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The dim-5 Weinberg operator

o i o o

dNeutrino oscillation OdObservation of neutrino oscillations
= SNO:
= Super-Kamiokande:

dSM neutrino masses are non-zero

dAnN effective field theory (EFT) solution

1 1 1
LepT = E{(;i\)/[ -+ K Z CS)) Qf) T ﬁ Z C]E;G)Q](f) + O (_) NEUTRINER FRAN SUPER-
k k

A_3 KOSMISK STRALNING KAMIOKANDE

S . g %+ -
The only gauge-invariant operator at dim-5 YR e/ l
Weinberg Operator </ T e
W’\q\
— i vattentanken.
L; nnnnn trino )
” i - \ \‘-&, \ :idilekt frén 7 R

MYON- Ljusdetektorer
NEUTRINO som ser Tjerenkov-

b2,
223 L
ves
% ) som passerat
N P .
RN Ve e enom jorden.
N RRNIEE IRV ASEN : :
SAA -
I N s -
o H

= Adding this operator will give SM neutrinos |

Illustration: © Johan Jarnestad/The Royal Swedish Academy of Sciences

STRALNING
Majorana masses

= EFT doesn't describe the new physics in detail.
Need UV complete models.
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Seesaw models

dMajorana fermion

= A fermion that is its own antiparticle

dSeesaw mechanism

= Opening the black box of Weinberg operator requires a “seesaw”
= Only three different kinds of realization at Born-level are allowed

nght-handed Smglet' Majorana Mass: Weinberg Operator
(type-l seesaw) the unique dimension-5 extension eI
< to the SM gives a neutrino vl [ e
Treme=wiiout any new 1 _2 ~2 2 <h>2
H - - H fields in the theory —’LH‘ — |——Lvr + - -
N , A A
b NR Pt / \
/f——\ (o &) ("
. L -
L L V2 ¥
v, vy, SU(2), MULTIPLETS
HEEFJ%EG\%DED ’N\EJ}F%L,\%]T ANLED THX IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR
(RIGHT-HANDYD FERMION) WEINBERG, PHYS. REV. LETT. 43, 1566 (1979)
1 Scalar triplet: Fermion tri let:
T Y (type-ll seesaw) (type-lll seesa w)
my = Rp— v
174 N MN N H- -H H -H
“\Ha Lt . - X s
& /+\
/'\ L L
L L l
V= YT Ve
m, =Y, ,I—sz -
VT AME

S NEUTRINOS CAN BE MASSIVE If..

Heavier BSM particles lead to
lighter SM neutrinos

HEY DUDE
THANK YOU
| AM MASSIVE?

—

NO PROBLEM BuDDY
\
IT IS FUN TO

PLA%‘A SEESAW WITH YOU

BSM
HEAVY NEO.

M~ VAN
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Analyses of the Type-lI Seesaw Model

Right-handed singlet:
(type-| seesaw)

" /_—\ " : Trllepton

: Same-sign dilepton

Majorana Mass: Wei
the unique dimension-5 extensi

rg Operator

T ]. HYPERCHARGE
Wy — LN = YN (Y to the SM gives a neutrino 7 (7 MASS
Mpn mass without any new 1 120 (]2 (h) 2
fields in the theory — |L JHI — —vrvr +
éL) 1 [ h
VG
SU(2), MULTIPLETS
hEEFJfEf,\\JNODED QEIJ%'FE,LI\%]T‘HANDED THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR

(RIGHT-HANDED FERMION) WEINBERG, PHYS. REV. LETT. 43, 15666 (1979)

Same-sign dilepto.n
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Trilepton
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Analyses of the Type-lI Seesaw Model

Right-handed singlet:
(type-| seesaw) Trile pt on

" /_—\ " : Trllepton

: Same-sign dilepton

Majorana Mass: Weirlisgrg Operator

T 1 the unique dimension-5 extensi SRR
my = Iy M— YN (Y 2I to the SM gives a neutrino A (s MASS
N mass without any new 12 | <2 < h>2
fields in the theory K |L JHI — TDLVL +
éL) I h
V2 e
SU(2), MULTIPLETS +
[ i ] r ]
kIEEFJfEf,\\JNODED QEIJ%,L[E&T-HANDED THIS IS SOME HEAVY SCALE THAT GENERATES THE WEINBERG OPERATOR a [‘L T" :IIH E + "5;"
(RIGHT-HANDED FERMION) WEINBERG, PHYS. REV. LETT. 43, 1566 (1979) . E . :t
= |thr }{E'Tﬂlif_-'p—} NE +x}

Same-sign dilepto.n
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Analyses of the Type-l Seesaw Model

2018-2019

Right-handed singlet:
(type-| seesaw) Tril ept on

) /—_\ ) . Trilepton 102

: Same-sign dilepton

359177 (13 TeV)

© 95% CL upper limits

------

[ £ 2 std. deviation
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1007% . - Observed,
EEFT N —_ DELPHI prompt
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Majorana Mass: Weirlisgrg Operator  ATLAS
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Introduction on same-sign WW scattering

HdLarge Boson Collider
= EW production of W*WHjj: Through Vector Boson Scattering (VBS)
= \VBS processes are the key to reveal the nature of Electroweak Symmetry Breaking (EWSB)

= EW production of W*W*jj has its own advantages:
= Dominant EW production over QCD
= Clear event topology: two same-sign leptons + back-to-back VBS dijet

CMS 35.9fb™ (13 TeV) ———— T
- T 1 1 1 1 T T T I T 1 1 T =

C —+— Data ]
- Data - 25 ATLAS WEWHj electroweak —
R EW WW _ C WWj strong ]
150 |- - - Non-prompt
s mwz i 20 Z I ©/y conversions ]
[ Nonprompt % . wz
(O] ” Other prompt
__g Others p C 44442 Total uncertainty
~ 100 __ &‘Bkg unc. ] 9 15 C —
@ N - L ]
2 Tl 5 :
= i S 10 —
L g ]
L
50 TN _ ; E
\®N®$®®N§§§§§$&&&Ni .

ol T . 500 1000 1500 2000 2500 3000
500 1000 1500 2000 m, [GeV]
m; (GeV)

dThe first observed VBS process: same-sign WW scattering
= CMS:
= ATLAS:
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Heavy Majorana neutrinos in pp—=2p )]

dT-channel exchange ot a heavy Majorana neutrino
UThe "neutrinoless double-B decay” version of the LHC

dConsider the dimuon channel W

V \ VeN2 V8N3 N
VIN = Vun, Vun, i N
TN1 VTNz VTN3 ! !

q1 qq

LB |

S o
> =

CCDY (NLO) 13 TeV LHC

S
n

VY L

\Wy (NLO)

IV, [ oor g1, V[ [fb]

o(pp > ¢i¢5 +X)
= |VenVenl? x oo(pp = €75 + X)

< Heavy Neutrino Mass, m,, [GeV]

92 Q5

L T-channel process extends the probing mass range to ~20 TeV
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Weinberg operator in pp—=>puij

dTake an EFT approach:
Copr = &+ L . 20(5)62 - Zc(ﬁ (Als)

dThe Weinberg operator is the only gauge-invariant operator at dimension-5:

Wilson Coefficients
—* _~ SM Higgs Doublet

Majorana Mass: Weinberg Operator Y
the unique @mension—? extension Ls = 5 [(I) ZC] [ Ly (I)] +H.c.
(4
to the SM gives a neutrino A ~
mass without any new
fields in the theory \ SM Lepton
EFT Scale

v = \/§(<I>) ~ 246 GeV Higgs vev

Moy = C¥ 02 /A
e = Cs /

Effective Majorana Mass

Cé
A

(2 — dur)
2732

2 2
m
G(WIWT— £707) = +0(
My
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Signal simulation

dGenerator: QHMN: Parameters refer to
dFocus on same-sign dimuon channel: pp — p*ufjj

dHeavy Majorana neutrino process
= UFO model:

import model SM_HeavyN_NLO N Ven,  Ven,
define p=gucd s u~ c~ dv s~ Vin = Vin, Vs
define j = p VaN, Ven, Vi,

generate p p > mu+ mu+ j j QED=4 QCD=0 $$ w+ w- / n2 n3 [QCD]
add process p p > mu- mu- j j QED=4 QCD=0 $$ w+ w- / n2 n3 [QCD]

JWeinberg op. process
= UFO model:

dWeinberg op. : Parameters refer to

= Focus on ¢;,=Tand A = 200 TeV

import model SMWeinbergNLO
generate p p > mu+ mu+ j j QED=4 QCD=0 $$ w+ w- [QCD]

add process p p > mu- mu- j j QED=4 QCD=0 $$ w+ w- [QCD]

dGenerator Cuts  pJ. > 20 GeV and |7’| < 5.5

Probing heavy Majorana neutrinos and the Weinberg operator through pp—u*u®) at CMS

CMS
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= Only consider lightest HMIN N1

= Additional heavy mass eigenstates are
decoupled mn2=mnz=10'0 GeV

= Only mixing element |Vuni|2=1
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https://doi.org/10.1103/PhysRevD.103.055005
https://feynrules.irmp.ucl.ac.be/wiki/SMWeinberg
https://arxiv.org/abs/2206.08956

Background estimation

Category Estimation

W*W* EW

W*W* QCD

dMain backgrounds WW DPS
= Non-prompt muon WZ/[y* QCD From MC simulation
« SM WWijj WZ EW

Tribosons & ttV

77

LdNon-prompt muon Non-prompt muon From data-driven

= Heavy flavor decayed leptons, misidentified charge pions, etc.
= A data-driven approach based on matrix method

‘ [P1: probability for a real lepton passes the loose selection to alse pass the tight selection

n
S ™20 P2 — P1 P% —pa(1—p2) (1= p,)? UON Y
i L _2.”22?-71 p1(1—pa) + pa(1—p1) —2(1—;*-1)(12—?2) 1
Y: # fake leptons o2 ol & P —p1(1—p1) (1—=p1) Moo Y: # loose-but-
not-tight leptons

‘ [P2: probability for a fake lepton passes the loose selection to also pass the tight selection

Dijet control region

Denominator Events
with loose muon

With tight muon

p,= Numerator/Denominator

" n,0,M411, Moz Are observed vyields measured in control regions
= p1,p, Are probabilities of interest measured in Z mass and QCD enriched dijet control regions respectively
" M., Myq, My, Are thus calculaoted based on measured n,g, n11, g, ANd p1, P>

Probing heavy Majorana neutrinos and the Weinberg operator through pp—p*u®) at CMS


https://arxiv.org/abs/2206.08956

Event selection

QSignal regions and background enriched control region selections are defined

Common selections (3l)

Common selections (2I)

pr(lep) > 30/30 GeV
mi| > 20 GeV

pr(jet) > 30/30 GeV

tau veto Applied

Max

Zeppenfeld <07e

<2

<#muon=

2 SS muons

1 0os muon pair + 1 muon

Common selections (21) I

Common selections (3I)

Y

Y

VBS selections |

VBS selections

@ |
> 50 GeV

|0W-A¢H SR

high-Aqﬁ” SR

=-= 1b jet(s)

0b jet
|

.
> 2 high-p7** SR
low-pi*ss SR

pr(lep) > 25/10/25 GeV
Im-my| <15 GeV
my > 100 GeV
pr(jet) > 30/30 GeV
tau veto Applied
Max Zeppenfeld <10
prmiss > 30 GeV

@‘ m;;

VBS selections

> 750 GeV

|Anj,-|

> 2.5

Btagged CR

Probing heavy Majorana neutrinos and the Weinberg operator through pp—p*u®) at CMS

dlow-A¢;; SR and high-A¢y; SR are used for heavy Majorana neutrino processes
OHigh-pTs$ SR and low-p¥*s SR are used for Weinberg op. process
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Fit Strateqgy

QVia a simultaneous fit of signal regions and control regions
= Sub signal regions (a¢,/p®s) are considered

» The fitted distribution is Hy/p,1 where Hy = Ypk(jet), (i € pr(jet) > 30GeV)

Region Variable variable binning  Region Variable variable binning

high Ag,, bin in WEW* SR Hy/pt! [0, 1,2, 5, o] low pT'ﬂs binin W*W* SR Hy/p4 [0, 15,3, 6, ]

low A, binin W*W* SR Hy/pt! [0, 2, 5, o] high p™ bin in W*W* SR Hy/p?! 0,2,3,5, 0] " Inverted signal regions
b-tagged CR Hy/pt"  10,2,3,5,0]  b-tagged CR H/ptm10,2,3,5, %] = Control non-prompt
WZ CR Hr/pT [0, 2, 3, 5, 0] WZ CR Hy/p [0.2.3.5, o]
£l £l
WZb CR Hy/p’ [0,2, 5, 0] WZb CR Hy/p5 0.2.5. o1« Control tZq
HMN Fitting Strategy Weinberg Op. Fitting Strategy
138 fb~! (13 TeV)

I I I | | | | I | | I | : | | I | | I | | | I |

c
i CMS 4 ¢ Daa
% 1 Bkg. unc.
Lﬁ 100 Heavy Majorana neutrino SR Weinberg operator SR b-tagged CR WZ CR WZb CR ] Nonprompt
T + +
pTss < 50 GeV priss 5 50 GeV ] WEW
” ] w+Z
] ttV + tZq
N Other
t = channel my
“ My =750 GeV (x0.1)
___ t=channel my
= mn=1.5TeV (x0.1)
~ t=channel my
0 My =5.0 TeV (x0.3)
: Weinberg op.
al=1.5 . we
S[g 0 ci¥ =1, A\ = 200 TeV (x6000)
Al05
50

mwﬂz%wﬁﬁﬁ‘hﬁﬁa

o WY QP S o ‘h*}fb‘:ﬁ%rﬁﬁ@‘b%‘:‘j'}‘j‘j

LR A A B N R P LA R AN

Hr/pr(p1)
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CMS

Result on Upper limits: Heavy Majorana Neutrinos

‘\\\
Y ) )

Qinterpretations of limits
= Parameter of interest (POI) in fit: signal strength i |
= Can be converted to upper limits on cross section: B%rthNh STV T el
N N ' it mixi uon:
0 = Openchmark X H \ o

QdFor VBF production of HMN
= The cross section dependence reads:

2
|VMN| =1,
|VeN|2 — |VTN|2 =0

o'(pp —>€§t£;-t —I—X) — ‘wiNWjN‘2 % o'g(pp — E;-I:E;-t + X)

= Upper limits on signal strength can be translated to
the squared mixing element |V y|? = Vi

|wpl'~-l|2

QdBetter constraints on [V u|* for my = 650 GeV

LProbing my up to 23 TeV

95% CL upper limit

! —— QObserved
0.01 |- P — == Expected -
" A W 68% expected 1
/ - 95% expected 1
0 CMS same-sign dilepton -
N7 ~ 77 JHEP01(2019)122

- CMS trilepton

PRL 120(2018)221801

—
My {GEV)

-3 L Ll Ll
10 100 TiE
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Result on Upper limits: Weinberg operator

Qinterpretations of limits Eor.tV\\;\?ilnbercg: 0D
= POl in fit: SiQﬂO' Strength i Al 11son LoelTicient only Tor aimuon:

Hp|% _ —
= Can be converted to upper limits on cross section: €s¥|” =1, others =0
~ ~ And EFT Scale A = 200 GeV
0 = Openchmark X U

dFor Weinberg op. processes (2—5,) | Ct | 2
» The cross-section dependence reads: (W W *— £747) = | +O| —~
273> A M?
WW

= Effective Majorana Mass is given by: myp = Cgfrvz/A

" Interpretation: translate to EFT scale limit with Wilson coefficient fixed to unit, thus
A =200 x iz GeV, and translate to effective Majorana mass limit m,, = v*|C:"|/A

dResults
* Observed (expected) lower bond on EFT scales A: 5.6 (4.7) TeV (assuming C* = 1)

= Observed (expected) upper limit of effective Majorana mass |m,,|: 10.8 (12.8) GeV

Probing heavy Majorana neutrinos and the Weinberg operator through pp—p*u®) at CMS 15
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Summary

dPerformed analysis on VBF production of same-sign muon pairs
associated with two jets

= Heavy Majorana neutrino from Type-| Seesaw Model
» Upper limits on |V,y|* for my up to around 23 TeV
= Better constraints on |V, |* for my = 650 GeV

= First search at collider on dimension-5 Weinberg operator

= Upper limit of effective Majorana mass |m,,|, observed (expected): 10.8
(12.8) GeV

ABOUT NEWS SCIENCE RESOURCES Q_ SEARCH| EN -~

Voir en francais

CMS tries out the seesaw

The collaboration has put the seesaw model of neutrino mass to a new test

4 MAY, 2022 | ByAnaLopes

Probing heavy Majorana neutrinos and the Weinberg operator through pp—p*u®) at CMS 16
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Cross sections of signal samples

LCross sections of HMIN processes
» Cross sections from around 0.1 to 18 fb

mn (GeV) 50 150 500 450 600 /50 900 1000 1250

XS(fb)  4.606 1357 17.99 | 1820 16.91 1547 13.86 12.84 10.67

mn (GeV) 1500 1750 @ 2000 2500 5000 7500 10000 15000 20000

XS (fb) 8918 7.612 6425 4811 1598 0.7736 0.4480| 0.2052 0.1165

LCross sections of Weinberg op. processes :
» Focus with benchmark inputs: ¢, = 1and A = 200 TeV o~ Imeel® o |CE/A[]

EFT scale A (TeV) 10 100 400
Effective Majorana mass (GeV) 6 0.6 0.15
Cross Section (pb) 1.33x 104 | 1.50 x 104 9.35 x 108

Probing heavy Majorana neutrinos and the Weinberg operator through pp—p*u®) at CMS
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Systematics Uncertainties

CMS
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189%
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dTheoretical uncertainties:

= QCD scale uncertainties and PDF uncertainties considered for signal processes (HMN &
WO) and W*W*jj process
= Renormalization and factorization QCD scale uncertainties
= PDF uncertainties: standard deviation of PDF variations in sample production

= NLO corrections are considered for W*W+jj and W*Zjj process

LdData-Driven non-prompt muon background

= TWO major sources of uncertainty:
= Statistical uncertainty for non-prompt rate measurement: by most 5%

= Flavor composition discrepancies of faking lepton jets between measurement region and signal region:

estimated from varying pr of "away-side" jets, by most 7%

= The estimation approaches are however conservative, thus a 30% total uncertainty for non-prompt
muon modeling is applied in addition.

LDCommon experimental uncertainties
" [ntegrated luminosity
= Jet Energy Scale

LSample statistical uncertainties

Probing heavy Majorana neutrinos and the Weinberg operator through pp—p*u®) at CMS
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dToke an EFT approach:
Larr = Lov + ZCmQ Zc(ﬁ)Q’(“ﬁ) " O(F)

dThe Weinberg operator is the only gauge-invariant operator at dimension-5:

Wilson Coefficients
~~ _» SM Higgs Doublet

Majorana Mass: Weinberg Operator C 00
the unique @mension—? extension £5 — 5 [@,ZC] [Lgr@] + H.c.
4
to the SM gives a neutrino A L
mass without any new
fields in the theory \ SM Lepton
EFT Scale

v = 2(®) ~ 246 GeV Higgs vev

mey = C¥ v2 /A
e = Cs /

Effective Majorana Mass

ci¥
A

(2 — dur)
2732

5(WHW*— £He+) = Y o(—m%"’ ) Ovpg @ GERDA | J

Probing heavy Majorana neutrinos and the Weinberg operator through pp—p*u®) at CMS

Imee|< 79 - 180 meV at 90% C.L.
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Weinberg operator in pp—=2p*udj]

dTake an EFT approach:

4 1 5) (5 1 6) (6 1
Loer = £ + 1 S0P + 5 3¢ ;uo(F)
k k

dThe Weinberg operator is the only gauge-invariant operator at dimension-5:

Wilson Coefficients
Majorana Mass: Weinberg Operator Cﬁ’ _~~ SM Higgs Doublet
the unique (?Iimension—5. extension £5 — 5 [@fg] [LE"Q)] + H.c.
to the SM gives a neutrino A \
mass without any new
fields in the theory \ SM Lepton
EFT Scale

3

Y 2 _ﬂ

o~ |myp|” o ‘05 /A‘ :
\ !

S

o0 |2 S

&(W+W+_> g—}-gl—i—) — (2 o 5@@') 05 +0 m%’V '%

232 | A Mz 5

Mye
S

—, 102

v = \/§(<I>) ~ 246 GeV Higgs vev

= Cgff'UQ/A

Effective Majorana Mass

1 013 __LHCb13Tev(300fby & LHCB PUB-2018-009]
Exp. upper limit at 95%
10" - NA-62 (2017) - Obs, upper limit at 90% CL_ _  _  jreazsy @ois 134759
10'° _ATLAS/CMS 13 TeV (300 fb"') - Exp. upper limit at 95% _
9 13 TeV (3 ab™)
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Probing heavy Majorana neutrinos and the Weinberg operator through pp—p*u®) at CMS
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