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Right-handed neutrinos
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Right-handed neutrinos University

o Right-handed neutrinos Nj 23
o N; are SM singlets N, € {1,1,0}
e Yukawa couplings — Dirac mass terms

LDOYJL;Njp = MJv;N;

fermion masses
deswe be
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Seesaw mechanism UnlverSlty

o Majorana mass term for IV;
LD YIL;N;j¢+ MYIN;N;
= M3v;N; + My, N;N;
o “Naturally” light neutrino masses

Tar—1
my, ~ MM Mp, my ~ My

o Neutrino mixing matrix

- (Ve O o (1— 300 0 U, 0
vo\eT vy T =6 — 1600/ \ 0 Uy
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The Casas-Ibarra parametrization UniverSity

@ O parametrizes the active - sterile neutrino mixing

o CI parametrization [J. A. Casas & A. Ibarra, Nuc. Phys. B618, (1-2), 2001]
] =1l
. di “rdi
O = iU, \/ my ™RV Mdiag

~ ~rdia M12
M[L]:MIJg :M]5]] 1-— UTZ(M])
e Rotation matrix R = RZBRIBRI2

(/Y > 1 N

R = Rjj = COS Wjj
ij ij .

ng = —Rj]i = sin w;;
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Symmetry protected limit

o Approximate B — L symmetry

M(1— p) 0 0
My = 0 MA+p) 0 |,
0 0 M

Fe(l4+e€) iFe(l—e€) Fee,
1= Fu(l4+eu) iFu(l—eu) Fue, |,
Fr(14+e) iFr(1—e€) Fre,

o Two-degenerate RHNs — pseudo-Dirac fermion Ly €qy €n K 1

My ~ Ms, ©Oq1 ~ 1042

o Oscillation data does not constraint |Uy,|? = |©4r|?

e Upper limit purely from other experimental constraints
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Model parameters ® University

Light (left-handed) neutrino masses

, 2 2
my, t©€{1,2,3} — my,, Amiy, Ams

Heavy (right-handed) neutrino masses
My Ie€{1,2,3} — M, AMy, M;
e Active neutrino mixing parameters

{012, 013, 623, a1, oo, dcp}

Active-sterile neutrino mixing angles

R(wis), S(wis)
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Scanning strategy
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GAMBIT: The Global And Modular BSM Inference Tool

gambit.hepforge.org

e Extensive model database — not just SUSY

o Extensive observable/data libraries

e Many statistical and scanning options
(Bayesian & frequentist)

e Fast LHC likelihood calculator

e Massively parallel

e Fully open-source

Members of:
ATLAS, Belle-II, CLiC, CMS, CTA, Fermi-LAT, DARWIN,
IceCube, LHCb, SHiP, XENON

Authors of:

DarkSUSY, DDCalc, Diver, FlexibleSUSY, gamlike,
GM2Calc, IsaTols, nulike, PolyChord, Rivet, SoftSUSY,
SuperISO, SUSY-AI, WIMPSim

fTonash U.)

EPJC 77 (2017) 784

arXiv:1705.07908

e Fast definition of new datasets and theories

e Plug and play scanning, physics and
likelihood packages

Recent collaborators:

Peter Athron, Csaba Balazs, Ankit Beniwal, Sanjay Bloor,
Torsten Bringmann, Andy Buckley, José Eliel Camargo-
Molina, Marcin Chrzaszcz, Jonathan Cornell, Matthias
Danninger, Joakim Ed Ben Farmer, Andrew Fowlie, Tomas
E. Gonzalo, Will Handley, Sebastian Hoof, Selim Hotinli, Felix
Kahlhoefer, Anders Kvellestad, Julia Harz, Paul Jackson,
Farvah Mahmoudi, Greg Martinez, Are Raklev, Janina Renk,
Chris Rogan, Roberto Ruiz de Austri, Pat Scott, Patrick
Stocker, Aaron Vincent, Christoph Weniger, Martin White,
Yang Zhang
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Scanning strategy University

o Likelihood iS mOStly ﬁat Parameter Value/Range Prior
Active neutrino parameters
@ Saturate couplings upper limits oz ot
. . 013 fla
— Differential model AMa; o
~ Coupling slide ety .
ai, a2 [rad] flat
slog |UaI|2 + mlog My Sterile neutrino parameters
4 [rad] [0,27] flat
Re w;; [rad] [0,27] flat
a Im wi; [~15,15] flat
° Spht the MI range \‘;), [GeV] [0.06,500] 1:;;
Rorder [1,6] flat
[0061 03162]7 [031621 2}1 [21 60]7 [607 500] Nuisance parameters
my [GeV] [124.1,127.3]  flat

e Diver 1.0.4, [19200, 10719 \jDE]

[GAMBIT Scanner WG, Eur.Phys.J. C77(2017) 761]

@ Postprocess, combine and
symmetrize
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Likelihoods and observables
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Likelihoods and observables

o Active neutrino parameters o Modified Fermi constant

[I.Esteban, M.C.Gonzalez-Garcia, M.Maltoni,

G = GH(1—(00") 1 — (06" )cc)

I.Martinez-Soler, T.Schwetz in JHEP 1701 (2017)

0871
o EWPO parameters tenc
NH IH

sin? 012 0.30710-01% 0.30710-07% myy = 80.385(15)
sin? 623 0.53870-0%5 0.55470-92% s2pp = 0.23155 4 0.00005

. 9 +0.00075 +0.00074
sin” 6013 0A0220670_‘0(JU7‘; 0.0222770_90074

Scp 234143 278129

Am?2 0.21 0.21
s (& Cuirr 7.401020 o EWPO decays teoa

Am a: ac

31 9.49410-033 _ o 465+0:032

—5 ov2 YT —0.031 —0.031
10 V Tinv = 0.499 £ 0.016
o Gaussian likelihoods Tw s ep, = 0.223 £ 0.006

T'W—suz, = 0.222 £0.005

o Planck limit Y. m, < 0.23 eV
Tw s, = 0.237 £ 0.006
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Likelihoods and observables

o Direct searches for RHN in o Big Bang Nucleosynthesis
meson, tau and gauge boson Nt — 7%uq Ny — HY
N; — nua Nr — p%vq
decays W = il N = ptig

N " Np — 1 Ut
o Beam dump and peak search 1= e 1= lasplavs

N; — u(,lgzg N; — voui

experiments N; - vadd Ny — lotwndm
o M; vs |©4;|° exclusion limits B T
e Poisson likelihoods TN < 0.1s
PIENU 0.06 - 0.129 GeV ()(,7 [GARuchayskiy, A.Ivashko, JCAP1210(2012) 014]
PS191 0.02 - 0.45 GeV O¢i, ©
i ..
E949 | 0.175 - 0.3 GeV OM o CKM Unitarity
CHARM 0.01 - 2.8 GeV Ocis©pis Ori
NuTeV 0.25 - 2 GeV ()“7 4 CKM
DELPHI (S) 3-50 GeV ©cirOui, Ors Kp = 7mle pe — |V, | = 0.2163(6)
DELPHI (L) 0.5 - 4.2 GeV Ocis©pis Ori G : A
ATLAS 50 - 500 GeV Ocis O pi T = Kv = |V 77| = 0.2214(22)
CMS 1-10% Gev ©ciOpus

[FlaviaNet, HFAG, PDG]

|VCKJ\I‘2+ ‘VCKA[ =1

ud

Gonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19 14 /
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Likelihoods and observables

o Lepton flavour violating decays o Lepton Universality

Process Branch. Frac.
L —e v 42x10 13 x (Xt = idva) P
T ey 5.4 %108 R T, W
T > Ty 5.0 x 108 ( — lgvp)

— - = —12
p- —e e e 1.0 x 10 0/+ 0/%7+7—
T e e et 1.4 x 10~8 — I'(B = Y o la) , K, K*
= > uput 1.2 x 1078 (BY/+ — yO/iz;zg)
T s p e et 1.1 x 10~8
T s e e pt 0.84 x 10~8
T~ e ppt 1.6 x 1078 — Rp and Rp- not impacted
T = ;L7;I,76+ 0.98 x 10~8 X

- e Neutrinoless Double 8 Decay
n — e (Ti) 4.3 X 10~
p— e (Au) 7 x 10718 o
pn — e (Pb) 4.6 x 1011 T1072 > 2.1 x 10%° yr  [GERDA]
[MEG,BaBar ,Belle, SINDRUM, SINDRUM II,ATLAS,LHCb] TOD > 1.07 x 1026 yr [KamLAND-Zen]

1/2 2

2
o Upper bounds on |€q/| — Negligible in B — L limit
@ One-sided gaussian likelihoods - [Tlo/”2]*1 x|, 02, M; 2

sonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19 15 / 23
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Results

For NH, unless otherwise stated
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GAMBIT 1.40

GAMBIT 1.40 10 GAMBIT 1.40

o “Capped” likelihood plots M vs |Uar|? (|U1]2 =3 |Uatl?)

1072
103
10-1
1077
10708
107
10°8
10-°
1 10 102 1 10 102 1 10 102
M;[GeV M;[GeV] M;[GeV]
107!
102
1072
104
107
3 1076
= 10
10-8
109

in GAMBIT
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Results University

o Upper limits from direct searches for My < 80 GeV

GAMBIT 1.4.0
PS191 (e channel)
CHARM (e channel)
DELPHI (long-lived RHN)
—— DELPHI (short-lived RHN)

o]
3
E
=
= 10~ GAMBIT 1.4.0
B g ‘ E 10
= (=9 —2 J
S g 10
— & 10-3
T 1 0.8
o 10~
5 :
« 1070 0.6
= 1076
10-" 0.4
M [GeV] _8
o= 0.2
PSI91 (1 channcl) 10—°
CHARM (p channel)
DELPHI (long-lived RHN)
—— DELPHI (short-lived RHN) l “J
NuTeV L
B M; [GeV]

sonzalo (Monash U.) 3 RHNs in GAMBIT



MONASH

Results University

o Upper limits from direct searches for My < 80 GeV

10-8

10—t GAVBIT L0
1.0 PS101 (e channel)
102 CHARM (e channel)
= DELPHI (long-lived REN)
103 0.8 & —— DELPHI (short-lived RHN)
/ e X GAMBIT 1.4.0
10— w
3 1.0
~ 1070 0.6 % :
3 5
5 10°°¢ g
= =
107 - 4
)
2
iy
B

|Uul ‘2

107°

M [GeV] 0.2

P

PS191 (4 channel)

CHARM (y channel) 0.20 0.30
NuTeV LY al 7
ot M7 [GeV]
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10—t GAMBIT 1,40

o Full likelihood

o Excess in InL at large |U,|?
— Invisible width I'z 10-2
— Fit to CKM entries
— Lepton universality R,

GAMBIT 1.4

0.8

0.6

[Ue [?

o Excess in InL at large |U,|?

— Lepton universality Ry

Xwily [~ — 7 o1yel poOtI[eYI] Aol

e Low significance < 1o
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o Flavour mixing pattern (m,, = (1,1071,1072) meV)

o Massless neutrino limit m,,, — 0

T. Gonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19
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Results University

e my, — 0 ~ M3 is totally decoupled ~~ 2 RHN model
o Symmetric (B — L) vs fine-tuned points

— NO: (wlg,W13,WQ3) ~ (O,7r/2,w)

— 10: (wi2,w13,wa3) ~ (w,0,0)

0.4

0.2

0.0
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Summary and Outlook University

Fully explore the parameter space M € [0.06,100] GeV
Saturate direct detection limits

— Maximal |Uys|? — “large” Yukawas F' ~ 1072
— Proper statistical combination of likelihoods

Reach BBN bounds, no seesaw lower limit
3RHN model is a better fit than SM (~ 20)
— Ty, CKM, Rk, R,
Recover symmetry protected scenario, approximate B — L

— Massless neutrino limit m,, — 0 ~ M3 decouples (©43 — 0)
— Pseudo-Dirac pair My ~ Ms, © 41 ~ 1049

— Weaker constraints (oscillations, 0v34,...) ~> higher couplings
— B — L symmetric subset is equivalent to the 2RHN model

T. Gonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19 23 /23
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Backup
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Why a global fit University

o Proper use of nuisance parameters

2 2
Ale? Am?}la 9127 0137 0237 5CP7 mpyg

o Combination of different likelihoods

InL_delphi_short

InL_lhcmu
5 N .

-1
2
0
-3
-4

“10 05 00 05 1o 15 20 25 30
loguo(M; [GevI)

e Statistical interpretation of the results

@ Smart scanning strategies

T. Gonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19
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Likelihoods and observables UniverSity

NUFIT 4.0 (2018)

o Active neutrino parameters L P R
‘ ©®
[E. Fernandez-Martinez, J. Hernandez-Garcia, qF |
J. Lopez-Pavon, JHEP 1608 (2016) 033] :: :
Ela ©® E
NH IH e
sin? 612 0.3061 5913 0.30619-913 it (@\ E
2 +0.027 +0.020 s
sin® fa3 0.4417 5051 0.587" 5 524 g 4k v/ 4
sin? 613 | 0.0216670-00075 | 0.02179F0-50076 wf it ]
X 4
(SC]j 261tgé 277t4g Ty /?s o : : : :
Am? 10.19 10.19 ) 3 E
T0=5 25{12 7.5050 17 7507017 P ENd E
Am <
. +0.039 +0.038 % of Bl E
T0=5 27 2.5247 4 640 —2.5147 4 041 2"
e 2D gaussian likelihoods = NRTTRRRRIR:. | -SVTUF OV IOOTY-
02 025 03 0.35 04 0.015 0.02 0.025 0.03
e Planck limit Y m, < 0.23 eV :

sonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19
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Likelihoods and observables

o Modified Fermi constant

9 P i i Obs. Value
G;, =Gr(1—(00 —(00") e myy 80.385(15)
. F(1=(001),= (00" )ec) 5255 0.23155 == 0.00005
Cinv 0.499 + 0.016
o EWPO parameters T s, 0.993 £ 0.006
Tw_spus, 0.222 4 0.005
Sin2 20y = [SiHQ 2911)}5‘]% \/1 - (QQT)MM - (GQT)ee FW_H-,jT 0.237 £ 0.006
m3 (s3]
W wlSM
= 1— (001)p — (061)ee ,
(miylsm % \/ H ‘
Gumy (Ve ViD)is

e EWPO decays T, = »
a L2y 2 < /1 (061) 1 — (661 cc)

. _ Gumdy, (1= 3(09M)aa)(1 = 7a)>(1 + 2a)
W—lapv —
6vV2r /1= (061) . — (607)cc)

T. Gonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19
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Likelihoods and observables University

o Direct searches for RHN in
meson, tau and gauge boson
decays

o Beam dump and peak search
experiments

o M; vs |04i|? exclusion limits

e Poisson likelihoods

PIENU | 0.06 - 0.129 GeV ©es [M. Aoki et al, Phys. Rev. D, 84(5), 2011]
PS191 0.02 - 0.45 GeV Oei, Oui [G. Bernardi et al, Phys. Lett. B, 203(3), 1988]
E949 0.175 - 0.3 GeV Oui [A. V. Artamonov et al, Phys. Rev. D 91, 2015]
CHARM 0.01 - 2.8 GeV Cle (S S [CHARM, Phys. Lett. B166(4), 1986]
NuTeV 0.25 - 2 GeV Oui [FNAL-E815, Phys. Rev. Lett. 83, 1999]
DELPHI (S) 3 - 50 GeV Oei, © i, ©ri | [DELPHI, Z. Phys. C, 74(1), 1997]
DELPHI (L) 0.5 - 4.2 GeV Oci, ©ui;, Or; | [DELPHI, Z. Phys. C, 74(1), 1997]
ATLAS 50 - 500 GeV Oci, Oui [ATLAS, JHEP 07:162, 2015]
CMS 1-103 GeV Oei, Oui [CMS, arXiv:1802.02965v1]
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Likelihoods and observables University

o Lepton flavour violating decays ;
Process Branch. Frac. Reference
uo — ey 42 x 1013 [MEG] w=
T = @A 5.4 x 10~8 [BaBar,Belle] N "
T = uy 5.0 x 10~8 [BaBar, Belle] o va Nj B lg
u- —e"eet 1.0 x 10—12 [SINDRUM] )
T s e e et 1.4 x 10—8 [BaBar, Bellel g o Now
T s pppt 1.2 x 108 [ATLAS, BaBar, Belle, LHCb]
T = pe et 1.1 x 10~8 [BaBar, Bellel Ll
T —e e ut 0.84 x 10—8 [BaBar, Belle]
T — c‘u‘;ﬁ' 1.6 x 10—8 [BaBar, Bellel = va N; vg ]?
T = upet 0.98 x 10—8 [BaBar, Bellel ’
u—e (Ti) 4.3 x 10712 [SINDRUM II]
©—e (Au) 7 x 10713 [SINDRUM II]
u—e (Pb) 4.6 x 10711 [SINDRUM II]

e Upper bounds on |©,;|? E ove N; v I3

@ One-sided gaussian likelihoods

sonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19
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Likelihoods and observables UﬂIVGFSIty

o Big Bang Nucleosynthesis — lower bound on |U;|?

Nr — 14, Ny = Hl;, N; = nva, N; = 7'va, N1 — ptl7,

Nr = p°va, N1 =Y valpvp, N1 — 1o 5live, Nr = valfls,
avﬁ

Ni = vout, Ni — vedd, Ni — lotundm

— Conservative limit on the lifetime ™~ o< M, 5 <0.1s

@ Neutrinoless Double § Decay
2
TO/” > 2.1 x 102% yr, GERDA (Ge)

Z (p 2) + M?

7%, > 1.07 x 10?6 yr, KamLAND-Zen (Xe)

[TOIZ] | —

— Loses effectiviness in B — L limit

T. Gonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19 23 /23
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Likelihoods and observables ® UniverSity

o Lepton Universality

NX+t -1t
g(ﬂ: ( - (—T—Va)’ X=m K, 7, W

T(BY* — YO/#1H7)

y = o Y=K, K*
T'(BY/* — YO/EIL13)
— Rp and Rp-~ are not impacted
o CKM Unitarity [VGEM|2 4 |VOEM |2 = 1

‘(Vg?]\/])zs,ud‘Q - ‘(VCKM)us,udF[l + fl(G)} )

eg Kp > 1e v :1+ f1(©) = =L[1 - (HGT)@@}

T. Gonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19
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o Upper limits from direct searches + EWPO

0.1 1 10 100
My (GeV)

T. Gonzalo (Monash U.) 3 RHNs in GAMBIT TevPA 02/12/19
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Results

o Lower limits: seesaw and BBN limits (U? 2 my,, /M)

107!
102
103

10=4°

Ig="
106

10-7 ¢
108k

107
10—10
10711
10~12
10— 13
10~ 14
10~1°

|Uz]?

T. Gonzalo (Monash U.)

GAMBIT 1.4.0

10 102

J[] [G(‘V]
3 RHNs in GAMBIT

My, = 0.05 eV

My, =1072 eV
my, =107% eV
My, = 1074 eV

TevPA 02/12/19 23 / 23
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0 GAMBIT 1.40

e
0 TTT

T T T V/VY‘Y“\
e

—a
L g
10-4 :
12 10 712
U] AL e U]
C 1 — Lo
/ \ q —<m
N e Lo

InL—In

ol vl
10-10 107° 10-% 10°7 1076
|Uea|?

Profile log likelihood A

onzalo (Mon
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Results University

o Flavour mixing pattern (m,, = (1,107!,1072) meV)

o Massless neutrino limit m,, — 0

10, cauBIT Lio » T SAMBIT Lio
] 0.8 ]
~ ] 0.6/ ]
i~ A

D ] = B ]
= 1 < 1
5 04l J Sy 4
0.2L ] 0.2L ]
: R r TN

™l vd il PSR cevod vl vl ] SHTY

101 10=' 10-'% 10-'2 10~ 101 10=' 1071 107! 107"

My, My,
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101 GAMBIT 1.3.0
=2 1.0 —— SHiP (e channel)
10 : — T2K (e channel)
3 i :U T2K (e channel)
107 —0.8 % NAG62 (e channel)
4 B o CEPC (240 GeV)
107 T a CEPC (90 GeV)
5 7 Ei ——FCC (90 GeV)
o 107 106 8 —1rc (500 Gev)
5‘5 10-6 g S ———ILC (90 GeV)
N . =
= £
10=7 04 o
E Il
\ S
—8 g
10 5 -
10=°
1 10
M; [GeV]
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