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Overview of CMS B2G Results
CMS Preliminary
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Overview of CMS B2G Results November 2021%

CMS Preliminary 2.3-138fb! (13TeV), 19.7fb™! (8 TeV)
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Intriguing new result from the LHCb

S

New results from L.HCb sh.oww.lg h|pts experiment at CERN
Of Iepton ﬂaVOI' Unlversallty VlOlatlon The LHCb results strengthen hints of a violation of lepton flavour universality
Difference between AR 201
measurement and prediction —

now at 3.1e for R,

Interestingly, the electron
measurement alone is
compatible with SM, making the
muon measurement the one that e L
deviates in the ratio e B e

Rk

B B(Bt— Ktptu™) B(Bt— Ktete™)
- B(BT— Jh(—~ ;ﬁu‘)KJf)/B(B“L—) Jip(— ete)Kt) '

Similar results also present for R;” measurements
Deviation from SM at 3.4¢
The tau measurement is even further from SM compared to the muon
channel
A combined explanation of both anomalies hint to BSM with yukawa-like
structure favoring to third generation families
Among the many options, one that provides a combined explanation for

both anomalies is the 4321 model, extending the SM sector: ;\;,L,'\;’;‘,"‘,S;‘,‘f_ :
SU(4)xSU(3)xSU(2)xu(1) natdeer T
A Leptoquark (U, ) is then predicted to exist as the source of LFV T B T e—
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Di Luzio, L., Fuentes-Martin, J., Greljo, A. et al. Maximal

S

: - O F . flavour violation: abibbo mechanism for | rks. J.
The SU(4) extension also brings new families of vector-like High Energ. Phys, 2018, 81 (2018).
fermions o PP BE@IBTY =35 G2 N @BTY g =35
. . $2. &
In this talk: vector-like leptons g N g N
They are produced through Electroweak interactions or g §
pair produced with a Z', also required to existdueto UV~ ¢ 5 0,
completion N | = [ :
: : 10406 4n0 S0 600 700 00 900 T 103 ;
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resulting in a 3-body decay i EEAT B
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Figure 1: Left and centre: example Feynman diagrams showing production of VLL pairs
through s-channel bosons, as expected at the LHC. In these diagrams L represents either the
neutral VLL, N, or the charged VLL, E. Right: vector-like lepton decays proceed through their
interactions with the vector leptoquark, U, and are primarily to third generation leptons and
quarks.
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ATLAS Diboson Searches - 95% CL Exclusion Limits ATLAS $ Preliminary

Status: June 2021 L =(36.1D 139) 5’ §=13TeV

Model Channel Strategy* Limit Reference
Bulk RS (k!rc =35,/ g =3TeV) R! WW,KZZ! "qq,#'qq,##0q resolved, boosted I I I I I I 0.3-3.2 TV I I Eur. Phys. J. C 80 (2020) 1165
Bulk RS (k!rc =35,! g =3TeV) R! WW,ZZ ! qqqq boosted JHEP 06 (2020) 042
RS1 (k/Mp =0.01) Gk ! $$ resolved arxiv:2102.13405

Ll RSL(k/Mp =0.05) Gk ! 88 resolved arXiv:2102.13405

-% RS1 (k/Mp =0.1) Gk ! $$ resolved arXiv:2102.13405

é Bulk RS (k/Mp =0.5) Gk ! WW I e"p resolved Eur. Phys. J. C 78 (2018) 24

‘(5“ Bulk RS (k/Mpj = 1.0) Gk | ZZV ##h an resolved Eur. Phys. J. C 81 (2021) 332

2 Bulk RS (k/Mpj = 1.0) Gkk ! WW I ey resolved Eur. Phys. J. C 78 (2018) 24

- Bulk RS (k/Mpj =1.0) Gkx ! WW,ZZ | ™qq,#"qq,##q resolved, boosted Eur. Phys. J. C 80 (2020) 1165
Bulk RS (k/Mp =1.0) Gkk ! HH'! bbbb resolved, boosted ATLAS-CONF-2021-027
Bulk RS (k/Mp =1.0) Gk ! HH! %% resolved, boosted Phys. Rev. Lett. 121, 191801 (2018)
Bulk RS (k/Mpj =1.0) Gk ! WW,ZZ ! qqqq boosted JHEP 06 (2020) 042
HVT (gr = #0.55, gy = #0.56) W' WZ ! #HE resolved Phys. Lett. B 787 (2018) 68
HVT (g = #0.55, gy = #0.56) W'l Wz ! "qq,#'qq, ##49 resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT (gr = #0.55, gy = #0.56) W'l WH! #'bb resolved, boosted ATLAS-CONF-2021-026
HVT (g = #0.55, gy = #0.56) W't Wz ! qqqq boosted JHEP 06 (2020) 042
HVT (gr = #0.55, gy = #0.56) W't WH ! qgbb boosted Phys. Rev. D 102 (2020) 112008
HVT (gr = #0.55, gy = #0.56) Z'0 WwW et resolved Eur. Phys. J. C 78 (2018) 24
HVT (g = #0.55, gy = #0.56) Z'1 WW ! #qq resolved, boosted Eur. Phys. J. C 80 (2020) 1165

” HVT (gr = #0.55, gy = #0.56) Z"1 ZH! " Db, #bb resolved, boosted ATLAS-CONF-2020-043

< "

S HVT (g = #0.55, gy = #0.56) Z'1 WW ! qgqq boosted JHEP 06 (2020) 042

3 HVT (g = #0.55, gy = #0.56) Z"! ZH! qgbb boosted Phys. Rev. D 102 (2020) 112008

q§> HVT (gr =0.14, gy = #2.9) W'l Wz ! #HE resolved Phys. Lett. B 787 (2018) 68

8 HVT (gr =0.14, gy = #2.9) W'l Wz ! "™qq,#'qq, #4q resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT (gr = 0.14, gy = #2.9) W'l WH! #bb resolved, boosted ATLAS-CONF-2021-026
HVT (gr =0.14, gy = #2.9) W'l WZ ! qqqq boosted JHEP 06 (2020) 042
HVT (gr = 0.14, gy = #2.9) W'l WH ! qgbb boosted Phys. Rev. D 102 (2020) 112008
HVT (gr =0.14, gy = #2.9) Z'1 WW I #'qq resolved, boosted Eur. Phys. J. C 80 (2020) 1165
HVT (g = 0.14, gy = #2.9) Z"1 ZH! "™bb,##bb resolved, boosted ATLAS-CONF-2020-043
HVT (gr = 0.14, gy = #2.9) Z't WW ! qqqq boosted JHEP 06 (2020) 042
HVT (g =0.14, gy = #2.9) Z'! ZH! qgbb boosted Phys. Rev. D 102 (2020) 112008

1 1 1 1 1 1 1 1 1
0.2 0.4 0.6 0.8 1 2 3 4 5

Excluded mass range [TeV]

3 TeV
L =36.1fb*!

*small-radius (large-radius) jets are used in resolved (boosted) events
with#= e
uses 126-139 fb**
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Introduction: Physics Background

-> Neutrino masses: The Nobel Prize in Physics 2015

The Royst Swedizh Acaderny of

< Confirmed by neutrino oscillation experiments | s i
& Not included in the SM T —
-> Why no neutrino mass mechanism in the SM?
% SU(2),xU(1)y EW symmetry & only Dimension-4 operators in Lagrangian
< Economical particle content:
Only left-hand neutrinos, Dirac mass is thus forbidden.
-> To generate neutrino masses, one must go beyond the SM:
% Potentlal BSM particle solution: Seesaw models

: H o~ 14 11, H : SM o Scalar tﬂplet H ~ S 34 H Why named as Seesaw?
! )_.;.\ N $ % ! “Secondary Higgs” \,;,\ ¥ Sf/ The heavier BSM particle is,
ok o ;. Typedl ’/—\ The lighter SM neutrino will be!
: L j 2 : /'_\ I L v
! Y
: SM + fermion singlet : ¢ SM + fermion triplet
: “Heavy Neutrino” : A Type-lll
L _Tweel I , N
BSM Model for (N
This analysis
< EFT solution: Weinberg Operator Phys.Rev.Lett. 43 (1979) 1566-1570

Majorana Mass: Weinberg Operator

the unique dimension-5 exlens;on E—mgg ( ( (

to the SM gives a neutrino MAS C_', = — ‘i’ L ] [L"’-‘i’]'

mass without any new (’L>2 A

fields in the theory / — ——vpyp A+

A V20 ~v+h
e ce Cly, —
/’/ Ls=— 2A —>—hhviv, — —5-A—hu§1/f,
vy, vy, [ A 7 2
. ﬁyTl £l C2A Vf Ver + H.c.
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Experimental perspective of Seesaw Type-|

-> Type-l Seesaw model & Heavy neutrinos has been widely probed in
different collider facilities

% In CMS there are joint efforts in the past ten years. (Sihyun @ EXO

WOI'kShOD) Phys. Rev. D 103, 055005 Newly proposed
approach:

NWCL PP"'ImI i
Expactad

The t-channel production
have more sensitivity at
higher mass phase space

, = e, \q/z,*

Upper: EXO-17-012: — ) = —— _,_l;
Trilepton * : Ce— /,/%\

down: EXO-17-028: x 10° 10° 10* :

Same_Sign Lepton +2 jets X Heavy Neutrino Mass, m,, [GeV]

Motivation 1:

el e 110

13 TeV LHC

m, (Ge‘\%

World best limit from
CMS 2016 analysis!

e | A\i coend il vod 1

Traditional heavy neutrino hunting strategy:
S-channel production

Make use of the VBF t-channel
production of heavy neutrinos to
enhance the sensitivity at higher

mass region.
"HSH %&()%& *(+,-.(/,0123,-(4 567.68-(590:87.-(  ;.18.6< =>("L"™ "T

window, high sensitivity
- Cons: Cross section drops sharply when
;S away from mass window, low sensitivity

|
I
|
|
|
Pros: Larger cross section in the mass :
|
|
I
I
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Experimen

tal perspective of Weinberg Operator

- Weinberg Operator (WO) has been applied as the theoretical
background of neutrino experiments in the context of nuclear physics.
% Weinberg operator offers Majorana mass to SM neutrinos, thus is suitable
for neutrino less double beta decay (0vBf) experiments
Stringent limits are obtained for electron channel

Red: inverted hierarchy
Blue: normal hierarchy

[ :Z=m1+m2+m3,
L mg = /|Uei|?m? .

sl L4 aaaaal 1 Al 4 iiid sl L | | il A A1 didd
1072 107! 10° 1072 107 10°
mpg/eV X/eV

Annu. Rev. Nucl. Part. Sci. 2019. 69:219-51
% However, bounded by typical energy scale, nuclear experiments cannot
provide hints for 2 or 3 generations. Must turn to collider experiment for

help!
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Aperimental perspective of Weinberg Operator

-> Here lies the abyss: Monte Carlo issue for WO simulation

% Head-on neutrino lines appears and makes it hard for Monte Carlo
g ene I"atl on , Majorana Mass: Weinberg Operator

the unique dimension-5 extension

to the SM gives a neutrino

‘:‘ NeWIy proposed SOlUtiOn: Phys. Rev. D 103, 115014 mass without any new

fields in the theory

Approximate head-on lines with a Majorana fermion line

v(p) vi(-p) ., _.otl 2 . -
& zg —iCs" v zg _ imyy ;
: P A opr T P 5
p

-> Thus, collider search for WO becomes achievable
% Typical process: VBF same-sign muon production

Wilson Coefficients e m e e e e e e e e e — - - - I
/ o ql / I |
/ SM Higgs Doublet @y |

ce - « .
B _As_ [®-I;] [Le-®] + He. o ; Motivation 2: |
- ™~ — '
SM Lepton High order terms I A r . : . '
EFT Scale d ’ [ . Probing Weinberg Operator with VBF !

AV . . )
v = V3(B) ~ 246 GeV Higgs vev e | same-sign dl-muon produ_c’flon :
//%\ ' Put limits to EFT Wilson Coefficient and !
2 . .

Myee = Cs v°/A ¢ d E thus effective neutrino mass :
|
I I

Effective Majorana Mass
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10? gy RARRS RASAS LARAA RAASN LALED RARE
; A=12TeV ]

* Production cross sections depend both
on A and m(Ny)

)
=
=
1
Q
=
)

« Contact interaction is dominant
(tested up to FCC-hh scenario, \/E =100 TeV)

i1 2 8 4 5 6 7 8 9 10
M(N) (TeV)

ta

w09

e Cauge dominates
at lower masses
and higher A

—+08

=07

e Contact
dominates at
higher masses
and lower A

NGeV

0 2000 4000 6000 8000 10000

M/GeV
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-009/index.html
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Search for events with MET and vector boson fusion signature ~ew  Search for resonant HH production in the 4b final state using the full Ru mﬂ! !d 2 &nerggion; Exotica
CMS-PAS-B2G-21
Heavy Lepton Multiplet Search in 3/4 lepton final state new Search BSM H->hh->bb gamma gamma and hh->bb gamma gamma -0 Seachmramssie sl resnance el CMS-PAS-EX0-21-006 Search for long-ived particles
Search for haavy resonances decaying to a
Single VLQ production in all-hadronic final state Search ZH(125), H{125)->invisible and Z+MET HclasivaTenmed
CMS-PAS-B2G-20-003 Search for new particles CMS-PAS-EXO0-19-014 Search for heavy resonances and quantun
e+mu asymmelry search Search for ZX as well as low- and high-mass XX in 4-epton final states
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CMS-PAS-B2G-21-002 Search for resonance CMS-PAS-EX0-20-009 Search for long-lived heavy neutral lept
All-hadronic boosted H to bb Search for Zh produced Higgs decaying to h->chil chi2 with chi2 -> a.c CMS-PAS.B2G-20.013 Search for heavy resonances and no CMS-PAS-EX0-20-002 Search for a right-handed W
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HDBSPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html
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