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Resonance search

« An unstable particle creates a resonance
peak in the mass spectrum.

> The branching ratio is proportional to
coupling strengths to decaying particles.
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» Search for new resonance is a standard way

to find a new particle.

> Higgs boson was discovered in 2012.

We aim to discover heavy mass resonance
created by a new BSM (Beyond the Standard

Model) particle.
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Heavy resonance in BSM

 There are many candidates of BSM that creates heavy resonances
for example:

> Extended gauge sectors in Grand Unified Theories (GUT)
> Randall-Sundrum model with warped extra dimension

> Extended Higgs sectors (as two Higgs doublet model)

> Composite Higgs bosons

» The new heavy resonance search is one of the most important tasks
In the ATLAS program.

 Our team Is focusing on the search of resonances decaying to leptons,

top quarks and di-bosons.
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ATLAS Run2 with 13 TeV

« ATLAS is the experiment using LHC to study Higgs couplings and
search for BSM particles.

> ATLAS discovered Higgs boson in 2012.

« ATLAS took 147 fb-! of data with 13 TeV in 2015-2018 (Run 2).
» Our team intensively participated in the searches for new heavy

resonance by using large statistics taken in Run2.
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Significance

Heavy resonance search in ATLAS

No new resonance peak has been observed in any analysis modes so far.
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Combination analysis

 The sensitivity to the new heavy particle can be improved, combining

the analysis results on different final states.

e Combination analysis was performed with v, £, VV and VH final

states by using dataset of 36 fb-! taken in 2015 and 2016.

 This project aims to improve the combination analysis by using a full
Run2 dataset of 139 fb-, adding the final states of a top quark and tau.
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Flavor anomalies in 3" generation

 Departures from lepton flavor universality were observed in semi-
taunic decays of B mesons by Babar, Belle and LHCb [~ ].
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» Existence of a new heavy boson strongly coupling to the third
generation is one of the possibility.

This gives us strong motivation to include the final states
with a top and tau into the combination analysis.


https://indico.cern.ch/event/1187939/

Heavy vector triplet model

» Heavy Vector Triplet (HVT) model provides a phenomenological
framework with new heavy gauge bosons and their couplings to SM
particles (JHEPQ9 (2014) 060).

> New heavy gauge bosons: W’*, 7’
> Couplings to SM particles: gq, g¢, gH

int _ a - Ta a; ua arriTa.
W = ‘8"q| W, Qk’yujﬁﬁc —|8¢[W,, 5k}’“75k —|8H (’VVF H TiDHH + h.C.)

« The masses of W’*/Z’ are assumed to be degenerated in this analysis.

 Several benchmark situations can be considered, based on HVT model.
> Model-A: Dominated by fermion coupling (gn=-0.56, gq = g¢= -0.55)
> Model-B: strongly coupling to WZ or ZZ (gn=-2.9, gq = g¢= 0.14)
> Model-C: only vector boson fusion process (gn=1, gq = g¢=0)
The combination analysis aims to put the limits on masses of new
heavy gauge bosons and their couplings (g, g+, g¢) In HVT framework.



Combination methodology (1)

1. Prepare discriminant variables after event selection for each final state.
* For example, transverse mass for W’ and di-lepton mass for Z’

* “Acceptance X Efficiency” is calculated to evaluate the original
number of events.
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Combination methodology (2)

2. Evaluate systematic uncertainties on the signal and background for
each final state.

3. Fitting to MC samples of HVT model with the maximum likelihood
method.

» 1D fitting for upper limitson (cx #) 7 = -2 lnL(/f’?({t))
L(p.0(0))
L(5.6(5

« 2D fitting on coupling strengths 7'=-2In (g A(f_{))
L(g.0(9))

L= HHPON Ob“’]n“ (u, 9)—|—nu (5))1—[}‘,\(9,\)

k

4. Evaluate the upper limits on (o x ) and coupling strengths in
the HVT framework.
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Mass limits

 The partial combination results are

obtained in 2019 [

] with £€ and £v, and in 2022 3 N
| ] with ¢¢, ‘.’”"”efi -

v, VV, VH and 1v.

> VV(gqqq, vvqq, £vqq, £Lqq, tvel), VH

(qabb, vvbb, tvbb, £Lbb)

« Combination analysis improves the

mass limit significantly with respect to

those with an individual final state.

* The mass limit was
extended by 0.3 TeV
from the previous
analysis with 36 fb.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
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Limits on couplings (gy V.S. g¢)

——— VV (Obs, 5.0 TeV) —— VH (Obs, 5.0 TeV) ——— VV+VH (Obs, 5.0 TeV) e 11 {(Qbs, 5.0 ToV) e Iv (Obs, 5.0 TeV) e ll4hv -+ (Obs, 5.0 TaV)
s VV (Exp, 5.0 TeV) s VH (Exp, 5.0 TeV) s VWAVH (Bxp, 5.0TeV) L Il (Exp. 5.0 TeV) snvensss by (Exp, 5.0 TeV) swmmen [lehy 7y (Exp, 5.0 TeV)
/M > 5%  EW fits 5 TeV ] M > 5% [ EW fits 5 TeV

[ ] VvV’ = VV/VH V’ = t/tv/tvy

— [ltlv+7v (ObS, 5.0 TeV) s VV+VH (Obs, 5.0 TeV) mmmmm VV-+VH-lI+lv+7v (Obs, 5.0 TeV)
..... Il+hy +7v (EXP, 5.0 TeV) mmu== VV2VH (Exp, 5.0 TeV) wwwm= VW4VHslltly +7v (Exp, 5.0 TeV)
/M > 5%  EW fits 5 TeV

Combination gives much stronger
constraint on couplings of new
heavy bosons to SM particles.



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/

Limits on couplings (g4 V.S. g¢)
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/

Limits on couplings (36 v.s. 139 fb1)

Stronger constraints on the couplings are obtained, compared to the
previous combination with 36 fb-2.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.052008

* This project consists of

Team Of thlS pr()ject experts in the analyses of the

different final states.

Final states | Institute | Person  More than a half of the final
0L LAPP | T. Berger-Hryn’ova states are covered by our
Lv KEK Y. Takubo, K. Nagano team.
VH LPNHE | R. Camacho Toro - Koji has been the analysis
tt, tb LPC S. Calvet, J. Donini contact in 2019-2021 and
Tokyo | K. Terashi Tetiana is a contact with
P P e theorists as well as one of the
i Nen| Ve | N paper editors for this analysis.
Spin-1 Combination
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VARMV.AN X | A 74 N VELT
¢¢aq | waq | gqaq | evee | evag | evev 2vob | qqob | wob | ezon 0 | ov | o | w e;:" e;:q °::° vbb | gabb bb qq

Covered by our team
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Schedule of our project

 Our project started in 2019 and the original plan was to finalize the
analyses until 2022.

 But, our project was significantly delayed by covid-19 due to no
possibility to work at their institutes and hold in-person meetings.

- We request to extend our project until the end of 2023 fiscal year to
finalize our analyses and publish the results.

FY2019 FY2020 | FY2021 FY2022 FY2023
0L, Ev*} [ 1| ‘ @ Now
VV(qaaq, vvaq, tvqq, £Laq, tvlo), * | ]
VH (qgbb, vvbb, Lvbb, £Lbb), tv
qq, bb, ttOL, th1L Finalizing the
> combination Full paper

)

T



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
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 Thanks to support by TYL-FIJPPL
(3k Euro/260k Yen), we could PSS
perform research exchange in 2022 & iésionitJese 50
fiscal year. Vil  ra
> Tanya: KEK/Tokyo U. (Nov. 27 to
Dec. 2)

> Yosuke: LAPP/CERN (Mar. 8-20)

 \We worked for our analysis together
In person, gave seminar, and held
Informal meetings.

& SR,

Discussion in snow mountain at Annecy §
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Summary & Conclusion

» The heavy resonance search is one of the most important physics
program to explore new BSM particles at ATLAS.

« The combination analysis can give much stronger constraints on the
masses and couplings of new particles, compared to separated analyses.

 Our project is to perform the combination analysis based on HVT
framework by using a full ATLAS Run2 dataset (139 fbt) and improve
the previous results with dataset of 36 fb-1.

> More final states, especially those with a top quark and tau.

« Our team unites people who take a leading role in each analysis group,
and the collaboration will maximize our contribution to the
combination analysis.

 The partial combination results were published in 2019 [
] and 2022 | ], and the analysis
will be finalized in 2023.


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-031/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
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Backup
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Analysis channels for 139 fb-!

Analysis leptons  ET,. . jets b-tags Discr. | Ref
WWIWZ — qgqqq 0 Veto >2] - myy 10
WZ — vvqq 0 Yes > 11 0 myvy [
WZ — lvqq le. Tu Yes >21.211 0.1.2 myy [
Wz — (lqq 2e,2u - >21, =11 0 myv [
WZ — (vlt 3C (e, u) Yes : 0 myy [2
WH — qqbb 0 Veto >2] .2 mypy 13
ZH — vvbb () Yes 225.21] 1.2 mv g 15
WH — {vbb le. Tu Yes 225.21] [.2 my g 14
ZH — ((bb 2e.2u Veto >2y.>21] [.2 my g 15
Y le, 1u Yes : - mr 17
TV IT Yes - - mr 8
£ >2e, >2u - - - Meg 16
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Heavy resonance combination group

Overall Contacts:

HQT
LPX DBL Higgs JDM
Tetiana Hryn'ova -
v
—  Yosuke Takuba YV semileptonic . 2428 / wvid tt all hadronic dijet/dibjet
- VV all hadronic gvev 1t semileptonic
= = Samuel Calvet
VH semileptonic T .
™ it all leptonic
VH all hadronic tb leptonic
L tb hadronic
Theory ACE VLG
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Systematic uncertainties for 36 fb (1)

TABLE IV. Lepton systematic uncertainties. The abbreviations S and B stand for signal and background, respectively, and “Negl.”
denotes uncertainties that are neghgible. Each uncertainty 1s considered as correlated between the channels listed.

Source ‘vqq £t qq Ctvy vty 3744 et £vbb £¢bb 47 4

Electron trigger S+B S+B S+ B S+ B Negl. S+B S+B S+B Negl. Negl.
Electron reconstruction S+ B S+B S+ B S+ B S+B S+B S+B S+B Negl. Negl.
Electron identification S+ B S+B S+ B S+ B S+ B S+B S+ B S+B Negl. S+ B
Electron isolation S+ B S+B S+ B S+ B S+B S+B S+ B S+B Negl. S+B
Electron energy scale S+ B S+B S+ B S+ B S+B S+B S+B S+B S+ B S+B
Electron energy resolution S+ B S+B S+ B S+ B S+ B S+B S+ B S+B Negl. S+ B
Muon trigger S+B S+B S+ B S+B Negl. S+B S+B S+B S+B Negl.
Muon reconstruction S+ B S+ B S+ B S+ B S+ B S+ B S+ B S+ B S+ B S+ B
Muon 1solation S+B S+B S+ B S+B S+B S+B S+B S+B Negl. S+B
Muon momentum scale S+ B S+B S+ B S+ B S+B S+B S+ B S+B Negl. Negl.
Muon momentum resolution S+ B S+ B S+ B S+ B S+ B S+ B S+ B S+ B S+ B S+ B

TABLE V. E7™ systematic uncertainties. The abbreviations S and B stand for signal and background, respectively, while the symbol

-+ - denotes uncertainties that are not applicable. Each uncertainty 1s considered as correlated between the channels listed.

Source vvqq ‘vqq ECw vty cvlt wwbb ‘vbb ‘v
E™SS (rigger S+B S+B S+B : : S+B S+B
E!l?i"“ soft-term scale S+B S+B S+B S+ B S+ B S+B S+B S+B
E™SS soft-term resolution S+B S+B S+B S+ B S+ B S+ B S+B S+ B




Systematic uncertainties for 36 fb (2)

TABLE VI. Small-R jet systematic uncertainties. The abbreviations S and B stand for signal and background, respectively, and “Negl.”
denotes uncertainties that are neghgible. Each uncertainty 1s considered as correlated between the channels listed.

Source vvgq ‘vgq £t qq £ty Luty Cvee qqbb wbb ‘vbb ‘v

Small-R jet energy scale s+B S+B S+B S4B S4B S+B S+B S4B S+B S4B
Small-R jet energy resolution S+ B S+B S+ B S+B S+ B S+B S+B S+ B S+B S+ B
Small-R jet flavor S+B S+B S+B S+B S+B Negl. S+B S+B S+B S+B
Small-R jet pileup S+ B S+B S+ B S+B S+B Negl. S+B S+ B S+B S+ B
Small-R jet punchthrough S+B S+B S+B S+B S+B Negl. S+B S+B S+B S+B
Small-R jet JVT S+B S+B S+B S+B S+B S+ B S+B S+B S+B S+B

TABLE VII. Large-R jet systematic uncertainties. The abbreviations S and B stand for signal and background, respectively. Each
uncertainty 1s considered as correlated between the channels listed.

Source qqqq wqgq ‘vqq £tqq qqbb vuvbb ‘vbb £¢bb
Large-R jet D, scale S S+B S+B S+ B S+B S+B S+B S+B
Large-R jet D, resolution S S+B S+B S+B S+B S+B S+B S+B
Large-R jet scale S S+B S+B S+B S+B S+B S+B S+B
Large-R jet resolution S S+B S+B S+B S+B S+B S+B S+B
Large-R jet mass scale S S+B S+B S+B S+B S+B S+B S+B
Large-R jet mass resolution S S+B S+B S+B S+B S+B S+B S+B




Systematic uncertainties for 36 fb (3)

TABLE VIII. Flavor-tagging systematic uncertainties. The abbreviations S and B stand for signal and background, respectively. Each
uncertainty 1s considered as correlated between the channels listed.

Source vvqgq ‘vgq £tqq vy vty 3744 gqbb wwbb £vbb £¢bb
b tagging S+B S+B S+B B B B S+ B S+B S+B S+B
c lagging S+B S+ B S+ B B B B S+B S+ B S+ B S+ B
Light-g tagging S+B S+ B S+ B B B B S+B S+ B S+ B S+ B
Tagging extrapolation S+B S+B S+B B B B S+B S+B S+B S+B




Systematic uncertainties for 36 fb (4)

TABLE IX. Theoretical systematic uncertainties. The abbreviation B stands for background, while the symbol --- denotes
uncertainties that are not applicable, “Negl.” denotes uncertainties that are negligible, and “Corr” marks whether the uncertainty is
correlated between the channels listed. The abbreviation F means that this parameter was left to float in the background control region
for that channel. The systematic uncertainties in the background modeling for the fully hadronic analysis gggg are embedded in the fit
function used to model the background.

Source Corr  wqq f(vgq ¢fqq ¢(Cw vl (véd  qggbb  wvwbb  fubb  £Cbb ‘v t
DY PDF variation Yes B B

DYPDFL]]()IL& Yt‘-lc' B B

DY ag Yes B B

DY EW cormrections Yes B B

DY photon induced Yes B

Top cross section No B F F B B .. B B B B B Negl
T(')]') l:‘Xl]'i:i]')()li:lli()]'] No e e e e R v v . R . B R
Top modeling No B B B B B .. .. B B B Negl. Negl
Diboson cross section No B B B B B .. B B B B Negl. Negl
Diboson extrapolation No XX XX XX XX .. .. .. .. .. .. B

Multijet cross section No XX B XX .o B B B .

Multijet modeling No - .- - .- XX .- B - B - B B

Z + jets cross section No F B F B B B

Z + jets modeling No B B B B B B

W -+ jets cross section  No B F B B B B

W -+ jets modeling No B B B B B B
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