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Neutrino Mass

Neutral fermions MM v Cu Majorana '37

Implication is LNV Ov206 Racah, Furry '37



Lepton number violation searches
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RHiggs and Neutrino Mass
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RHiggs and Neutrino Mass
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ms
Casas-Ibarra "0 Deyv, Franceschini, Mohapatra ’| 2 Pilaftsis "9
Cely, Ibarra, Molinaro, Petcov ’12
talk by Das
Ambiguous relation Fine-tuned, ‘inverse’ LNV mode forbidden

Delphi 91, CMS ’15



RHiggs and Neutrino Mass

type Ill ruled out



RHiggs and Neutrino Mass

type Ill ruled out




Neutrino Mass origin

Seesaw
Left-Right GUTs Horizontal symmetry
SU2), x SU2)r x U1)p_1 SO(10) SU(n) g
N € Lg N € 16p
Minkowski ’77  Gell-Mann, Ramond, Slansky "79 Yanagida 79
Mohapatra, Senjanovic ’79
SU(5)
A7 € 15y

Glashow 79



Minimal model

Ar(3,1,2), ®(2,2,0), Ar(1,3,2)

Minkowski ’77
Mohapatra, Senjanovic 79
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talk by Rabi
‘ Spontaneous
\ / parity breaking
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Minimal model

Ar(3,1,2), ®(2,2,0), Ar(1,3,2)

Minkowski ’77
Mohapatra, Senjanovic 79
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see appendix for ¢y, Ay, ALT
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° Pati, Salam ’74
Left- nght Mohapatra, Pati '75

talk by Rabi
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Indirect flavor limits
early My, > 1.6 TeV to My, =3 TeV* *barring strong CP
Beal, Bander, Soni 82, ... Zhang et al.’07, Maiezza, MN, Nesti, Senjanovi¢ ’10 Maiezza, MN ’ 14

Bertolini, Nesti, Maiezza ’ | 4
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Neutrino mass origin
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‘Majorana’ Higgses
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Majorana LNV connections
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Majorana LNV connections

talks by Rabi, Das

LHC — Keung, Senjanovic, '83 Measure My directly MN, Nesti,

Senjanovic, Zhang ' 10

Unambiguous seesaw
Mp = iMy+/My—M,

MN, Senjanovic, Tello ’12
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Majorana LNV connections
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‘Majorana’ SM Higgs "
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‘Right-handed’ Higgs
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‘Right-handed’ Higgs

A decays |
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‘Right-handed’ Higgs

/A production
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Tri-linear Higgs

couplings
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neutral v°™" in GeV

Tri-linear Higgs couplings

loop corrections, ~top Iin the hhh vertex of the SM
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LHC projections

(Higgs mediated LNYV)



‘Majorana’ Higgses at LHC

Anastasiou et al.’ |4

N3LO
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ggF production o044, >~ 45 pb
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small couplings, no tuning

light jets only V! =V}

Kiers et al.’02, Zhang et al.’07
Maiezza et al.’ 10, Senjanovic, Tello ' 14

no missing energy

soft products pr ~m;/6 ~ 20 GeV

low background (LNYV)



‘Majorana’ Higgses at LHC
AL =0[2) AL =0(2,4)

similar to h - NN (same-sign) multi-leptons
ggF of CP even scalar 2" =16 possibilities
Anastasiou et al.’ 16 ALg:ALy: ALy =3:4:1

RAL = R3, R}, R3, Ri



‘Majorana’ Higgses at LHC
AL =0[2) AL =0(2,4)
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LRSM Feyncalc Roitgrund, Eilam, Bar-shalom 1401.3345
adaptation https://sites.google.com/site/leftrighthep/

MadGraphb5 Pythiaé Delphes3 MadAnalysis5


https://sites.google.com/site/leftrighthep/
https://sites.google.com/site/leftrighthep/

Detector simulation

Modified Delphes3 ATLAS card

leptons

L ——— ———

reconstruction efficiencies

electrons ATLAS-CONF-2016-024
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Backgrounds

Selection criteria
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. J

all contain missing energy one prompt, one displaced lepton



Backgrounds

jet fakes

conversion rate
Ej— m)

softened momentum

pre = (1 — @)Drjet

1 (a—p)?
Pla) = N €T2>

(Er Br+ji+7+7

prompt lepton + jets

15

dN/N

0.5}

0.0;\ I I I | I I I | I I I | I I I | I I I |

0.0

Curtin, Galloway, Wacker ’| 3

|zaguirre, Shuve,’ 15

02 04 06 08 10
(04

G-+ 0+ FBr+3j+7

prompt + softer fake lepton
+ jets



Entries/20 GeV Entries/20 GeV
O I\) -b CD

Entries/20 GeV

Entries/20 GeV

20"
15,
10/

12

[ e*e* channel |
I High-mass

] III II whitiijniaamnm

200 400 600 800 1000

Megjj in GeV
l uE channel
“ ngh mass

0 200 400 600 800 1000

My in GeV

10/

8

6 l —

4 i‘e‘ channel t
i S
100 150 200 250 300 350 400

Meeii iN GeV

12 ‘ ‘

10

8

6 ] uE i channel
2¢ ]
11 I TIILIL

0 100 200 300 400 500

Entries/20 GeV

Entries/20 GeV Entries/20 GeV

Entries/20 GeV

Backgrounds

jet fakes
30; :
i 204
25, E
20; S 151
15| [I e*e* channel | E 10] ] e*e* channel
10} I I H|gh -mass | £ j5 “ High-mass
5 H ] LU ﬂ 1
OIIII Innrrn IIIIIIIII oLl ITIITTTHTTTITTTTTTTTTTTTITTTT?
0O 100 200 300 400 500 600 50 100150200250300350400
Mg, jj in GeV Leading lepton pr in GeV
14 T
12, 2 19
10 o
8 | € 10 t
6 “ g u* channel 1 @ ] p*u* channel |
421 l High-mass = 5 High-mass
L0
OHII ‘ H SRLIIITTIIETIIIILR o 1] 1 ITIIILIL
0 100 200 300 400 500 600 0 50 100 150 200 250 300
my,j in GeV Leading Iepton pr in GeV
12— 14 f
3
4 S 8]
° e*e*channel . & 6] ¢*6* channel
: lh H[ Low-mass | £ 4] “ Low -mass
[ v L1111
o 4L L | | ‘ 0
0O 100 200 300 400 20 100 120
Me, jj in GeV Leadlng Iepton pr in GeV
12, 12
10+ > 10/
i O i
8 = 8
6 uE it channel | g i y*u* channel |
; Low-mass | & X 1 [ [ Low-mass
r g L P i
it ® 2o
0 100 200 300 400 0 50 100 150 200 250

Wjij

7939
tt+j+3]
VV +7+7j

e(j —>e)=5x10"*"

“overestimated for Q mis-id

e(j = p)=3x10""*

a=0.75 o= 0.25

data from CMS
mumu 1501.05566
ee,emu 1603.02248



Backgrounds

(=0 + n;
tt tth ttz | W | WZ | Wh | ZZ Zh |WWjj| fakes
select | 806 4 5 26 1241 87 147 16 1.5 2651
B 313 0.5 0.7 3 400 21 129 7 0.2 782
pr 112 0.2 0.1 0.7 174 8.4 63 4 0.05 284
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Signal features
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Sensitivity

h— AA — NNNN @30, 55 = 0.2

SM background ~zero (ttZ,tth, W ZZ, VV V'V, tttt, VVit)
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Sensitivity

Combined h = NN A —- NN AA—-NNNN
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Leptonic colliders



Leptonic colliders

Dominant production modes
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e" e~ > NN Zevents

Leptonic colliders

Dominant production modes

ete” — Zh,ZA

ILC, CLIC, CEPC, FCC-ee,?
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LNV Higgs candidates

No-go for vanilla see-saw(s)

Fourth generation  h — vy Caf;f:‘ttseii (ﬁ
cRT from SM +h + N Caputo, Hernandez, LopS;-aIDe:\fsr: :(I);
SM + h + N + singlet scalar Shoemaker, Petraki, Kusenko ’10
Spontaneous B-L SU2), xU1)r xU(1)p_r,
/-
[ LNV disfavored Banks, Carpenter Fortin 08



Summary

Conclusions
Higgs sectors are a new frontier for neutrino mass models
No-go for vanilla see-saw(s)
Sensitive probe of the origin of neutrino mass within LRSM
Improvements

LFV and tau final states, displaced em-jets, include AL = 0

improved detector simulation, vertexing, sophisticated searches
(MVA, BDT), backgrounds from data

leptonic colliders promising



Thank you



Appendix slides



A production 1000~ —=====—-—____ 3 TeV ]
0.500 - ‘*-:i1::;::::;:
Wg strahlung, fusion small g ’ N
S 00007~ =m-eeel 4Tev z¢ng&/
200507 ———— Tt R 14
Co : = B
NO MIXING required 1 —ﬁ“§\§\“‘\\\\\\< 13
5 0.010F—=—-mceeo 5 Tev *
0005 TTTTmme—a :
Br(A - NN) = 0(1) ‘\\\\\::A
0.001 S
ioh 30 50 70 100 150 200
lg e ma mp in GeV
ly
AL = o AL =0(2,4)
&
— W %EE
" N
05 +
N 2 N 05
N
5 N o

2DV boost

My, = 3,4,5 TeV

3DV, trigger, no bckg



Neutrino Mass at LHC
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Neutrino Mass at LHC
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Neutrino Mass at LHC
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Majorana vs. Dirac

SM a predictive theory of charged fermion mass origin

mi g
‘CD:TfthfR B Fh_>ffo<mf2 | g :
U \s-ﬂ 3 o
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3 1mass iane\/ v
Type I/lll seesaw L,=MporhN+ My NN + h.c.

fixed S = 1\/ M,

T
M, = —Mgm]_\,lMD = — (m]_\,l/QMD> (m]_\,l/QMD>
b O S @ cancels out

Mp =iy/my O~/ M, ambiguous, possibly large

not predictive...



Majorana vs. Dirac

Left-Right gauge interaction defines the basis

g — —
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V2
LR symmetry constrains the Dirac mass Mp = M}
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=== small mixing ==== large mixing - decay length

Vs =13TeV £ =100 fb"!

0035 = KS search
CMS 1407.3683

77 = dijet search
CMS 1501.04198

my 1n GeV

0v23 = GERDA | & I
GERDA | 1307.4720

* NME uncertainty

W' — fv = search

CMS 1408.2745
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Tree-level q I q
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Senjanovic, |
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All couplings computable with P and C

Maiezza, MN, Nesti, Senjanovic ’10
Senjanovic, Tello ’ 1 4

light Wi requires large a3
(conservative) V. ¢ s perturbativity

scalar scattering unitarity
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Ma++ =M+ T+ = Ao (@) :
= —= = >0
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Colliders

cascades dominate for large mass splittings Melfo, MN, Nesti,
Senjanovic, Zhang ’| |

AY lightest, missing energy at LHC
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oblique parameters 6-

decouple with ma ;
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M 0 in TeV

B mixing & perturbativity

partial cancellation with sy —

competes with direct searches
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Y7y data from CMS, ATLAS

v/ correlated, subdominant

decouples with vp

partial cancellation with sy

competes with direct searches
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