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Massive Neutrinos

Neutrino phenomena

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

solar 01p ~34°  Amd ~ 7.5 x 107 %eV?
atmospheric 6y ~42°  |Amd;| ~ 2.5 x 107%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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@ Mixing pattern different from CKM, v lightness < Different mass generating mechanism ?

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

= need new Physics
- Radiative models
- Extra dimensions
- R-parity violation in supersymmetry
- Seesaw mechanisms
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Massive neutrinos

@ Simplest idea: Add Right-handed neutrinos v (fermionic gauge singlet)
Lih™ = —Y,LH{g — Y, LHvg — 'Mgzif; + hec.

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

leptons — .
L™ = —mplply — mpivg — %MRI/RI/;e + h.c.

3 vk without Mr = 3 mass eigenstates: v # v*¢
3 vk with Mg = 6 mass eigenstates: v = ¢

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

@ How to search for a heavy neutrino with m, > O(1TeV) ?
Can we put experimental limits on diagonal Yukawa couplings ¥, ?

Use the Higgs sector to probe neutrino mass models J

@ Before EWSB:
V(¢) = —1[6]” + Alg|*

o After EWSB: m3, = 24>, v? = /A

V(H) = ym}yH* + 3 \gunH® + 3 \upnaH*

with AD = *”ff” s MNian = 73%,2,
@ HHH: — Validate the Higgs mechanism as the origin of EWSB M‘W
e

— Sizeable SM 1-loop corrections (O(10%))

— One of the main motivations for future colliders
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Triple Higgs coupling

Experimental measurement of the HHH coupling

@ Extracted from HH production
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@ Destructive interference between diagrams with and without Ayyy

o(pp — HH + X) [fb]
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@ Most sensitive channel in the SM: VBF [Baglio et al., 2013]
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Future sensitivities to the SM HHH coupling

HH production at pp colliders at NLO in QCD
[ My=125 GV, MSTW2008 NLO pot (88%c)

@ At hadron colliders
e Production: gg dominates, VBF cleanest
- HL-LHC: ~ 50% for ATLAS or CMS [CVS-PAS-FTR-15-002] and
[Baglio et al., 2013]
~ 35% combined
- FCC-hh: 8% per experiment with 3 ab™' using only
bbryy [He etal., 2016]
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[Contino et al., 2016]

P(:(,)g):(-o.a,o.s), M =125 GeV ~ 5% combining all channels
' j ' 7YSMaIH'fh
— —2Zh
L300f —WW fusion | .
g ; 22 fusion "] At e+e_ CO||IdeI’
‘gzoo— e ] e Main production channels: Higgs-strahlung and VBF
2 ;3/ - ILC: 27% at 500 GeV with 4 ab™" [Fujii et a1, 2015]
Stoof e }: 10% at 1 TeV with 5 ab™! [Fujii et al., 2015]
" L L Ie' z .\‘ e
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[Fujii et al., 2015]
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A generic approach

@ To illustrate the impact of a new fermion coupling via the neutrino portal

@ Simplified model with 3 light active and 1 heavy sterile neutrinos,
with masses my, ..., my and mixing B

@ Modified couplings to W+, z°, H

Lo— 220w B P,

\/5 ‘ Bel BeZ Be3 Be4
8 u, it By..=| Bu Bn B, B
——=—n~"Z,(B'B),Pn; 3x4 pl Bp2 Bup3 D4
2cosfy, T Jibun; B,y B, B;3; B
8 -

nl-(BTB),jH(mmPL +m, Pp)n;

My
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3+1 model

Beyond SM: simplified 3+1 Dirac model

--------- @ New 1-loop diagrams and new counterterms
— Evaluated with FeynArts, FormCalc and LoopTools
H* ========= . . . . ..
@ Strongest experimental constraints on active-sterile mixing:

EWPO [de Blas, 2013]
# B, < 0.041

|B,,| <0.030
R Q __________ ) 1B..] < 0.087
@ Loose (tight) perturbativity of Agpyy:
max|(B'B)is| g2y, |
w W ZM < 167[' (27{')
w

o Width limit: T',, < 0.6m,,
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3+1 model

Momentum dependence

f;bgii'lfv"“ — ° A(1)/\117117111 = % ()‘IlirHH - /\0)
0r e
B : @ Assume B,, = 0.087, B,, = B,, = 0
ST
] @ Deviation of the BSM correction with respect to
~< . . .
g np My the SM correction in the insert
1.2
Y R — @ max|(B'B)ylm,, = m, — m,, =2.7TeV
O T 2500 - tight perturbativity of Ayyy bound: m,, = 7TeV
v 500 1000 1500 2000 2500 width bound: m,, = 9 TeV
qu- [GeV]

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

@ Large negative correction at large ¢j;, heavy v increases it
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3+1 model

Results in 3+1 simplified model
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ABSM map with gy~ = 500 GeV
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Red line: tlght perturbativity of \yyy bound
Heavy v effects below the HL-LHC sensitivity (35%)

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

v and HHH

|B,.4\2

ABSM map with gg- = 2500 GeV

0.01 ‘ 30
s

0.009 Exclu\{ed [
0.008 5% R %
0.007 . 0
0.006
0.005 15
0.004

1
0.003 0
0.002 5
0.001

0

12 ABSM [g)

27 September 2017

University of Durham

10/14



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 —
‘Cinverse = —YVL¢VR - MRI/ICQX - E/LXX“X + h.c.

0 mp O H H
withmp =Y,v,.M" = | mb 0 Mk I )/
0 My v VR Yk
X X
m, o~ "B, / \
v M2 Bx L L
o TMe 4
MNN, X MR TS 2 scales: iy and Mg
@ Decouple neutrino mass generation from active-sterile mixing
@ Inverse seesaw: Y, ~ O(1) and Mg ~ 1 TeV
= within reach of the LHC and low energy experiments ilvaoty of Dutaey
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Calculation and constraints in the ISS

" @ Similar diagrams to the 3+1 Dirac scenario but with
Majorana neutrinos

H =--mmooe- Formulas for both Dirac and Majorana fermions
coupling through the neutrino portal are available J

H
@ Accommodate low-energy neutrino data using parametrization
px = M5 Y, Ubinso Ulyns Y2 “'Mgv®  andbeyond

@ Charged lepton flavour violation, e.g. Br(u — ey) < 4.2 x 107" [vEG, 2016]
@ Global fit to EWPO and Iepton universality tests [Fernandez-Martinez et al., 2016]
@ Width limit: T'y < 0.6my,

2
e Yukawa perturbativity: [7=| < 1.5
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Inverse Seesaw

Results in the ISS

ABSM map with gg. = 500 GeV ABSM (o)

L 0
4 ] ﬁ/ﬂu
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15 =5
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My, [Tev] My, [Tev]
BSM __ 1r,full 1r,SM
° A - )\1' SM ()\HHH )\HHH )
o Full caIcuIatlon in black | Tev)?
oo = D (845 (Y, Y)Y, ¥]) —

approximate formula in green
@ Largest deviations obtained for Y, diagonal
@ Agree with 3+1 Dirac analysis despite stronger constraints
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Conclusions

@ v oscillations — New physics is needed to generate masses and mixing
@ One of the simplest ideas: Add right-handed, sterile neutrinos

@ Corrections to the HHH coupling from heavy v as large as 30%: measurable at future colliders
— Maximal for diagonal Y,
— Provide a new probe of the O(10) TeV region
— Complementary to existing observables

@ Example of models where the corrections to Ayyy only come from loops
@ Generic effect, expected in all models with TeV fermions and large Higgs couplings

@ Next step: Corrections to the di-Higgs production cross-section
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Backup slides
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Type | and low-scale seesaw

L L @ Taking My » mp gives the “vanilla” type 1 seesaw
Mg m, = —m}SM,;lmD
v, L T
J Ng Ng @ Cosmological limit: ¥m,, < 0.23 eV [Planck, 2016]
/ \
I \ ~ ~ 104
o H m, ~0.1eV = Y, ~1 and Mz ~ 10" GeV

Y, ~10~%and Mg ~ 10?> GeV
@ Type | seesaw: m, suppressed by small active-sterile mixing mp/Mg

@ Cancellation in matrix product (from L nearly conserved)
— Low-scale seesaw with large active-sterile mixing mp/Mkg, €.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 Pilaftsis, 1995] and others
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Renormalization procedure for the HHH coupling |

@ No tadpole: t}}) + 0ty = 0= 0ty = —t},l)

@ Counterterms:
M}y — M}, + oM,
M3, — M3, + M3,
M3 — M3 + 5M3
e— (1+0Z,)e

H—\Zy=(1+ %5ZH)H

@ Full renormalized 1-loop triple Higgs coupling: A}y, = A0 + AS},H + 0A\ypy

3 )

University of Durham

) M3 6M3,  1cos?Oy (MG, M3
HHH — 762 + 6tH76 +0Z,+ 2 — W4 70?82 L4 < > Z
A 2My, s sin 6 M My, 2My, 2 sin 9W M,
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Renormalization procedure for the HHH coupling Il

@ OS scheme
SM3, = ReXly, (M3,)
SM% = ReXl,(M3)
SM?% = ReX (M%)
@ Electric charge:

sz — Sinfw ReX,(0)  ReX, (M3)
¢ cosfy, M: M2

@ Higgs field renormalization

OXun (K*)

ok R=M},
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SM 1-loop corrections

10

st o tree-level: XY, ~ 190 GeV

0r

St @ Dominant contribution from top-quark loops

T q0b [Kanemura et al., 2004]

S 2 2 3 1 16m’
ol A4 s ) = = =5\ V= o5 G
-25 mi] q2
freo (B
-35 - L L L L L 1 L

200 400 600 800 1000 1200 1400 1600 1800 2000

[Gev] @ Opposite sign for the threshold (1/¢? = 2m,) and

) L
taken from [Arhrib et al., 2015] ny contributions
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Next-order terms in the ux-parametrization

@ Weaker constraints on diagonal couplings
— Large active-sterile mixing mDM,;1 for diagonal terms

@ Previous parametrizations built on the 1st term in the mpM, ' expansion
— Parametrizations breaks down

@ Solution: Build a parametrization including the next order terms

@ The next-order ux-parametrization is then

—1 —1
1. _ _ _ 1 _ _
Hx = (1 - EM; lsz)mDMig 1) M£mD1U§MNSmVU1£MNSm1T3 "My (1 ~ MR lmIT)mZM); 1)
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Results using the Casas-lbarra parametrization

P scan in Casas-Tbarra param

10t " s ol containts @ Random scan: 180000 points with degenerate
N Excluded by Theory
o = Excluded by EWPO MR and MX
5. 10? = Excluded by Theory+EWPO
%< 10t + PBxcluded by LFV 0 < 60; < 2m, (i =1,2, 3)
= LV 02TeV < Mg < 1000 TeV
1071 -~ Neutrino oscillations limit
o 7x 107" eV <pux < 8.26x 10°eV
1073 ) A 3
10 0 1000 BSM __ 1 1r,full 1r,SM
M, [TeV] oA = ST </\HHH — Auim )
ABSM (9] with g,,. = 2500 GeV HHH
o ; ABSM i @ Strongest constraints:
10° | e Al <o Lepton fl iolati inl
0 B e Lepton Tlavour violation, mainly pu — ey
_ 0t < ABSY _ g5 Yukawa perturbativity (and neutrino width)
% 10t 5% < ABSM 150, .
S 157 < AP o @ Large effects necessarily excluded by LFV
101 25% < ABSM < 350, 1 H t o]
. R constraints 7
1 v University of Durham
Mp, [TeV] o = = =) E|l= A0
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Suppressing LFV constraints

@ How to evade the LFV constraints ?
@ Approximate formulas for large Y, [Arganda, Herrero, Marcano, CW, 2015]:

S 2
P Y

Brapprox _g 10—17G V—4_ YVYT 2
e =8 x e T, 2M,%( 2|
@ Solution: Textures with (V,,¥]);, =0
1
Y{)
o -l [ N .
Y& =qv [ 09 1 1
1 1 1 _N3/4
[ Ns
@ Or even take Y, diagonal
°

University of Durham
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Results for v}/

BSM s —
AT %] with gy = 2500 GeV ABSM map with g, = 2500 GeV ABSM o)
0 S ‘ ‘ v
10 1
1
20 4
3
0 >
- 2
20 YD
M, = 10 TeV
P L \ A
60 — 0
0 05 1 15 2 25 3 35 4
1Y,| My, [TeV]

o ABSM = A};;ZM (Allirl;flgll - >‘11-;1:1§-1M)
@ Right: Full calculation in black, approximate formula in green
@ Well described at My > 3 TeV by approximate formula

1 TeV)?
ABSM (1‘472) (8.45 Te(Y, Y)Y, Y)) — 0.145 Tr(Y,,YIY,,YIY,,YE))
R
@ Can maximize APSM by taking Y, oc I, ey ofbuten
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