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© Clobal Fits
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o Why?
o How?

© GAMBIT

© Results
@ Right-handed Neutrinos
e Higgs portal DM

@ Summary and outlook
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What are global fits?
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What are global fits? University

Global fit in st

Statistical fit of one or more models to several data sets
simultaneously

o Generalisation of
non-linear regression

o Goodness-of-fit

Fitted Line Plot
Weights = 19935 + 28.372 - 199.36) £ (1 + expitAges - 12.4176)

2 A
iw ; t
o Parameter o
estimation et
e Comparison of '

models
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Why do we need global fits?

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 5/ 44



MONASH

Why do we need global fits? University
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Why do we need global fits? University

cms 35910 (13 TeV)
33606 g "

e Many BSM theories
— Which one is better?

@ BSM models have a large amount
of parameters

95% CL upper limit on cross section (b)

— Explore full parameter space
— Where is my theory valid?

e Many experimental constraints

— Collider searches, dark matter,
precision observables, flavour
anomalies,. . .

— Simultaneously include all
constraints

— Does my theory fit the
experimental data?
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@ Universtity

How do we do global fits?
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How do we do global fits? University

o Combine all constraints into a composite likelihood

L= EColliderﬁHiggsEDMEFlavour cee

o Perform an extensive parameter scan
— 0Old-school sampling methods (random,
grid) are inefficient P(boundary)

— Impossible to make statement about
statistics

— Need smart sampling strategies
(differential, nested, genetic,. .. )
e Rigorous statistical interpretation (frequentist/Bayesian)
— Goodness-of-fit
— Parameter estimation
— Model comparison
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GAMBIT
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University

GAMBIT: The Global And Modular BSM Inference Tool

gambit.hepforge.org EPJC 77 (2017) 784 arXiv:1705.07908
e Extensive model database — not just SUSY e Fast definition of new datasets and theories
o Extensive observable/data libraries e Plug and pla; nning, physics and

— . . likelihood packages
e Many statistical and scanning options

(Bayesian & frequentist)
e Fast LHC likelihood calculator

e Massively parallel

o Fully open-source

Recent collaborators:

Peter Athron, Csaba Balazs, Ankit Beniwal, Sanjay Bloor,
Torsten Bringmann, Andy Buckley, José Eliel Camargo-
\’Io]llm Marcin CI ]\rlqvu Jonathan Cornell, Matthias

i mer, Andrew Fowlie, Tomés
tian Hoof, Selim Hotinli, Felix
ulia Harz, Paul Jackson,

Members of:
ATLAS, Belle-11, CLiC, CMS, CTA, Fermi-LAT, DARWIN,
IceCube, LHCb, SHiP, XENON
Authors of:

DarkSUSY, DDCalc, Diver, FlexibleSUS

Chris Rugm\ Roberto Ruiz de Austri, Pat Scott, Patrick
GM2Calc, IsaTols, nulike, PolyChord, Rivet, SoftSUSY, Sticker, Aaron Vincent, Christoph Weniger, Martin White,
SuperISO, SUSY-AI, WIMPSim Yang Zhang

40+ participants in 11 experiments and 14 major theory codes

nzalo (Monash U) DM and v global fits MPIK H, 1 10 / 44
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Structure of GAMBIT University

MODULES (Bits)
@ Physics Modules

ColliderBit: collider searches [GAMBIT, Eur.Phys.J. C77 (2017) no.11, 795]
DarkBit: relic density, dd,... [GAMBIT, Eur.Phys.J. C77 (2017) no.12, 831]
FlavBit: flavour observables  [GAMBIT, Eur.Phys.J. C77 (2017) no.ii, 786]
SpeCBit: spectra, RGE running [GAMBIT, Eur.Phys.J. C78 (2018) no.1, 22]
DecayBit: decay widths [GAMBIT, Eur.Phys.J. C78 (2018) no.1, 22]
PrecisionBit: precision tests  [GAMBIT, Eur.Phys.J. C78 (2018) no.1, 22]
NeutrinoBit: neutrino likelihoods [GAMBIT, upcoming]

1 1 L .

@ ScannerBit : stats and sampling [GAMBIT, Eur.Phys.J. C77 (2017) no.11, 761]
(Diver, GreAT, Multinest, ...)

BACKENDS (Pythia, DarkSUSY, MictOMEGAs, SPheno, SuperISO,. . .)
CORE [GAMBIT, Eur.Phys.J. C78 (2018) no.2, 98]

e Models

o Dependency resolution

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6
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Structure of GAMBIT University

YAML file Printers
\ Model o ,4
\ ’
-
\ 1 3 .
N et ScannerBit
~ =<
R > Model & ==
ser requests scan )
of model & using Model 4 Core runs
1. capability of A2 Model e Al
2. capability of B1 - 2. A2
Model Database %2
Physics Module A Module B
Modules
Module functions Al — B1 - B2
(E
h
Backend functions C1
?\‘n(‘l vuriubl(;s X C3 D1 D2
ed upwards only o4
Backends External Library C External Library D

onzalo (Monash U) 1 a g 1 fit MPIK H, 17
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Backends University

o External tools and libraries to calculate observables
o C, C++, Fortran, Mathematica, Python

Backends/ Lnstalled/higgsbounds/4.2.1/L1b/ Libhigasbounds..so

3.1

4
Backends /exanples /LibFarayTest .so
Sockends /exonples/LbTirst.so
Backends /exonples/Ubfrst. so
Backends exanples /Libfortran. o

Backends /exanples/Libsecond/1.0/ibsecond_

Backends /exanples /Libsecond/1.1/1ibsecond_

Backends /exanples/Libsecond/1.2 ibsecond_

Backends/exanples/Libthird/1./Libthird 1.0
Backends /exanples/Libthird/1.1/Libthird 11

Backends/exanples/Libthird/1.2/1ibthird 1.2

icronegas otracstngteton 22

r———

ricronegas_majoranastngleton_z2

Jricronegas_scatarstagleton 22

ricronegas_scatarsingleton 23

ricronegas_vectorstagleton_z2

o path tn confio/backend_locations.yant. defaute
Backends/ Lnstalled/spheno/2.3.8/Lib/LibsPheno. 5o
Backends/installedsusyhd/1.0.2/SUSYHD.n

o path tn conflo/backend_locations.yanl. defaute
Backends Lnstalled/susyhit/1.5/Libsusyhtt. so
Backends/nstalled/superiso/3.6/1ibsupertso.so

Backends/tnstalled/ganlike/1.0.0/11b/ganttke .50

ends/insf <1
Backends/exanples /LibMHathenat LcaTest.n

Backends /installed/nulike/1.0.4/Lib/1ibnulike. 50

T. Gonzalo (Monash U) DM and v global fits 17/6/2019
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® University

Results
Right-handed Neutrinos

[M.Chrzaszcz, M.Drewes, T.G., J.Harz, S.Krishnamurthy, C.Weniger, upcoming]
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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

U - Ce t
V) —eiaVoeV3 ce e Te
) [ L I I | |
pueV meV eV keV MeV GeV TeV

° YI//Y;f S 1012715

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019



4 MONASH

Type I Seesaw " University

e Majorana mass term for IV;
LDOYYL;N;¢ + MYN;N;

= M3uy;N; + M2 N;N;
o “Naturally” light neutrino masses

Tar—1
my, ~ MpM,; Mp, my~ My

o Neutrino mixing matrix

(Ve ©) 1— 2001 0 U, 0
vo\et vy )T -0t 1-3679)\ 0 Uy

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 16 / 44
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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
0 d ~rdi
0 = iU, \/ my" YRV 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;;

@ Permutations of R% to remove bias

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 17 / 44
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Symmetry protected limit

Approximate B — L symmetry
M1 — p) 0 0
0 0 M’

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

My =

Fr(14+e) iFr(1—e€) Fre,

M, 60476/& <1

Two-degenerate RHNs — pseudo-Dirac fermion
My ~ Ms, ©Oq1 ~ 1042

Oscillation data does not constraint |U,, |> = |Oas/?

Upper limit purely from other experimental constraints

NGCGSSELI'y and sufficient my, —> O Mofzat, Pascoli, Weiland, arXiv:1712.07611]
MPIK H, 17/6/2019 18 / 44
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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)

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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Likelihoods and observables University
o Active neutrino parameters [NuFit, JHEP 1608 (2016) 033]
@ Sum of neutrino masses > m, < 0.23 eV

o Electroweak precision observables sin? Oer, mw, 'z sinvs D'w i

@ Direct searches
PIENU, PS-191, E949, CHARM, NuTeV, DELPHI, ATLAS, CMS

o Lepton flavour violating decays I =1y, l =3, u—e
o Big Bang Nucleosynthesis T~ < 0.1s
o Neutrinoless Double 8 decay GERDA, KamLAND-Zen
o Lepton Universality Rfﬁ, Ry, Ry,
e CKM Unitarity |VGEM |2 4 |y CEM|2 — |
@ Perturbativity of Yukawas F<Aan

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 20 / 44
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Results <" University

o Profile likelihood plots M vs |Uyr|?

107 SURLRLE 10! G i
102
103

102
103
104

107

104
10-?
106

1077
10-#
109

1 10 10? 1 10 102
M;[GeV]
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University

Results

o Profile likelihood plots M vs |Uaz|?

10710

10712 L L L
0.1 1 10 100
My (GeV)

[Deppisch, Dev, Pilaftsis, New J.Phys. 17 (2015) no.7, 075019]

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6
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Results University

GAMBIT 1.4.0

1.0 PS191 (e channel)
102 CHARM (e channel)
5 = DELPHI (long-lived RHN)
10~ 0.8 S — DELPHI (short-lived RHN)
8 5
10~* £
~ 1075 06 2
== A 10~ GAMBIT 1.4.0
S g E 10
- 04 S 1072 '
10-7 il
! 1073
10-8 A 0.8
0.2 D 104
10-° .
a 107° 0.6
S
S 107
0.4
1077
108 0.2
PS191 (4 channel) 10—°

CHARM (g2 channel)

DELPHI (long-lived RHN)
—— DELPHI (short-lived RHN)

NuTeV

E949
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Results

GAMBITld_ﬂ

1.0
fasl
g

0.8 %
E
Z

0.6 3
=
g
&

0.4 =
Il
(9
&

0.2 5’\

PS191 (p channel)
CHARM (u channel)
NuTeV

949
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University

PS191 (e channel)
CHARM (e channel)
DELPHI (long-lived RHN)

| U/H ‘ z

—— DELPHI (short-lived RHN)

101 GAMBIT 110
102
1073
10~4
10~

0.20 0.30
M; [GeV]
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Results

o Full likelihood

o Excess in InL at large |U;

— Invisible width I'»
— Fit to CKM entries
— Lepton universality R,

GAMBIT 1.4

0.8

0.6

|Uex|?

. Gonzalo (Monash U)

o
@ University

GAMBIT 1.4.0

| 2

o Excess in InL at large |U,|?
— Lepton universality Ry

Xwily [~ — 7 o1yel poOtI[eYI] Aol

e Low significance < 1o

I and v global fits MPIK H, 17/6
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University

o Seesaw and BBN limits

101
102
103

10=4°

10-°
10-6

1077

10-8
1079
10710
1071
10~12
10~13
10~
10~1°

|Uz]?

T. Gonzalo (Monash U)

DM and v global fits

GAMBIT 1.4.0

My, = 0.05 eV’

—my,, =102 eV
my, =107 eV
——my, =107 eV

MPIK H, 17/6/2019 25 / 44
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Results University

o Massless neutrino limit m,,, — 0 ~» approximate B — L

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 26 / 44
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University

o Future constraints

10*1 GAMBIT 1.3.0

fig==

lllllllllll

|U(ZI|2
=
(=)

N

1079 7

ﬂ[] [GGV]

T. Gonzalo (Monash U) DM and v global fits

— SHiP (e channel)
—— T2K (e channel)
T2K (e channel)
NA62 (e channel)
CEPC (240 GeV)
CEPC (90 GeV)
——FCC (90 GeV)
—ILC (500 GeV)
—==1LC (90 GeV)

V O1yeI POOYI[ONI] YOI

x\zn|7/7 -
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@ Universtity

Results
Higgs portal DM

[GAMBIT, Eur.Phys.J. C77 (2017) no.8, 568]

[GAMBIT, Eur.Phys.J. C79 (2019) no.1, 38]

T. Gonzalo (Monash U) DM and v global fits
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Models of Higgs-portal DM ® University

@ Scalar singlet S with Zs
L5 = S13ISP + Ss|SI* + =Ans|SIPHP
s = uslSI"+ 7 As|S|" + 5 Ans| S| H]
2 4 2
e Vector singlet V' with Zs
1 1 1
Ls= §M2Vvuv“ + EAV(VMWV + iAhVVMV“\H\Z

e Fermion singlet with Z,. Dirac 1 or Majorana y

Ly /iwlb‘/) (cos wa + sin HW% ) ‘Hyz
¢
1 1A
Ly = —= [y XX — = X (cos Bxx + sin Oxiysx) |H|?
2 2 AX

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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Model parameters

o Scalar singlet S with Zs {ms, Ans}
o Vector singlet V with Zs {mv, v}, m%/ =ud + %)\hvvg
o Fermion singlet with Zs. Dirac ¢ or Majorana x

{m s A/ By €

1 Ay 2 (1 My :
m2, = |p2,, += i X v cos@) + ( b —H X g2 s1n€> ,
Vi < v 2 Ay/x 2 Ay/x

; 1 Ay 5
cos§ = S <C089+ Lo L >
My /x 2 My/x Hup/x

e Nuisance parameters

{PO: Upeak Uosc}a {0—57 Ul}v {mh O/]\[b (mz)}

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 30 / 44
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University

Model parar

@ Scalar singlet S

{ms, Ans}

@ Vector singlet V

{my, Apv'}

e Fermion singlet /¢

{m s A/ Aoy €

T. Gonzalo (Monash U)

Parameter Minimum Maximum  Prior
s 1074 10 log
mg (full-range scan) 45 GeV 10 TeV log
ms (low-mass scan) 45 GeV 70 GeV flat
Parameter Minimum  Maximum  Prior type
Anv 10~ 10 log

my (low mass) 45 GeV 70 GeV flat

my (high mass) 45 GeV 10TeV log
Parameter Minimum Maximum  Prior type
Mook / Ao 1070 Gev—! 1 GevV ! log

'3 0 T flat
My (low mass) 45 GeV 70 GeV flat
My (high mass) 45 GeV 10 TeV log

DM and v ¢

MPIK H, 17/6/20
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Constraints and likelihoods University

@ Thermal relic density of DM Qpmh? < 0.1188 tpranck, 20151

DarkSUSY

o Higgs invisible width BR(H — inv.) < 0.19
o Direct detection constraints

— S LUX 2016, PandaX 2016, SuperCDMS, Xenon100

— V/F: PandaX 2017, CDMSlite, CRESST-II, PICO-60, DarkSide-50, XenonlT

DDCalc

o Capture and annihilation of DM in the Sun IceCube

Capt’n General, nulike

o Indirect detection through gamma rays Fermi-LAT

gamULike

e Nuisance likelihoods {po, Upeak; Vesc }s {0, o1}, {mn, aMS(my)}

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 32 / 44
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Results ® University
o Scalar DM

GAMBIT 1.0.0 GAMBIT 1.0.0

1.0
0 o8
2 -1 2 —o6
< = 4
=] = N
0 o i
2 =2 e 0.4
-3 0.2
50 55 60 65 2.0 2.5 3.0 3.5

. Gonzalo (Monash U) ) MPIK H, 17
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Results University

GAMBIT 1.0.0

GAMBIT 1.0.0

—45

-LAT (7
Fermi-LAT (

V ones pooquay o[gotd

/7=

lar singlet

ihood

2.0 2.5 3.0
log,o(ms/GeV)

2.5 3.0 3.5
Lllog,o(ms/GeV)

Ans > 10

Scalar singlet
& Prof. likelihood

V)
onzalo (Monash U) ) MPIK H, 1
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Results University

o Vector DM

GAMBIT v1.2.0 1 GAMBIT v1.2.0
1.0

kelihood

) 2.0 2.5 3.0 3.5 4.0
my (GeV) log,o (my /GeV)

(Monash U) DM and v g 1 fit MPIK H, 17
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Results University

GAMBIT v1.2.0

GAMBIT v1.2.0

= 1.0
o] —26 -
i g —~ 3
08 2 7 s &
o R :
g 5 - E
g —45 E & -
L= Z
Bn o6 & = o =
w g = - g
© : 3 |
= ¢ G :
= pa s -2 Fermi-LAT (b) — 0.4 &
g = -
S 47 i E ‘ ‘
2 3 & -30 .
2 ! %

sl =31 =‘ kelihood

LY

2.5 3.0 3.5
Hog, (my/GeV)
o

20 25 30 35 Gt 920)

0.6

DM
ECR | pror likelihood

2.0 2.5 3.0 3.5
logyo (my /GeV)
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Results University

o Fermion DM (both Majorana and Dirac)

GAMBIT v
1.0
—~ —
7 T
> >
< o
O O
~ ~
= =
= <
~ ~
& &
S = 1
3 5
k) 02 S

2.0 2.5 3.0 3.5
logy( (my/GeV)
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Results University

o Fermion DM (both Majorana and Dirac)

T GAMBIT v1.2.0 GAMBIT v1.2.0
1.0 1.0
ol sl
S S
3 08 & o 0.8 2
Es - 2
E %
0.6 5 Q
& =
w g 5 =
2 ~
3 = 3
04 ° =
2 =2 =
0= 2% Majorana DM T
™ L 8 Prof. likelihood B
4 02 5 2 02 =
g g
0 : L
2.0 2.5 3.0 3.5 0 T % ™

Mo

logy (my/GeV)

nash U) DM and v fit MPIK H, 17
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GAMBIT v1.20

Results

GAMBIT v1.2.0

1.0 1.0
—26

i ~ g
s 2 7 s 2
o~ —45 ER —28 =
] ] 3
= 06 5 3 - 0.6 2
s 2 = 30 g | y Fermi-LAT (bb) 2
: TS p LAT (747) 2
‘\‘\/ 50 0.4 X N_ CTA projection 0.4 z
s = -3 -
& = I
9 R L
02 = & 02 S

2.0 2.5 3.0 3.5 CAMBITEELZ() 2.5 3.0 3.5

0.6

e
elihood
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Results University

o Posterior Probability

GAMBIT v1.2.0

GAMBIT v1.2.0
T

1.0

Vector DM

Majorana DM 0.2
+ T-Walk

J
o
g

Marg. posterior

Marg. posterior

50 55 60 65 2.0 2.5 3.0 3.5
my (GeV) logy( (my/GeV)

(Monash U) DM and v g

MPIK H, 17
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Bayesian Model Comparison ® University

o Bayes factor
Z(M) = / L(D|0)P(6)d6

o CP-odd vs CP-even fermion DM

Model Comparison model and priors Odds
£E=0 my: log  Apy/Ay: log & flat 70:1
gp/Ap =0  my: log  gs/As: log  gp/Ap: log  140:1

@ Scalar vs Vector vs Fermion DM

Model Parameters and priors Odds
S mg: log  Apg: log 1:1
Vi my: log  Apy: log 6:1
X my: log  Apy/Ay: log & flat 1:1
) my: log  Apy /Ayt log & flat 1:1

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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@ Universtity

Summary

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 42 / 44
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Summary and outlook University

o Global fits are great!

— Models with many parameters — smart sampling
— Multitude of constraints — composite likelihoods
— Statistical interpretation — frequentist / Bayesian

o GAMBIT is well suited for this

— Plug-in external tools and scanning algorithms

Right-handed neutrinos

— RHNs can explain m, with reasonable Yukawas
— Preference for an approximate B-L symmetry
— Strongly constrained by direct searches & BBN

e Higgs portal Dark matter
— WIMP DM is alive where DD is suppressed
— Slight preference for scalar/fermion over vector
— Strong CP-odd vs CP-even

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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@ Universtity

Bonus content

@ Supersymmetric DM

EWMSSM. 1o and 20 CL regions. GAMBIT 1.2.0

400

300

(GeV)

|III|III|III|

Y O1yeI pooI[aN| o[yoid

meo
Xlﬂll:—7/:7 —

0 100 200 300
m.+ (GeV)
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@ Universtity

Backup

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 44 / 44
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The Core University

@ Model hierarchy : SUSY & Singlet DM

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 44 / 44
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The Core University

@ Model hierarchy : SUSY & Singlet DM

‘MHHD

Stundadiode Higss) MSSM21Q Jeml MSSMIQ el MSSMI6a10
MSSM u).—(\'\\\v‘» Q MSSM2A m)/
MSSM63atMGL )._(\ SSM30atMGU

— The core automatically determines the evaluation order
— Each function is only run once per parameter point

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17
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Neutrinos in the Standard Model University

The SM has 3 active neutrinos
SU(2)r, doublets

Interact weakly with W or Z
l; Vi

They are massless: m,, =0

. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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University

Neutrino masses

Neutrinos have masses!

Super-Kamiokande observed the oscillation of atmospheric vs

[Super-K, Phys.Rev.Lett. 81 (1998) 1562-1567]
Oscillation probabilities for an initial muon neutrino

o Neutrinos from cosmic rays
0.8
= /L+ TV Z 06
,u+—>e++17u+ue 20_4
e Disappearance of v, (— v;) 2
e Probability of oscillation v, — v % 1000 2000 3000 4000

L/E (km /GeV)
Am2L
2F
Observation of oscillations ~ evidence for massive neutrinos

P,_,3 = sin?(26) sin®

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17
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Neutrino masses UnlverSlty

Oscillation probabilities for an initial electron neutrino
1.0

o Three-neutrino mixing

Ve 141 =z
vu | =UpPmns | V2 2
Vs V3 =
e Oscillations of all flavour . WAV
| 0 5000 10000 15000 20000 25000 30000 35000
eigenstates v, — g L/E (km /GeV)

e Mixing matrix

1 0 0 c13 0 si13€ c12 si2 0
U= 0 ca3 S23 0 0 0 —s12 c12 0

. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 44 / 44
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Neutrino experiments UﬂIVGFSIty

o Solar neutrino oscillation: v, disappearance (v, — v,,)

2
b2, Ami,
[Chlorine, GALLEX/GNO, SAGE, Super-Kamiokande, SNO, Borexino]
e Atmospheric neutrino oscillation: v, disappearance
2
[IceCube, Super-Kamiokande, DeepCore]
@ Reactor neutrino oscillation
2
012, bhs, Ami,
[ILL, Goesgen, Krasnoyarsk, Rovno, Bugey-3, Bugey-4, SRP, NEOS, DANSS, Double Chooz, RENO, Daya
Bay, KamLAND]
e Beam neutrino oscillation
2
013, 023, Amisg

[LSND, MiniBooNE, KARMEN, NOMAD, E776, ICARUS, OPERA]

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6
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Anomalies un iversity

LSND, 3.8¢0 in v, appearance

MiniBooNE, 4.50 in v, appearance and v, disappearance

@ 30 in other reactor (Daya Bay) and radiactive source experiments
(Gallium) in v, disappearance

o Sterile neutrino cannot fully explain all excesses

«  Dath (stater.) R
v, from " -
[ = v, from K ] 1
= v, from K° 10

Bl < misid
4 0 A - Ny ]
+ . dirt
. [ other B
+— Constr. Syst. Error

' Best Fit

99.73% CL
2 dof

Events/MeV
:
B

Am? [eV?]

V V U pamojre

Appearance
(~ wjoDiF)

Disappearance
— Free Fluxes
Fixed Fluxes

107! _ _
1074 1073 1072 107!
sin? 26,

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6
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Neutrino masses University

. ] o o normal hierarchy (NH) inverted hierarchy (IH)
e Fit to neutrino oscillation data
EE——— - v
[NUFIT, JHEP 01 (2019) 106 [arXiv:1811.054871] -
Am;
Am;,
Normal Ordering (best fit) Inverted Ordering (Ax~ = 9.3) ani,
bfp +1a 30 tange bip +10 3o range
sin® f12 031070013 0.275 — 0.350 0.275 — 0.350
/" 33.827078 31.61 — 36.27 31.62 — 36.27
.
sin® 6z 0.582+0 015 0.428 — 0.624 0.433 — 0.623 e Neutrinos are
a3 /® 19.7+94 10.9 — 52.2 11.2 — 52.1 massive
sin? 13 0.02240 0.02044 — 0.02437 | 0.022637 0.02067 — 0.02461 (
at least two)
13/ 861751 8.22 — 8.98 865701 8.27 — 9.03
Sor/ 217l 135 — 366 280128 196 — 351 e BSM models must
6.79 —+ 8.01 7391328 6.79 — 8.01 pl"OVlde a mechanism
42431 - +2.622 | —2.512799% 2,606 —» —2.413 for neutrino masses

e RH neutrinos and
type-1 seesaw

Gonzalo (Monash U) DM and v global fi MPIK H, 17
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Likelihoods and observables UniverSity

. . NuFIT 4.0 (2018)
o Active neutrino parameters S g i
[E. Fernandez-Martinez, J. Hernandez-Garcia, qF |
J. Lopez-Pavon, JHEP 1608 (2016) 033] El3 E
Eld ®
NH TH e
sin? 612 0.3061 5913 0.30619-913 it (@ E
2 +0.027 +0.020 :
sin® fa3 0.4417 5051 0.587" 5 524 g 4k v/ 4
sin? 613 | 0.0216670-00075 | 0.02179F0-50076 it ]
.1 +51 40
5()1’ 261t59 277t46 ey ols /?s o : : : :
Am? 10.19 10.19 ) 3 E
T0=5 25{12 7.5050 17 7507017 PR ENd E
Am <
. +0.039 +0.038 5, ENd E
10=5 V2 2V2 2.5247 5 540 —2.5147 oy z 5
e 2D gaussian likelihoods = ATRTIRIS. | -SVIRON ORI
02 025 03 035 04 0.015 0.02 0.025 0.03
e Planck limit Y m, < 0.23 eV o

T. Gonzalo (Monash U) DM and v global fits
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@ University

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) DM and v global fits MPIK H, 17/6/2019
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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]

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/
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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) 1.7 x 10712 [SINDRUM II]
n—e (Pb) 4.6 x 10~ [SINDRUM II]

o Upper bounds on |O47/?
i ve N

@ One-sided gaussian likelihoods

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6
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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) DM and v global fits MPIK H, 17/6/2019 44 / 44
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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) DM and v global fits MPIK H, 17/6/2019
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Results

GAMBIT 1.40

T. Gonzalo

(Monash U)

|
<

Profile log likelihood A

University

GAMBIT 1i0
TTT

N

Q”

|

|

10-10 107°

DM

10-% 10°7

|Uar|?

and v

— Liou
— L

Lonany,
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Results <" University

o Massless neutrino limit m,,, — 0 ~» approximate B — L

1.0 GAMBIT 140 1.0 GAMBIT 140
0.4
N Ny 0.6
S S C ]
~ ~ L 4
an L I ]
Sy ] Sy ]
0.2 ] 0.2 ]
r R N CREL ]
sl _sessndl_ngvofLscson S NN K st st el und L M
1071 10-14 10-13 10712 101! 10717 1071 1071 10712 1071
My, My,

Gonzalo (Monash U) DM and v global fits MPIK H, 17
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Results University

o Posterior Probability

GAMBIT v12.0

GAMBIT v1.2.0
1.0

& 3
X =
Vector DM 0.2 & 0.2 &
-3.5 T-Walk
Marg. posterior
50 55 60 65 2.0 2.5 3.0 3.5
log,, (my /GeV)

my (GeV)

DM and v g MPIK H, 17
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Results University

o Posterior Probability

GAMBIT v1.2.0
-

GAMBIT v1.2.0
T

1.0

J
o
g

Majorana DM 0.2
+ T-Walk

Marg. posterior

50 55 60 65 2.0 2.5 3.0 3.5
my (GeV) logy( (my/GeV)

(Monash U) DM and v g 1 fit MPIK H, 17
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Results < University

o Posterior Probability

GAMBIT v1.2.0 GAMBIT v1.2.0

™ ™
1.0
3m 0.8 3r
a i
0.6
w 5 w 5
0.4
s 5 s
4 0.2 & 4
0 0
50 55 60 65 2.0 2.5 3.0 3.5
my (GeV) logy( (my/GeV)
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Results <" University

o Posterior Probability

GAMBIT v1.2.0 GAMBIT v1.2.0

0.8

0.6

T /d Apqeqold aaTye[y.
1 -1
log ()\hx/Ax/GeV )

0.2 %

Marg.

sl

5

nash U) DM and v fit MPIK H, 17
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Results University

o Posterior Probability

GAMBIT v1.2.0

GAMBIT v1.2.0

1.0

3
o
g

0o
Majorana DM, € =0 0.2
T-Walk

= Majorana DM, £ = 0
T-Walk

Marg. posterior Marg. posterior

50 55 60 65 2.0 2.5 3.0 3.
my (GeV) logy( (my/GeV)

(Monash U) DM and v g 1 fit MPIK H, 17
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@ Universtity

Results: EW MSSM

[arXiv:1809.02097 [hep-phl]]
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EW MSSM @ University

MSSM field content

Name Spin Gauge ES Mass ES
Higgs bosons 0  HC HY Hf Hy hHAH*

squarks 0 iy, g dr, dr -

CI, CR SI, SR -
tNL t~R BR INJR t~1 7§2 l~)1 62

sleptons 0 €L €R Ve -
AL AR Uy -
7L TR Vr T T2 Ur
neutralino 1/2 B W? HY ﬁg O %9 %3 1
chargino 1/2 W+ Hf f{d_ )Zf )@t
gluino 1/2 g -

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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EW MSSM @ University

MSSM field content

Name Spin Gauge ES Mass ES

neutralino 1/2 B W3 I:IB ﬁg >~<(1] )28 5(3 >~<2
chargino 1/2 W+ H} f:{d— ﬁ: Xit

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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EW MSSM : UﬂlV@l’SIty
Parameters
o 4-D parameter space (m%{d, m%(u — [, m4)
mp, — 125 GeV
Ms,ma — 5 TeV {MlvMQaM7tanB}
my,mg — 3 TeV
Ay, Ag, Ae = 0
e Parameter ranges
Parameter Range Priors
Mi(Q) [-2 TeV, 2 TeV] hybrid, flat
M5(Q) [0, 2 TeV] hybrid, flat
w(Q) [-2 TeV, 2 TeV] hybrid, flat
tan S(mz) [0, 70] flat

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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EW MSSM University

Likelihoods

o Invisible decays TI'(Z — inv.) =499.04 1.5 MeV BF(h — inv.) < 0.19

Production Signature Experiment
)Zoxg "6 — qqx& OPAL
(1 =2,3,4) X; — x3 L3
o LEP limits xjx; XSx; - ad qq/xox‘f OPAL
(i=1,2) ':r X; — a4 ZVX1X1 OPAL
X%, — wwzdx? OPAL, L3
ISR v + missing energy OPAL

o LHC searches

Likelihood label Source
ATLAS_4b ATLAS Higgsino search
ATLAS 4lep ATLAS 4¢ search

ATLAS MultiLep-2lep-Ojet ATLAS multilepton EW search
ATLAS MultiLep_2lep_jet ATLAS multilepton EW search

ATLAS MultiLep_3lep ATLAS multilepton EW search
ATLAS_RJ_ 2lep_2jet ATLAS recursive jigsaw EW search
ATLAS_RJ_ 3lep ATLAS recursive jigsaw EW search
CMS_1lep2b CMS Wh search

CMS_2lep_soft CMS 2 soft opposite-charge lepton search
CMS_20Slep CMS 2 opposite-charge lepton search
CMS_MultiLep_2SSlep CMS multilepton EW search
CMS_MultiLep_3lep CMS multilepton EW search

onzalo (Monash U) DM and v g 1 fit MPIK H, 17
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EW MSSM University

Scan strategy

o First scans
— Differential evolution scanner (Diver) on jDE mode
— Flat & hybrid (log-flat-log) priors
— Targeted scans for My < 500 GeV and p < 500 GeV
— Simulated 100k/500k Pythia events per parameter point
— Samples contain ~2.4M valid points

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019 44 / 44
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EW MSSM University

Scan strategy

o First scans
— Differential evolution scanner (Diver) on jDE mode
— Flat & hybrid (log-flat-log) priors
— Targeted scans for My < 500 GeV and p < 500 GeV
— Simulated 100k/500k Pythia events per parameter point
— Samples contain ~2.4M valid points
e Sampling issues
— Large MC uncertainty
— Signal region flip-flop

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019



MONASH

EW MSSM University

Scan strategy

o First scans
— Differential evolution scanner (Diver) on jDE mode
— Flat & hybrid (log-flat-log) priors
— Targeted scans for My < 500 GeV and p < 500 GeV
— Simulated 100k/500k Pythia events per parameter point
— Samples contain ~2.4M valid points
e Sampling issues
— Large MC uncertainty
— Signal region flip-flop
o Postprocessing
— More Pythia events
- 20/30 > 4M events
- lo > 16M events
- best 500 points > 4M events

— ~ 240k valid samples

T. Gonzalo (Monash U) DM and v global fits MPIK H, 17/6/2019
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EW MSSM " University

Results
o Capped likelihood
EWMSSM. 1o and 20 CL regions. GAMBIT 1.2.0

2 " L0
1 2
] =
400 —os
1 &
. 1 =
= 300 —os 2
o "
£ 200 N[04
B IS
100 2B

0 100 200 300 400 500
M+ (GeV)
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EW MSSM ® UniVGrSity

Results
o Profile likelihoods for Mmoo+

400 Evssy 1r s GAVBIT 120

400 S 1 st
300

300

200

100

100

0 100 200 300 100 100 200 300 100
mgs (GeV) mgs (GeV)

2000 2000

1500 1500

1000 1000

500 500

iy 7 = oy

0 100 200 300 100 500 1000 1500 2000
(GeV) mey (GeV)

my
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EW MSSM ® University

Results

S0 1000

gy (GeV s (€
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EW MSSM University

Conclusions

@ No clear exclusion for light sool
. - | 30 Cl
electroweakinos T ewe

— Careful with simplified models -

)

e Favoured by several analyses
— ATLAS 4,
—» ATLAS RJ 3[, ]
— ATLAS multi-l (21, 31) 2001~
e Minor excess I
— mgo ~ 50 GeV my Y
— Local significace 3.50

ss (GeV.

2 400

Ma

Might be a hint of new physics
Moriond?
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EW MSSM University

Analysis: results

Contribution from each analysis
to the 10, 20 and 3o best-fit regions

InL{s+b) —InL(b)

Blue: better than background-only
Red: worse than background-only

Most important contributions to
best-fit region:

ATLAS_dlep
ATLAS_RJ_3lep

DM and v MPIK H, 17
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EW MSSM University

Analysis: results

More detailed lock on
ATLAS_4lep
ATLAS_RJ_3lep

Sudden changes in likelihood due to
changes in most sensitive SR

Light Y3 preferred by ATLAS_4lep and

Heavy X disfavoured by
and

The «expected» tension between
and

ATLAS_RJ_3lep observed for heavy Y 3w

(production of higgsino X9, X5, ¥¥) £

(Monash U) DM and
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EW MSSM University

Results

Lots of processes relevant for the best-fit point:

— \“\U production, with e.g. — X3 X{ production, with e.g,.
S 2R =Wk W oW+ oW+ 2+, 0o 2+

- \‘_,t\‘_j production, with e.g. - X pmdmtinn with e.g.

WG oWEL wELZ 410 X; —»m-\1 Sh+ W40 8o Z+ 30

\f\“ production, with e.g. — X7 %3 production, with e.g.

W - WE+ %0, (f’ﬁ7+ B Z2+72+0 o WELR R S Wyt s W W+ Y
- \f‘\ production, with e.g. Y3 X1 production, with e.g.

EOWE LS WE 4241, Yo = Z4XT o ZHWELR,

g WX =W +WH+ 8 X h+xy—h+Z+X

onzalo (Monash U) DM and v glob fi MPIK H, 17
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