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Probing heavy Majorana neutrinos and the Weinberg operator thrk

vector boson fusion processes at the LHC CMS Experiment
arXiv: 2206.08956
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The dim-5 Weinberg operator

@The Standard Model neutrino masses are non-zero

@Why are neutrinos massless in the SM?
& Renormalizability requires all SM operators with dimension =4
A SU(2),xU(1), ElectroWeak symmetry
& Only left-handed neutrino - No Dirac mass term
& Only one neutral Higgs doublet - No Majorana mass term

@Masses of SM neutrinos call for an extension to the SM Lagrangian

& An Effective Field Theory (EFT) solution:
The dimension-5 Weinberg operator Weinberg ('79)

(fv[[' e
L5= —3—|®-L,| [Le-®] + He.

WAdding this operator will give SM neutrinos Majorana masses
@Result lepton number violation (LNV)

QEFT doesn’t describe the new physics in detail. Need UV complete models.

Jie Xiao (Peking University)
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Seesaw Model

H
S
3
Hb
it
B
S

N
A0
=
it
>t
HD
(I
Nk
red
Hb

DEET—EEE

@Opening the black box of Weinberg operator requires a “seesaw”

Right-handed singlet:
(type-l seesaw)

Jie Xiao (Peking University)

Majorana Mass: Weinberg Operator
the unique dimension-5 extension

HYPERCHARGE
to the SM gives a neutrino nEm MASS
mass without any new 1 12| | ~112 < h> 2
lelds in the theory _|LH| s vrvp + -
A A

I Il h
(71 er) —( ..} E.Tanedo
V2P
>
vy, SU(2). MULTIPLETS
A ANTI-[LEFT-HANDED
IlilEEFUTTEﬁ\\JI\(j)DED NEUTF&INO] THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR

(RIGHT-HANDED FERMION) WEINBERG, PHYS. REV. LETT. 43, 1566 (1979)

S5M NEQTRINOS CAN BE MASSINE ..
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Heavier BSM particles lead
to lighter SM neutrinos
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@Only three different kinds of realization at Born-level are allowed

Right-handed singlet:
(type-l seesaw)

Majorana Mass: Weinberg Operator

the unique dimension-5 extension
to the SM gives a neutrino

: Trilepton
: SS dilepton

thout any new
the theory

()

Scalar triplet:
(type-ll seesaw)

H- _ -H

aNT1-[LEFT-HANDED
NEUTRINO]

(RIGHT-HANDED FERMION)

LEFT-HANDED
NEUTRINO

Jie Xiao (Peking University)
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(16) : multilepton, cut-based
(Run Il) : multilepton, cut-based
(Run Il) : multilepton, MVA

HYPERCHARGE

1/2 _1/2 MASS
1= |~]2 h)?
K|LH| ><A> ULV, + *=-
/ \
(7L eL) % _Z_) F.Tanedo

SU(2), MULTIPLETS

THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR
WEINBERG, PHYS. REV. LETT. 43, 1566 (1979)

Fermion triplet:
(type-lll seesaw)



https://twitter.com/FlipTanedo/status/1163562726360145921
http://dx.doi.org/10.1103/PhysRevLett.119.221802
http://dx.doi.org/10.1007/JHEP03(2020)051
http://dx.doi.org/10.1103/PhysRevD.105.112007
https://arxiv.org/abs/1802.02965
https://arxiv.org/abs/1806.10905
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Seesaw Model :
<> ° ° ° o ’)
@0pening the black box of Weinberg operator requires a “seesaw
Right-handed singlet:
(type-l seesaw)
Majorana Mass: Weinberg Operator
the unique dimension-5 extension LR ARR
to the SM gives a neutrino mer MASS
EX0-17-012: Trilepton L7 |5 2 |{h)?
EX0-17-028: SS dilepton A | ' | ITA PLVL T
= EXO-17-028: SS dilept
VL, €L 1 ( ) F.Tanedo repton _ il
5
>
vy, SU(2) MULTIPLETS
hEEFLJT%Eﬁ{J%DED lN\IE\lJ%_thEg]T_HANDED THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR

(RIGHT-HANDED FERMION) WEINBERG, PHYS. REV. LETT. 43, 1566 (1979)

Jie Xiao (Peking University) 10-Aug-22


https://twitter.com/FlipTanedo/status/1163562726360145921
https://arxiv.org/abs/1802.02965
https://arxiv.org/abs/1806.10905
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Seesaw Model

| EX0-17-012: Trilepton |

q I

@O0pening the black box of Weinberg operator requires a “seesaw” E
W

Right-handed singlet: -I:Tl" N
(type-| seesaw) W /
- e W:l: -
Majorana Mass: Weinberg Operator ot
the unique dimension-5 extension LR Ve,n 1
to the SM gives a neutrino = MASS N L/
2 =72
EX0-17-012: Trilepton L7 |5 2 (k)7 N
. — . Ur 5
EX0-17-028: SS dilepton A AT
(7L eL) L (") F.Tanedo
V2P
>
vy, SU(2), MULTIPLETS
HEEETT‘E&%DED QIE\IJ%%%[ES]T—HANDED THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR

(RIGHT-HANDED FERMION) WEINBERG, PHYS. REV. LETT. 43, 1566 (1979)

a(pp — NI* + X)) = |Veny|* x ag(pp = NI* + X)

Jie Xiao (Peking University) 10-Aug-22
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Seesaw Model

@Opening the black box of Weinberg operator requires a “seesaw”

Right-handed singlet:
(type-l seesaw)

Majorana Mass: Weinberg Operator

the unique dimension-5 extension L RERRE ARG

to the SM gives a neutrino Y y MASS

2 ol
EX0-17-012: Trilepton L#L AP (h)?|_ N
. — . ]/ V o o o
EXO-17-028: SS dilepton A AT
Ur Er ( ) F.Tanedo
>
v, SU(2), MULTIPLETS
HEEFUTT‘EI?‘\J'\(')DED Q'E\IJ%_R[%,E&T_HANDED THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR

(RIGHT-HANDED FERMION) WEINBERG, PHYS. REV. LETT. 43, 1566 (1979

Jie Xiao (Peking University)

EXO-17-012
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Heavy Majorana neutrinos in pp— )

pal

@If neutrinos are Majorana fermions (whose anti-particles are themselves)
& A LHC version OvBp, lead to Lepton Number Violation (LNV))
A At the LHC, we can probe p and t sectors

© Study the Type-Il seesaw Heavy Majorana neutrino (HMN) in p*ptjj

& Key parameters: my & mixing with SM neutrinos  Mixing matrix

VIN =
q I+
W+ — | T 3
S ERE q
Right-handed singlet: , > CCDY (NLO) 13 TeV LHC 3
(type-l seesaw) g N >‘5 % .
- i S o PhysRevD.103.055005 £
N Ne o , 5 10° 31
/___\ q q - . ‘)2 -a;‘l ej:
' L §W+ T W:W* (NLO) 3 2
N E lE e 8 -g«
l = \,"& E q2 /
l+ 107 - Co 'y
i v I+ :_(;" e
— V= . E 1.2 Fia oo
ot =0 Py 0 Type-| Seesaw HMN

; ; / 2 /
= Heavy Neutrino Mass, m,, [GeV] Ufe (S) = ‘VfNV;’N ‘ X O-Oef (S)

Jie Xiao (Peking University) 10-Aug-22
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Weinberg operator in pp—p* i)

@Take an EFT approach:
_ e 1 6o | 1 (6) 1
L:EFT — £SM+ X;Ck Qk _2; Qk —I_O(F)
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@The Weinberg operator is the only gauge-invariant operator at dimension-5: Weinberg ("79)

/ Majorana Mass: Weinberg Operator

q1 q1
the unique dimension-5 extension
Wi to the SM gives a neutrino
+ mass without any new
> / 1 fields in the theory
5 +
W= '
, ' F. Tanedo
q2 d5

L5 =

10-Aug-22

Ce (e
—2_[®-L,][L¢®] + Hec.

Wilson Coefficients

il _—~ SM Higgs Doublet

A L
™~ SM Lepton

EFT Scale
v = /2(P) ~ 246 GeV Higgs vev

m&:‘ = Cgef’vz//\

Effective Majorana Mass

OvBB @ GERDA [2009.06079]
|Moe|< 79 — 180 meV at 90% C.L.

Jie Xiao (Peking University)


https://inspirehep.net/literature/144673
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https://arxiv.org/abs/2009.06079
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@Take an EFT approach:
_ e 1 6o | 1 (6) 1
L:EFT — £SM+ X;Ck Qk _2; Qk —I_O(F)

@The Weinberg operator is the only gauge-invariant operator at dimension-5: Weinberg ("79)

13 TeV (3 ab™)
100 TeV (30 ab™h

q1 q’l Majorana Mass: Weinberg Operator Wilson Coefficients OvBB @ GERDA [2009.06079]
the unique dimension-5 extension E}" _» SM Higgs Doublet e bt
+ to the SM gives a neutrino C —c
W _ G .
+ mass without any new Ls = T [‘D'Lé’] [LE"(I)] + H.c. - gHeb 13 Tl\;(3009f5b;’) e O
> fl fields in the theory ™~ e =
Vfl EFT\S‘CEE SM LePton ..._Iﬁ.‘érﬁg.{?_‘?.l.’f_').:_(.?‘?f:.!lfrfa;f.l.@.ir_a_t.?.{l%i?.[:_..._...-...ﬁ’%ﬁ.ﬁt??fﬂf.ﬂ_ﬁf.f.*f?ff:;
Uy, .—‘E&ﬂ_cﬁiﬁ—v_@“gg&“_ﬂ?ifﬁﬁ%—_—,_—;
EQ

v = /2(P) ~ 246 GeV Higgs vev

H_Lmnjm

m&:‘ = Cgef’vz//\

Effective Majorana Mass

5 +
//ﬁi\ '
0 , 4 F. Tanedo

@Head-on neutrino lines appear and make it hard for the MC generation.

107 1072 10 1
Lightest neutrino mass [eV]

@Newly proposed solution Phys. Rev. D 103, 115014 W) D ol /
E(p) E( p)_ Eg _@Off ?)2 E’g _ tmyp
& Approximate head-on lines with a Majorana fermion line—— 2= ~# A ¢~ 7
) , (2—6p) | CL [ My IPTINE
FWHWT— £70F) = +0 —"UN\me£'| o /A-‘
2m3? A Mz

Jie Xiao (Peking University) 10-Aug-22
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Event selections

@Signal regions and background enriched control region selections are defined

o-(lep) >25/10/25 GeV
m;-m <15 GeV
pr(lep) >30/30 GeV My
>
- 0 ey #@ ‘ My, 100 GeV
2 ss muons 1 0s muon pair + 1 muon / p.l.(jet) > 30/30 GeV
pT(jet) > 30/30 GeV > |  Common silections (21) | Common silections (3) tau veto App||ed
B e Applled VBS selections VBS selections Max Zeppenfeld <1.0
Max Zeppenfeld <0.75 Max p,™is > 30 GeV
@ >=1b jet(s)
: wé + my = 1500 GeV | Ob'jEt
E T g;nzsmﬂGev T i | _ o= 1b jet(s)
™ @ 0b e mjj > 750 GeV
< ; > 50 GeV | Anjj| >2.5
Y <50 Ge
[ low-Ad;; SR ] , 20 GeV \ A
high—pﬁ?”s SR
high-Adu SR \—[ Iow—p?’”s SR ] Btagged CR

low-Ag;; SR and high-Ag; SR are used for HMIN processes

high-p'5S SR and inverted low-p2™SS SR are used for Weinberg op. process

Jie Xiao (Peking University) 10-Aug-22
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Post-fit Data vs. Expectation
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@Simultaneously fit the sighal and control regions.
& The fitted distribution is Hy /p, where Hy = Ypr(jet), (i € pr(jet) > 30GeV)

For HMIN signals
For Weinberg op. signal
138 fb (13 TeV)
- ,
2 120 CMS ¢ Data
% | Bkg. unc.
Lﬁ 100 Heavy Majorana neutrino SR Weinberg operator SR b-tagged CR WZ CR WZb CR Nonprompt
+ +
Ady > 2 rad. Apy<2rad. || pT™= <50 GeV pF=s» 50 GeV Wew
80 W*Z
ttV +tZq
o0 Other
t=channel my
40 My = 750 GeV (x0.1)
___ t=channel my
20 my=1.5 TeV (x0.1)
~ t-channel my
0 my =5.0 TeV (x0.3)
o 15 Weinberg op.
i —
<10 . ct” =1,N=200 TeV (x6000)
@ |5 1.0 5
Olao
ED.B

V o

™
NP TP 0L PP 0 T2 0T a®a® O @R 0P P

NI A S A S M N A S M N A S N A
Hr/pr(M1)

Jie Xiao (Peking University) 10-Aug-22
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Signal extraction: Heavy Majorana Neutrinos

DPRET—RBEESERAEZTAREBEEZERFES arXiv: 2206.08956

@|nterpretations of limits
& Parameter of interest (POI) in fit: signal strength u

@For VBF production of HVIN
A The cross section dependence reads:

|Vplﬁnl|2

+ % _ 2 + 4+
& Upper limits on signal strength can be translated to the
squared mixing element \VMN\Z = [/ 05e: oL |
i / 9 upper limit
= . A
@my up to around 23 TeV is excluded /1 —— Observed
- : y, 0.01 | R - -~ Expected —
©@Better constraints on |V, 5|* for my = 650 GeV : T W 68% expected '
i S A 95% expected
7 CMS same-sign dilepton
N T 77 JHEP01(2019)122
1A=t CMS trilepton
1 ~77 PRL 120(2018)221801
—_ | , I 1 | | /- III | 1 ] | II
107 =000 103 10%

My (GeV)

Jie Xiao (Peking University) 10-Aug-22
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Signal extraction: Weinberg op.

MBS eE+T—EEEERRRREEBEEZREFES arXiv: 2206.08956
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Interpretations of limits
A POl in fit: signal strength U

@For Weinberg op. processes (2—3,) | Ct 2 m2,
A The cross-section dependence reads: (W W ™— £707) = + O
2732 A M2
WwW

& Effective Majorana Mass is given by:  myp = Cgft?z/f\

& Interpretation: translate to EFT scale limit with Wilson coefficient fixed to unit, thus 4 = 200 X fi” z GeV, and

translate to effective Majorana mass limitm,,, = vz\Cgﬂ\/ﬁ

@Results
& Observed (expected) lower bond on EFT scales A: 5.6 (4.7) TeV (assuming CSW = 1)

& Observed (expected) upper limits of effective Majorana mass m,,,,: 10.8 (12.8) GeV

Jie Xiao (Peking University) 10-Aug-22
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Summary

Performed analysis on VBF production of same-sigh muon pairs associated with two jets

Heavy Majorana neutrino from Type-| Seesaw Model
Upper limits on |VuN|2 for my up to around 23 TeV

Better constraints on |V[,¢N|2 formy = 650 GeV
First direct search at collider on dimension-5 Weinberg operator
Upper limit of effective Majorana mass |m,,|, observed (expected): 10.84 (12.84) GeV
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e OERN News

CMS tries out the seesaw HE %4%?&
The collaboration has put the seesaw model of neutrino mass to a new test
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