘:\\“\\NOMAD : .. ) i - MC sample of ee—1t with T—31Tv decay(s)
10 ¢ NG .- 3 - assuming Belle lumi, Vs=11 GeV
3F \\ ______ | - - smearing to mimic typical Belle resolution
10 g - - both optimistic and conservative
4f R - scenarios wrt systematics
10 £ CHARM \ =
-5 - \‘\ _____ :_
10 F DELPHI 5 + Belle may be able to place stringent limits
o \\| - on |U.n|? as low as @ (107 - 103) for
10 2 — conservative ‘ E 100 MeV = Mn = 1.2 GeV
7 {="optimistic | -
10 _2 I | I I -1 | | N I I | | | | I |
10 10 1 10
m, [GeV]
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Belle vs upcoming experiments

{ F. Deppisch et al: aXiv:1502.06541v3 » Belle (1 ab-') compared to future
5 - experiments (SHiP, LBNE, FCC-ee)

10—
x10°" T

(=]
T T

N
T T T T

\/

o “.'m
107 N FI -
+
o Belle \\‘ > 6 -
2, 10—6 o i - ~
[ \ Z. 3 o i~
> NG % g %
3 -

X

©

o

a

10-10 FCC—ee 7 ° 1/19;%2@; 172091 1/1/2025 17172078 /1262
Seesay |
10-12 Y _
0.1 1 10 100 * Belle Il should exceed Belle in 2020

(50x statistics by 2027)

My (GeV)
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Search for HNL vertex with taus

Proposed search for displaced HNL vertex in ee—»tt—1x3 prong

For |U.n|? > |Uen|?, |Uun|?2 @and my < m,, decay occurs via N-—v (Z*—X?)

For this preliminary sensitivity study:
- X1 restricted to 1 or Trr?
- Xz restricted to pp or ee  (hadronic X2 could enter final analysis)

Long lifetime (cT«|U.n|2 mn3) = tiny background but low signal efficiency

10°

S —
—— DELPHI - Belle - = Belle Il (+ other modes) ° Bkg Suppression driven

10" — BaBar -~ Belle Il (50 ab™) by N—ee/uu vertex-based constraints and flight length > 10 cm
M. Nayak et al.

10-2 « Signal yields extracted from fit to reconstructed Mn distribution
107 » Assumption of zero background search
- achievable based on studies with official Belle 1| MC
107 - more comprehensive bkg studies are ongoing
O e o o 10 12 ia s (In this channel alone, Belle or Belle Il could exceed DELPHI IimitsD
mn[GeV]
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Constraints from LFV t decays

A- de Gouvéa et al: Phys. Rev. D 93, 033005 (2016)

* In SM, charged LFV decays via vsu oscillation are

Y 10

highly suppressed and immeasurably small \\\\ %
—1
om2\2 10 S )
—54_10—49
Br(£, — £yp)gy & <F) 10751070 e Ly \ \
w T 24 10—2 \
« [f there is a HNL with Mn = 1 MeV, the BR can be enhanced to the “5
point of being observable! - 10-®
Belle II: arXiv:1808.10567
O TV =L T VO I Ihh Ah ]
S 10°F . - - 104
8 E i u s UEEgm e = - [ I E
o - . g "= ] Uea? = [Uul? = |Un|> = |UP
E 10-6 E_ | | . —E 10_5 lll' I
- - . N . 107! 10° 10! 10° 10° 10*
O B Yv vy v v v oy A v v
HU_, 10'7§_A Yy . LYy v R —— . my [GGV]
= E ¢ A v v v Aa A A L A oA"Y =
C v R AdyTaa Ja A 1 YY A L a A A |4, " ald L
E A TrTayles : 1 =cLEo ° Searches for LFV y—e and 1—e/y transitions can
g 10°¢ 3 vBaBar  be re-cast as constraints on N«<>vsy mixing
: b 1B
5 B ) [ ] o ® T .
J10% 0 e Lo Lt e « .%.% e, %,%_ o g °Bellell . Constraints on T—e/p have come mostly from
O o I B Tete et . 5 last-gen B-factories (Belle and BaBar)
o\o 5 (o J L I e e ) ) s s A s A I I O | . .y . .
S 10 R R R R K™ © 55 wo == e RS e < » Belle Il can improve the existing limits
CTof R0 0 o 0? TOT 00 R0 Kk khideldg v b ot B R X by at least one order of magnitude!

vzo'sv's0zy EACERTETINLL R L
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http://sdfsdf

Tau leptons in early Belle Il data

* As with B-physics, the t-physics program at Belle Il is in the early stages
- Rediscovery of ee—rz targeting 3-by-1 prong decay: Tiag — £*VU;  Tsignal — 31TV, + NTT0

« We observe clear evidence of t-pair production in the Phase 2 data

» First measurement of m: @ Belle Il by fitting Mmin

— 2 . -
to an empirical edge pdf from 1.7-1.85 GeV Miin = \/M3ﬂ + 2Epeam = E32)(Esy = Psy)
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Summary and Outlook

» Belle searched for HNL produced
in B decays with displaced vertex

 Limits were set on |Ue,un|? below
O(10-4-10-5) for 0.5 < Mn < 5.0 GeV

* Mn scan in recent B—puv, result
(N—invisible), no significant excess
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 Existing constraints on N~ v, mixing are much weaker, motivating scenario where |Un|2 » |Uen|2, |Uun|2.

No results yet from Belle or Belle Il with T decays. Sensitivity studies show promise.

« B- and t-physics programs at Belle Il are in the early stage. Rediscoveries of known SM processes.

» Belle Il will become a major player in HNL physics in the near future.

Exciting times ahead!
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