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Neutrino phenomena

@ Neutrino oscillations (best fit from nu-fit.org):

solar 01 ~34°  Amd ~ 7.5 x 107 %eV?
atmospheric 6y ~ 42°  |Amd;| ~ 2.5 x 10 %eV?
reactor 013 ~ 8.5°

@ Absolute mass scale:
cosmology Xm,, < 0.23 eV [Planck, 2016]
B decays m,, < 2.05 eV [Mainz, 2005; Troitsk, 2011]
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@ Different mixing pattern from CKM, v lightness L Majorana v

@ SM: no v mass term, lepton flavour is conserved

= need new Physics
- Radiative models
- Extra dimensions
- R-parity violation in supersymmetry
- Seesaw mechanisms — v mass at tree-level

+ BAU through leptogenesis
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Dirac neutrinos ?

@ Add gauge singlet (sterile), right-handed neutrinos vx = v = v, + 1

LA™ = =YLty — Y,Lovg + h.c.
= After electroweak symmetry breaking (¢) = (°)
Lilell;;(;ns = _meZLER — mpU Vg + h.c.

3 vg = 3 light active neutrinos: m, < 1leV = ¥ < 107!
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Majorana neutrinos ?

@ Add gauge singlet (sterile), right-handed neutrinos v
Lib™ = —Y, Lol — Y, Lovg — L Mpvpi + hec.

= After electroweak symmetry breaking (¢) = (°)

leptons — 1 - .
Linass = —mplplp —mpvpvg — s Mpvprg + hec.

3 g = 6 mass eigenstates: v = ¢

@ 1 gauge singlets
= My not related to SM dynamics, not protected by symmetries
= My between 0 and Mp

@ Experimental test of the neutrino nature ?
= Processes that violate lepton number by AL = +2

— 0v20: see talks by A. Giuliani, T. Le Noblet, S. Calvez
— same-sign dilepton at colliders

— LNV meson decays

University of Durham
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Minimal seesaw mechanisms

@ Seesaw mechanism: new fields + lepton number violation
= Generate m,, in a renormalizable way and at tree-level
@ 3 minimal tree-level seesaw models = 3 types of heavy fields
e type I: right-handed neutrinos, SM gauge singlets

o type Il: scalar triplets
o type lll: fermionic triplets
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L L \\YA//
|
Mg 1A
Yy / \ YV ’,L\\
’ NR NR \ Pid HA >SS
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/ \ d) /fbA
H , H m, = —2¥;Av——
1 rv MZ%
m, = —-v' v,
2 MR [Magg and Wetterich, 1980,

[Minkowski, 1977, Gell-Mann et al., 1979,
Yanagida, 1979, Mohapatra and Senjanovic, 1980]  Lazarides et al., 1981,
Mohapatra and Senjanovic, 1981]
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Schechter and Valle, 1980, Wetterich, 1981,
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Searches for heavy Majorana neutrinos

[ATLAS, JHEP07(2015)162]

T T T T T T

@ Golden channel: same-sign dilepton + dijet =
[Datta et al., 1994, Han and Zhang, 2006, -
del Aguila et al., 2007, Atre et al., 2009] J 107

\s=8TeV,2031b"

W~ J
1 3 = 95% CL Observed limit
LY _Z— 95% CL Expected limit
q/ I 95% cL Expected limit + 1o
95% CL Expected limit + 20
102 L L L Ll L
+ 100 150 200 250 300 350 400 450 500
a w m, [GeV]
q o~
@ To be compared with EWPO: [CMS, JHEP04(2016)169]
[Fernandez-Martinez et al., 2016] [ i . 74 fo! @ TeV=)
- £ [ CMs E
[Vun]* < 4.107* at 20 -

@ LHC expected sensitivities at 20:
[Alva et al., 2015]
L£L=100fb"" — my < 160GeV
L£=1ab™! —  my < 300GeV

@ Observation can be used to try to falsify

leptogenesis [Deppisch et al.,, 2014] 10° 55706150 200 250 300 350" 400 4%;0G \E/’?Ol
my (Ge'
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Minimal seesaw mechanisms

Searches for doubly-charged scalars

@ Type Il seesaw: SU(2); triplet (AT, AT, A?)

@ Golden channel: Pair production
[Akeroyd and Aoki, 2005, Fileviez Perez et al., 2008,
del Aguila and Aguilar-Saavedra, 2009, Melfo et al., 2012]

p=
P
”A++ -
Z/y \\\ a
: <
[%-
@ Striking signal with same-sign lepton pairs

@ Tensions with naturalness requirement

[Farina et al., 2013, Chabab et al., 2016, Haba et al., 2016]...

6m1-1 < myg = MA < 0(200) GeV
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[ATLAS, ATLAS-CONF-2016-051]
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100% &% - e'et
100% @™ — e*
100% &% —» it
100% &+ — e't*
100% &% - et
100% & — 't
Benchmark 1
Benchmark 2
Benchmark 3

Benchmark 4

Br(H—

T T T
ATLAS Preliminary ... Expected 95% CL
V§=13TeV,13.916"  —— Observed 95% CL

e'e)=1.0 [ Expected it + 1o
[ Expected limit + 20

— alpp—r HIH)

- ofpp— HiHy)

! 400 600 800 1000 1200
m(H") [GeV]
[CMS, CMS-PAS-HIG-16-036]
CMIsPre‘(wmne‘vy . . 12'.9111"113‘79\/)
0 "

L ol
0 100 200 300 400 500 600 700 800 900 1000

@ Mass (GeV) >




Minimal seesaw mechanisms

Searches for heavy leptons at the LHC

@ Type lll seesaw: SU(2), triplet (XF, X%, %7)

@ Based on pair production (3tx°, %)
[Franceschini et al., 2008, Arhrib et al., 2010, Ruiz, 2015]

’

q =+ q =+

BR(L*—> Wv)xBR(N’ - WI)

w+ Z/y/h

q =0 q i
@ Final states with multiple charged leptons
(ATLAS: 2¢ + 2j from W* , CMS: > 3)

@ Naturalness criterion leads to [Farina ct al., 2013]
dmy < my = Mx, < O(1000) GeV
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[ATLAS, PRD92(2015)032001]
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Type | and low-scale seesaw

L L @ Taking Mz » mp gives the “vanilla” type | seesaw
My m, = —mLT)MEImD
Y”/ \Y” e C logical limit: 0.23 eV [Planck
/ Np N \\ osmological limit: Xm,, < 0.23 eV [Planck, 2016]
/ \
/ \ o~ Oeyv | Yr~1 and Mz ~ 10" GeV
) 10) v Y, ~ 107 %and Mg ~ 10> GeV

@ Type | seesaw: m, suppressed by small active-sterile mixing

100 GeV

mp —6
Vin| ~ — ~ 10
[Ven| M 7

@ Cancellation in matrix product (from L nearly conserved [Kersten and Smirnov, 2007])
— Low-scale seesaw with large active-sterile mixing, e.g.
inverse seesaw [Mohapatra and Valle, 1986, Bernabéu et al., 1987]
linear seesaw [Akhmedov et al., 1996, Barr, 2004, Malinsky et al., 2005]
low-scale type | [llakovac and Pilafisis, 1995] and others

LNV signals are suppressed J
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Low-scale seesaw mechanisms

The inverse seesaw mechanism

@ Lower seesaw scale from approximately conserved lepton number
@ Add fermionic gauge singlets vg (L= +1)and X (L = —1)
[Mohapatra and Valle, 1986]

- _ 1 —
Liverse = —Y, Lovg — MRI/EX — E,UXXCX + h.c.

H H
0 mp 0 \ /
withmp =Y, v.M* = | ml, 0 M N Wk v,/
0 M u
R / X X \
2
. Ip L L
m, = ﬁ%ﬂx
— Hx
my, N, ~ FMg+ >
2 scales: ux and Mg
@ Decouple neutrino mass generation from active-sterile mixing
@ Inverse seesaw: ¥, ~ O(1) and Mg ~ 1 TeV
= within reach of the LHC and low energy experiments Uity of Dty
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Low-scale seesaw mechanisms

Low-scale seesaw signatures at colliders

@ Direct searches above my

o LHC: LFV di-lepton + dijet [Arganda, Herrero, Marcano and CW, 2016]

tri-lepton + missing Er [del Aguila and Aguilar-Saavedra, 2009,
Chen and Dev, 2012, Das and Okada, 2013, Bambhaniya et al., 2015]...
@ |ILC/FCC-ee: single lepton + dijet

[Das and Okada, 2013, Banerjee et al., 2015, Antusch et al., 2016]
@ Direct searches below my

e Higgs decays: invisible [Banerjee et al., 2013]
visible
[Bhupal Dev et al., 2012, Bandyopadhyay et al., 2013, Cely et al., 2013, Das et al., 2017]
o Displaced vertices
[Helo et al., 2014, Blondel et al., 2016, Dib and Kim, 2015, Gago et al., 2015, Antusch et al., 2016]
@ Indirect searches

@ EWPO [del Aguila et al., 2008, de Blas, 2013, Fernandez-Martinez et al., 2016]

@ (semi)leptonic decays of mesons [Abada, Teixeira, Vicente and CW, 2014]

e charged lepton flavour violation [Bernabéu et al., 1987]...
e triple Higgs coupling [Baglio, CW, 2016, 2017]

University of Durham
=] 5 = = E DA
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Low-scale seesaw mechanisms

Direct searches above my: Production at the LHC

Drell-Yan gluon fusion

q Z(W) N
q(7)>'vv<w(zi) < :3/\?\/; e i

diagrams from [Degrande et al., 2016]

@ Model files available for automated
NLO calculation in phenomenological
type | seesaw
[Degrande et al., 2016]

@ Extension to CPV scenario and
low-scale seesaw models is

[=}
S

S DY@NLO + GF@N® L
—e— N -NLO
—+— Nv-GFN’LL
—~— Nv-GFLO
—¥— N/%j- VBENLO

s
(=
T
(UL Y L |

o(pp— NX) / |V, F [fo]
= 2

|IEETTIT RRTTT RETTT M

; o , 14 TeV LHC
undergoing validation [R. Ruiz and CW] PRELIMINARY
@ Gluon fusion channel dominates at T R +
low masses J ——a— ———
) ) % 200 400 600 800 1000
@ VBF dominates at high masses Heavy Neutrino Mass, m_[GeV]
[Dev et al., 2014, Alva et al., 2015] plot from R. Ruiz @ Pheno2017

Cédric Weiland (IPPP Durham) v at colliders GdR Neutrino 12/30



Trilepton signatures at the LHC

@ LNV same-sign dilepton is suppressed in low-scale seesaw models

Searches for LNC signatures of heavy (pseudo)-Dirac neutrinos
are needed and well-motivated J

@ First channel: pp — 0200ty (del Aguila and Aguilar-Saavedra, 2009, Chen and Dev, 2012,
Das and Okada, 2013, Bambhaniya et al., 2015]...

q
q o+ :
° Wlth [: - 300fb_1’ 100 200 300 400 500
sensitive to my < 200 GeV iy (GeV)

[Das and Okada, 2016]
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Low-scale seesaw mechanisms

LFV dilepton at the LHC

@ Second channel: pp — nggjj [Arganda, Herrero, Marcano and CW, 2016]

4T T T T T ! i 9
10 Excludedby 7—uy s = 14 TeV

£=300b""
2
G

200 360 460 560 660 760 860 960 1000
Mg (GeV)

@ Lower line: production only from Drell-Yan
Shaded regions: W~ fusion added with
pT™ =10,20,40GeV (darker to lighter)

’ @ Up to O(200) events, naively background
free
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Production and decays at e*e~ colliders

@ Many possible channels: ¢vjj, Llvv, vvjj, vvv [Antusch etal., 2016]

@ Most promising channel: (vj;
[Das and Okada, 2013, Banerjee et al., 2015, Antusch et al., 2016]

@ LNC process: not suppressed in
low-scale seesaw

@ Process with the largest cross-section

@ Can probe large mass range, up to 100 200 300 400 500
My (GeV)
~ 0.954/s [Banerjee ct al., 2015]
=i =] = = = DA
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Low-scale seesaw mechanisms

Searches below myy: displaced vertices

@ Very clean experimental signature

@ Uses the large samples of W, Z
and H available at colliders

@ Can probe active-sterile mixing
below 1073
10745 :

107°

|Uu4 |2

1078

107

0
My=My(GeV)
LHC14, £ = 300fb~" [Gago ctal. 2015]
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[Izaguirre and Shuve, 2015]
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Summary of direct searches

@ LHC should be sensitive to heavy sterile neutrino with my < 200 GeV
Future colliders could push direct searches to a few TeV[Goliing et a1, 2016]

@ Important to consider LNC final state as well
@ Displaced vertex searches are extremely powerful when below my,

@ Lots of phenomenological activity:

- (automated) NLO production cross-sections
- New sensitivity studies and search strategies
- New constraints set from LHC data

@ Exclusion limits on A** for type Il seesaw already in tension with
naturalness considerations

@ Exclusion limits on type lll seesaw leptons pushed to ~ 800 GeV by CMS
@ Indirect searches allow to push searches to the multi-TeV range

University of Durham
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Low-scale seesaw mechanisms

Electroweak precision observables

Based on global fit to observables that include Z and W* decays

[del Aguila et al., 2008, de Blas, 2013, Fernandez-Martinez et al., 2016]

Kinematically inaccessible heavy N decreases Z and W decay widths
= Limits independent of the heavy neutrino masses above m;

10°

10! .
e e e e e e e e epton

O L L I e mmr - NI
1074
1077

|Uul®

107
1077
107

10-9)

101 = :
107 107 107° 104 1078 1072 107! 10° 10! 10 108

ma[GeV] [de Gouvéa and Kobach, 2016]

Currently provide the strongest constraints on heavy neutrino mixing
above my

mixing | 2o limit

|VeN| 0.05 [Fernandez-Martinez et al., 2016]
A\ 0.021 ' o ‘@ ~
‘VTN| 0.075 University of Durham
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Charged lepton flavour violation

@ Sensitive to a new physics scale as large as A ~ 1000 TeV
@ ATLAS search for 7 — 3u: Br< 3.76 x 1077 [ATLAS, 2016]
@ ATLAS search for LFV Z decays: Br(Z — ) < 1.69 x 1073 [ATLAS, 2016]
Br(Z — eu) < 7.5 x 1077 [ATLAS, 2016]
in agreement with previous sensitivity studies [Davidson et al., 2012]
@ Huge sensitivity improvement expected from future e*e~ collider
[Abada et al., 2015b, Abada et al., 2015a, De Romeri et al., 2017]

[Abada et al., 2015b] University of Durham
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A new opportunity

@ Huge effort to measure Higgs properties: mass, width, couplings

Use the Higgs sector to probe neutrino mass models ]

()] HZ,EI
— Contribution negligible in the SM — evidence of new physics if observed
— Sensitive to off-diagonal Yukawa couplings Y.,
— Complementary to other LFV searches

@ HHH:
— Reconstruct the scalar potential
— validate the Higgs mechanism as the origin of EWSB
— Sizeable SM 1-loop corrections (O(10%))
— Quantum corrections cannot be neglected
— One of the main motivations for future colliders

— Sensitive to diagonal Yukawa couplings Y,

University of Durham
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Using the Higgs sector

Lepton flavour violating Higgs decays |

@ Arise at the one-loop level
[Arganda, Herrero, Marcano, CW, 2015]

Ik

Ik Ik
n n; w
H N HiNee Hwnl @ Formulas adapted
Im Im

from [Arganda et al., 2005]

(&) @ €)
" " o b @ Diagrams 1, 8, 10
Y P £ " n dominate at large My

H _~ H w _ H G\\
Im Im Im
@ ) © @ Enhancement from:

-O(1) Y, couplings
-TeV scale n;

W, G Wi Gi,
THO THO “H i “H i
Im Ik I

University of Durham
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Lepton flavour violating Higgs decays Il

107% - ) E "] BI‘(H — T/J,) < 1.20% (cus-pas-Hic-16-005)

I:L 1074 L . E Br(H — 7’}1,) < 143% [ATLAS, EPJC77(2017)70]
1 1075 '
T . @ Dotted: excluded by 7 — u~y
] Solid: allowed by LFV, LUV, etc
om 10—7,

10-8L @ Br"™(H — p7) ~ 1073

1 5 10

ini max — =5
Mg (TeV) @ Similarly, Bl (H — e7) ~ 10

@ Approximate formula for large Y,,:

4
7V
BrifP =10 7M—4 (Y, Y)23 — 5.7(Y, Y Y, Y1) ?
R

@ In a supersymmetric model, Br™*(H — ;7) ~ 102 [Arganda, Herrero, Marcano,

CW, 2016]

= Within LHC reach ST
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The triple Higgs coupling

@ Scalar potential before EWSB:

V(9) = =176 + Agl*

o After EWSB: m?, = 24, v? = /A

0 1 1 1
¢ = <v+H> — V(H) = cmyH* + —\ppnH® + — Ay H*
£ 2 3! 41
and , )
3M 3M
/\%HH B _TH ’ )‘?MHH = - =

v

University of Durham
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Experimental measurement of the HHH coupling

@ Extracted from HH production

q
-¢

¢ 200000004

7y A¢

9QQ00000Q/

<y

@ Destructive interference between diagrams with and without Agygy

1000 ¢

100 |

10 ¢

0.1

o(pp — HH + X)) [fb]
/s =14 TeV, My = 125 GeV
gg — HH
qq' — HHqq' -
b g — WHH -,
qq— ZHH -

-5 -3 -1 01 3 5
Anan/ A

40

35

o(pp - HH + X)) /oM
V5 = 14 TeV, My = 125 GeV

gg — HH

-5

Aunn/ N

@ Most sensitive channel in the SM: VBF [Baglio ct al., 2013]
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Future sensitivities to the SM HHH coupling

P(e, €)=(-0.8, 0.3), M =125 GeV
HH production at pp colliders at NLO in QCD 400 T — T T
[ My=125 GeV, MSTW2008 NLO pdf (68%c) —SMall ffh
—_ —2Zh
'gSOO- —WW fusion |
c 27 tusion
. 2 o,/
3 §a00f [ >, ]
2 » o 0
g 7] W
3 S100f EH -
© / \Z
102 | 45 P S
10° L L L L L 800 250 300 350 400 450 500
s Tate ) 50 7 10
o \'s (GeV)
[Contino et al., 2016] [Fuijii et al., 2015]

@ At hadron colliders
e Production: gg dominates, VBF cleanest
- HL-LHC: ~ 50% for ATLAS or CMS [CMS-PAS-FTR-15-002] and [Baglio et al., 2013]
~ 35% combined
- FCC-hh: 8% per experiment with 3 ab™" using only bby~ [He ct al., 2016]
~ 5% combining all channels
@ Atete collider
e Main production channels: Higgs-strahlung and VBF
- ILC: 27% at 500 GeV with 4 ab™" [Fujii et al., 2015]
10% at 1 TeV with 5 ab™! [Fujii et al, 2015]
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Beyond SM: simplified 3+1 model

Cédric Weiland (IPPP Durham)

@ Impact of a new Dirac fermion
coupled through the neutrino portal

@ New 1-loop diagrams and new
counterterms [Baglio and CW, 2016]

@ Strongest experimental constraints
on active-sterile mixing: EWPO

[de Blas, 2013]
|V..| < 0.041

V4] < 0.030
|V.4] < 0.087

@ Loose (tight) perturbativity of Agpg:

max|(V'V)is| g ma,
M,

) < 167 (2)

o Width limit: T, < 0.6m,,

University of Durham
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Momentum dependence

AD Ny [%]

-30 +

-40

=20 +

1.4
1.2 + )

0.8 .
200 1250 2500

500 1000 1500 2000 2500
qu- [GeV]

A(l)/\HHH = % (/\IlirHH - AO)

Assume V_, = 0.087,

V=V, =0

Deviation of the BSM correction
with respect to the SM correction
in the insert

max|(VIV)u|m,, =m,

—m,, =2.7TeV

tight perturbativity of \yygy bound:
m,, = 7TeV

width bound: m,, = 9 TeV

@ Largest positive correction at ¢j; ~ 500 GeV, heavy v decreases it

@ Large negative correction at large ¢j;, heavy v increases it

Cédric Weiland (IPPP Durham)
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Using the Higgs sector

|Bral?

Results in 3+1 simplified model

ABSM map with gg- = 500 GeV ABSM map with g+ = 2500 GeV

0.01 . . | 0 0.01 . ¢ . . | 30
\gxcu\;@% Wound 20% 5%, o
0.009 v exp. constrainks N 0.009 { Excluled by\exp\codgtr 5
7 om0y, 30% o 15% % 25
0.008 -2 0.008 5% 2
. 0%2,
0.007 0.007 i % 20
0.006 -4 L 0006 4,
0.005 :E 0.005 15
0.004 -6~ 0.004 \
0.003 0.003 10
0.002 -8 0.002 5
0.001 0.001
-10 0
2 4 6 8 10 12 ABSM (o) 2 4 6 8 10 12 ABSM [g)
My, |TeV] M, [TeV]
BSM __ 1 Irifull _ y1r,SM
@ A - )\[l_lf[_,[i[M )‘HHH )‘HHH

@ Red line: tight perturbativity of Ayyy bound

@ Heavy v effects at the limit of HL-LHC sensitivity (35%)

@ Heavy v effects clearly visible at the ILC (10%) and FCC-hh (5%)
@ Similar behaviour for active-sterile mixing V,, and V ,

University of Durham

Cédric Weiland (IPPP Durham) v at colliders GdR Neutrino 28/30



Using the Higgs sector

Results extended to the inverse seesaw

ABSM map with gp. = 500 GeV ABSM o/ ABSM map with gp. = 2500 GeV. ABSM
P dy [%] H [%]
SV —1 30
3.5 z 3.5
3 -2 3 2%
-3
25 25 20
A . A
> SN 5
15 -5 15
N 6 ) 10
05 -7 0.5 5
-8 0
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
Myp, [TeV] Mp, [TeV]
BSM _ 1 Irfull _ y1r,SM
@ A™Y = s (Aupm — Mnn
HHH

@ Different calculation, with Majorana neutrinos [Baglio and cw, 2017]
@ Diagonal Y,,: full calculation in black, approximate formula in green

1 TeV)?
ABM (LTeV)" ¢ 45 Te(Y, Y)Y, Y])) — 0145 Te(Y, Y] Y, Y)Y, Y))
P M} ( )
@ Sensitive to heavy neutrino with mass of O(10) TeV riversy of e
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Conclusion

@ v oscillations — New physics is needed to generate masses and mixing

@ LHC experiments have an active search program for new particles coming from
seesaw mechanisms
— Already put strong constraints on type |l seesaw

@ Both lepton number violating and lepton number conserving processes are
important and should be considered

@ Direct and indirect searches at colliders are complementary; applies as well to
cosmological and precision observables

@ Indirect searches at colliders can probe new regions above 10 TeV

University of Durham
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