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Heavy resonance search at collider experiments

Standard Model (SM) is successful for particle physics

SM shortcomes (Hierarchy problem, Unific.of Gravity, Dark
Matter/Energy) indicate the existence of New Physics — Beyond
Standard Model (BSM) theories

Heavy resonance search is a good way to probe new physics

> Heavy resonances are predicted in many new physics models:

o

o

o

Two-Higgs-doublet model (A, H, ...)
Heavy Vector triplet (W', Z')

Many more...

> A straight-forward way to observe new physics/particles:

o

Featured kinematics (e.g., “invariant mass”) could make a
bump on a rather flat SM background spectrum, indicating
an unknown resonance particle

High energy collider like LHC makes it possible to search
for “heavy” resonances at high energy
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ATLAS/CMS heavy resonance searches results

Results shown today are based on LHC Run?2 pp collision data at /s= 13 TeV.
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png
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https://cmslumi.web.cern.ch/publicplots/multiYear/int_lumi_allcumulative_pp_run2.png

Anomaly detection in jet+Y

Two-body final states: jet+Y, where Y can be a

ATLAS-CONF-2023-022

lepton (electron or muon), a photon, or another jet
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are examined for any localized excesses

Largest excess reported by BumpHunter at m,,
= 4.8 TeV with %0 width in 10 pb AR: local

significance of 2.90
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No significant resonance-like signal found
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-022/

Generic Y — XH in hadronic final states

Two large-R jets: j, (one with larger D,,) + J
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-045/

138 fb™ (13 TeV)
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http://arxiv.org/abs/2302.12802
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https://arxiv.org/abs/2305.03401

W' — bt in leptonic final states
. : Z' and W’:
predicted in many BSM
¢ models
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/ .
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-012/index.html

Z' — ppb search

138 fb™ (13 TeV)

CMS-PAS-EX0O-22-016
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-016/index.html

95% CL limit on 6 x BR(Z' — ep) [pb]

u>J ; Is = 13 TeV, 139 fo Fake _ 7 Uncertaintyé
ey or 7 resonance searc oo
108} Signal Region -
; B} £ Post-Fit ) =
EXOT-2019-20 ma Data consistent |
Lepton-flavour-violation (LFV): Exactly two opposite-sign leptons: 10°E mam  with SM E
predicted in many BSM models O e, eTpyq OF UThgg 1ol ’ :
O from Z’ decay O v, reconstructed from EMss : T —
O  from t-sneutrino (¥;) and direction of 7,4 e 3
decay — RPV SUSY O back-to-back in ¢ o ST B
=] g |
% 1.250 .
107" T | I | I 107" : s 0 751 /“/4/7(/(/////// ///{ Z
||‘J\||||‘|||||||‘||||“‘|||| Ly ilj\\llllll\III||||||\\|IIII[‘\\II|II\\ o Y- _E
E . I ; — Observed limit "é E o — Observed limit 3 © 05 . : .
Al ™, : - Expected limit = A -- Exgjected limit 10 10
10 é_ ‘\.\'\ | [ Expected + 1o o 1072 - "\.\ . EXpeCtEd tio % 104;_ ATLAS Prellmlnary eData  mTop du;rl;s;
C 1 [[JExpected + 20 T E : [] Expected + 26 o F fs=13TeV, 139 0" ng(‘;s"” " Oneoriantyd
i [ X I LEVZ (NNLO) \ o r ‘-\ . va v, (NLO) [ et channel ~RPV ¥_ (3 TeV) ]
10 : -Zz r | 103 3 Signal.ﬂegion 4
| | G107 ms_ = 3.9 TeV . — ]
104 . = é excluded : 107 e E
= 1 ., 3 S, | F E
r mZ’ < 5-0 Tev : h"‘-—.‘_ ] g 10_4 = 10__ — ] _—
10°F  excluded ! 3B F L ] S
o 1 = - 1 . . ;
sl ATLAS Preliminary ! . d 10°5L ATLAS Preliminary ! T i3 E
107°E Vs=13Tev, 13967 19 e=13Tev, 139" ! g | ;
FZoen : 1D [ V.oen : 12194 7
10—7_II\J|IIII‘\lllllllll\lll|lt\l|l|ll_‘ o.)10—||H||||||‘\|||||||l||L\|||||:M I|IIL\ é‘lziy‘/%y//é//// it
1 2 3 4 5 6 7 8 1 15 2 25 3 35 4 45 5¢ 0_75
0 05
1 | .

m,. [TeV] m; [TeV] 10°


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-20/

Dark matter particles search with Ww = + Ess
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/index.html

FCNC t — qX decays

g b

9 arxiv:2301.03902 d=u/c

Exactly one electron or muon
At least four jets

Categorised by number of
jets (j) and b-jets (b): 4j 3b,
5j 3band 6j 3b

Neural Network score used
for signal extraction fit
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https://arxiv.org/abs/2301.03902

2HDM A - ZH — ¢¥tt or vvbb

Two-Higgs-doublet model (2HDM):

ATLAS-CONF-2023-034

o  Five Higgs bosons after electroweak symmetry breaking: h, H, A, H*, H~

O  his the common higgs boson
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/

Excited b* - Wt

q

Complementing a

previous search
W where W decays

leptonically

|

l

v exactly one lepton (either
electron or muon)

v at least one b-tagged AK4
jet (b jet)

v exactly one W-tagged AK8
jet (W jet).

High-/Low- mass sighal regions
defined based on p7*s and p¥

CMS-PAS-B2G-21-005

Excited b* quark:

Events/Bin

0 In compositeness models, excited
states of quarks can have masses of
the order of 1 TeV

O Right-Handed (RH), Left-Handed
(LH) or Vector-Like (VL) scenarios
are studied
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-010/index.html

Generic trijet resonances search

CMS-PAS-EXO-22-008

First generic search for new particles decaying to three hadronic jets

a  Kaluza-Klein gluon (Ggg) to three
gluons via radion: X - Y(gg)g

O Excited quark g* to three quarks
via vector boson: X - Y(qq)q

Pm: Mass ratio between Y and X

First search in range p,,0.2 to 0.8
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-008/index.html

Summary

v" Heavy resonance search remains an active area of research

v New models and particles beyond the Standard Model explored at ATLAS and CMS, yet no significant
deviation beyond Standard Model is observed

v New Techniques such as Machine Learning are developed and implemented in the analyses

v' Extended exclusion limits on BSM theories

Future Prospects:
O Continued data analysis in Run-3
O Further development of analysis techniques

O Exploring new theoretical frameworks
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Anomaly detection in jet+Y
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Anomaly detection in jet+Y
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Anomaly detection in jet+Y
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Generic Y — XH in hadronic final states

Parameter Preselection requirements
myy [GeV] > 1300
pr(Jy) [GeV] > 500
my [GeV] my > 50| my, > 50
Dbe >-2
Signal regions
Merged ‘ Resolved | Anomaly
mpy [GeV] (75, 145)
Dbe > 2.44
DIE <12 >1.2
|ij]u,'2‘ - <25
p?."l - <08 -
Anomaly Score - - > 0.5
Background estimation regions
CRO | HSBO | HSBI | LSBO | LSBI
mpy [GeV] (75, 145) (145, 200) (65,75)
Dg,, <244 | <244 [>244 | <244 >244

v' Signal regions are built by selecting two large-R
jets with additional criteria to enrich the
presence of Higgs and X particles — Larger D,
as J, and the other as J,

v" Orthogonal resolved reconstruction is used to
recover sensitivity where the X is less boosted

v" requiring at least four j in the event

v' mY computed with large-R Higgs jet and the two
small-R X jets
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Vector-like quark T’ — tH
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Vector-like quark T — Ht/Zt

Preselection requirements

Single-lepton or E%niss trigger
=] isolated ¢ OR u
>3 jets
>1 b-tagged jets
ENSS > 20 GeV
EXS +ml > 60 GeV
Meff > 600 GeV

Events categorized in terms of
multiplicities of:

1jet,

2.b-tagged jet ,

3.forward jet,

4.V-tagged jeft,
5.Higgs-tagged jet,

6.hadronic top-tagged jet,
7.leptonic top-quark candidate

Fit regions
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Vector-like quark T — Ht/Zt
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*Previously a combination of all ATLAS pair production analyses using the data collected by the ATLAS detector in 2015 and 2016 delivered the most stringent
limits to date on pair-produced vector-like quarks, with masses observed to be excluded below 1.31 TeV for T and 1.03 TeV for B for any combination of decay modes
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Vector-like quark T — Ht/Zt
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W' - bt in leptonic final states ..
510 CMS 4 Dan — W 38TeV(1%) AH §105 CMS ¢ Dawm —— W aSTeV(1%) RH
§1$ Preliminary [l ower sackarouncs| ] aco 2 Preliminary i) mer sackgrouncs[ ] aco
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W' — bt in leptonic final states
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"= bt in leptonic final states
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Events

Z' = uub search
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LFV eu or £T resonance sear'ch
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LFV eu or £ resonance search
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Dark matter particles search with Ww = + Ess

Semi-leptonic channel

Two-lepton channel

Quantity Selection Quantity Selection
Number of leptons 1 Number of leptons 2
Additional leptons 0 Lepton flavors ey, pe
Number of jets > 2 Lepton charges Opposite
Non W-candidate b-tagged jets 0 Additional leptons 0
;. > 65GeV, <105GeV  pi™™ > 25GeV
P > 60GeV pr > 20GeV
p) > 60GeV My > 12GeV
" > 80GeV Py > 30GeV
AR 0 <3 pres o > 20GeV
A(f)g’jj <18 m?g (gifiuss, pro]Jr p?lss, rac prol) > 20 GeV
Ay pmis >2 my T > 50GeV
Number of b-tagged jets 0
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Events / bin width

Data/Pred

Events / bin width

Data/Pred

Dark matter particles search with Ww = + EnUss
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Arllprpl;mss and Aqtvwr‘mss

min(pf, p§)/ s
max(ph, pi)/ PR

Variable Definition
i pr of the vectorial sum of the W candidate jets
p-t" pr of the vectorial sum of the visible particles
e Size of the missing transverse momentum vector
Aipgjj and Ay Ar and A¢ between the lepton and the di-jet system
Ay and Ay An and A¢ between the W candidate jets

A i

Az and A¢ between the lepton and 'E{.“""S
A between the vectorial sum of the visible particles and fmiss

Minimum of the lepton py and the trailing jet pp, divided by prT“i“’
Maximum of the lepton py and the leading jet py, divided by p?if‘f‘

nmx(pfr, pl}}/mqu,Tm“ Maximum of the lepton py and the leading jet pr, divided by

the invariant mass of the vectorial sum of the visible particles and the pf

miss

where the missing energy is considered to be massless
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BDT input variables
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FCNC t — qH decays

*: normalised to total background
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cX 30 GeV NN output

*: normalised to total background
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*: normalised to total background
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FCNC t — qH decays

Data / Pred.

Data / Pred.

*: normalised to total background
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*: normalised to total background
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cX 80 GeV NN output
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FCNC t — qH decays

Data / Pred.

Events

Data / Pred.

“: normalised to total background
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“: normalised to total background

ATLAS # Data

Vs =13 Tev, 139 fp” W uX 120 GeV -
t—ux -~ uX 120 GeV* 1
4j3b M ti+=1b
Post-Fit [Otlsz1c

[ fislight

[ non-tt

Uncertainty

.
.
L 2
4
-

01 02 03 04 05 06 07 08 09 1
uX 120 GeV NN output

*: normalised to total background

ATLAS # Data i

s =13 TeV, 139 fo" W cX 120 GeV |

t—=cX - ¢X 120 GeV*

4j3b W ti+=1b

Post-Fit [Jt+=1c ]
[ ti+light

[ non-tt —
Uncertainty

0

1.1F E
1E » - [ W} Y -
[ e Pl £

0.9- E
8

08 91 02 03 04 05 06 07 08 08 1

cX 120 GeV NN output

36



2HDM A - ZH - ¢4£tt or vvbb o R
2L (CR) | eu (CR) | 1L (VR) ] Hlo / Hhi (CR) [ Hin (SR)
N jets 2-5
N b-jets >2
meand > 50 GeV
N hadronically decaying r-leptons 0
Cut Regions pr(V) vvbb > 150 GeV
e ss(CR) [ 13hi Zout (VR) [ Hlo/ Hln" (CR) [ Hin(SR) | L3I0 Zin(VR) min AG(Em, 71 > /10
pr (61) >27GeV AR(b1.b2) <3.3 2 bjety)
N jets >4 < 3.5(= 3 b-jets)
N b-jets f‘gtt 2 N leptons 2 1 0
|t i < 2.2+0.0004 - m§M — 0.0011 - s Lepton flavour eefup | ep e/p -
) > 13 Gev [ >7GeV & < 13GeV pr(f1) > 27 GeV -
Lepton flavour cep/ppe ceefeep/ppe/ppp [mS™ — | < 10 GeV -
OSSF lepton pairs 0 =1 SMET <5 - >3 > 10
[T — mz\ <20GeV | > 10 GeV & < 20 GeV < 10 GeV P . > 180 Gav
Tvi 1 top
e mh“”l '"H < 500 GeV . >(.32- m’ip" < 0.32 -m’_:Pﬂ ] m{:;, - =300 Gov
H My mivee hy,
miP? > 500 Gev >024-mp™ | <0.24 - mP s — o - >02-mBP [ <02 mi™
5
C400"|' U T T T c x10 T T T T c 3"104 T T
s © ATLAS Preliminary 4 Data o 6f ATI.As Prellmlnary ¢ Data 1 © ATLAS Prellmlnary ¢ Data
D350 vS=13Tev, 1407} 0 WHVWY 19 4L Vs=13TeV,140fb" 1 B N o VS = 13TeV, 140 fb! = t
£ [ A=ZH o litt - 7 = A - ZH - vibb . Zhf L = A ZH - vibb . Zhf
@ 300F Wt Wt | g 2 b-tag [ single-top tW = 7 2l =3 b-tag 1 single-top tW |
c b -tz < = SM Vh = == SMVh
> 250f [ twz 12 [ single-top (s+t chan) 2 B single-top (s+t chan)
w f I t 1 vIf w = Vif 7
2000 =tz E 0.4+ O w 0.20F cw J
F W Uncertainty . Whf ———
150 N Uncertalnty N N Uncertainty 1
100 | e 0.2 0.10F 8
0.05F
= 1.25F = 1.25
8 LOOENNY NS ¥ N \\i N :@ L e L AR SN % 1.00 o~ \\\\\\\\\"\\\\\\\i\\\\\\\‘\\\\\\\\{\\\\\\\\\\\
8 o7sb L TR e PN 075 L ) L 8 s ,
' Hio500  Hin500  Hhi500 SS L3hi, Zout L3I0, Zin OL, Flo200 0L, Hin200 0L, Hhi200 ey 20 1L 0.75 5 Hlo200 OL Hin200 0L, Hhi200 e 20 T

37



ZHDM A - ZH — ¢¥tt or vvbb

Events / GeV

Events / GeV

Data/SM

BLLLUBILL I |\|||u‘ T IHHH‘

ATLAS Preliminary
13 TeV, 140 o™

5=

A — ZH — vibb

2 b-tag
0L, Hin300 Signal Region

3

B L

l Daln
v

. Whi

single-top tW
- slngle—top (s+t chan)

(mFm;g

Um:erlalnty
* Pre-fit Background
% 2HDM model

=124.2 1b
(600,300) GeV

. .-0---.00¢“+++ +

L S S

.-
il

L.
1000

T -
1500

500 2000 2500

m(VH) [GeV]

UL WA B

[ ATLAS Preliminary  .*. Vit

E - z

E fs=13Tev, 140" T W AW i g

F A—ZH-— It g4

E 1, L3hi, Zin e E

E - tiz E

r Uncertainty B

= 2" Pre-fit Background =

Z 3155 2HDM model 3

adF o,
(mA,m:)'“;

=8.4fb
(650,450) GeV

LN S B s S B B

¢¢¢¢¢¢*+++

T

LA e

|
500

TR B
1000

T
1500

TR ) |
2000 2500
mgne [GeV]

Events / GeV

Events / GeV

Data/SM

ATLAS Preliminary

10t 15 =13TeV, 140 0"
A = ZH - vibb

e Data

single-top tW
mm single-top (s+t chan)
it

Uncertainty

Pre-fit Background
2HDM model

=124.2 fb

agF o fi
(m m;f (600,300) GeV

fre

R TR TR N | 1 1 L
L R B e R S R B R
1; -o.on..'.“ ++ + +
[ AT A ST A R P I I B
. 200 400 600 800 10001200 14001600 1800 2000
mi [GeV]
108 ~ - T T T T T T

3 betag

ATLAS Preliminary
Vs =13 TeV, 140 fb™"
A = ZH - vibb

0L, Hin300 Signal Region
-

o Data

. Whi

single-top tW
- single—top (s+t chan)

Um:erlalnty
“* Pre-fit Background
2HDM model

(mA,r:;ﬁ“i“(;od,anu) GeV

e

T

T

LI B s

L.
1000

T -
1500

2000 2500
m(VH) [GeV]

Events / GeV

Data/SM

Events / GeV

Data/SM

0.

ATLAS Preliminary s g
1s =13 TeV, 140 fo”' . SM Vh
A = ZH - vibb -
— Whi
3 b-tag single-top tW

- slngle—lop (s+t chan)

Um:erlainty
 Pre-fit Background
= 2HDM model

bbA 0, =4.51b
(m,,m *Z'(600,300) GeV

:..,‘r.|+.‘r]..w...w..,”w. R S
E .
_f.'ot¢+++ +
| I T . .
200 400 600 800 1000 1200 140015001300 2000

mi [GeV]

ATLAS Preliminary VY

- S -z o -
=13 Tev'j‘m fo W HTHA W WAt
A - ZH - it

Ill, L3hi, Zin, Hin450
Signal Region Uncertainty
A = Pre-fit Background
< = 2HDM llludel
agF o,
(m,m =" (esa 450) GeV

ATV

Am [GeV]

38



2HDM A - ZH — ¢¥tt or vvbb

700

600

500

400

300

200

400

300

Previous £¢bb result: Eur. Phys. J. C 81, 396 (2021)
r T T T T T < 600 T T r T T r
ATLAS Preliminary 5= 13 TeV, 140 b, bbigg — A — ZH — vwbb D ATLAS Preliminary ,5=13TeV, 140 ™", gg— A — ZH — vvbb

[95% CL upper limit exclusion, type-Il 2HDM S 95% CL upper limit exclusion, type-| 2HDM =1 tanf=0.5 Obs.
= tanfi=20 Obs. EI --- Exp.

[ e 5001 —— A width 25%
—= A widih 25% =1 tanfi-1 Obs
=3 tanfi=10 Obs. --- Exp.

Eem- Exp. == Awldih25%
—— Awidth 25% 400 B tanfi=5 Obe

| B tanfies Obs. s - Exp. A

I"
F _/
7/
/
L Vi
/
7
b /
/
L e It L L L F L
400 500 600 700 800 900 1000 1100 1200 800 900 1000
ma [GeV] my [GeV]
T T T T T T = 700
ATLAS Preliminary vs=13TeV, 140 0™ = 13,p.05 0ns. © ATLAS Preliminary +s=13TeV, 140", gg— A — ZH - (i1t
bbigg — A - ZH— whb P S 650[.95% CL upper limit exclusion, type-| 2HDM , ]
95% CL upper limit exclusion, type-Il 2HDM == Awidih 25% é‘: [ tanp=0.5 Obs. /
[ 3 tanp=1 Obs. -—- Exp. /
--- Exp. 600 —— Awidth 25% ]
—= Awidth 25% 3 tanp=1 Obs Y,
I tan=3 Obs --- Exp. 7
[ Exp. 550 —— A width 25% /./ 1
- —= Awidih25% 4 I tanf=2 Obs. /
500F " P
F /.
7
450} / q
7
r 400 / 1
y : y
. ‘ 4 350 NU/UR VN
400 500 600 700 800 200 1000 500 600 700 800 900 1000 1100 1200
mp [GeV] mp [GeV]

m, [GeV]

m, [GeV]

m, [GeV]

1000
900
800
700
600
500
400
300
200

T T T T T T T
ATLAS Preliminary Vs = 13 TeV, 140 fb”!
Observed upper limits
a(bbA) x BR(A— ZH) x BR(H— bb)
2HDM tanfi=10

L
L
L]
L]
L
=
=
g

TN EREEE @
HEEEEEEB

L]
L]
L]
L]
|
T

SrmEEEE

@

00 100011001200
m, [GeV]

700

600

500

400

T T T T
ATLAS Preliminary Vs = 13 TeV, 140 fb”!
Expected upper limits

algg— A) x BR(A— ZH) x BR(H— i)
2HDM tanf=1

400 500 600 700 800 900 1000 1100 1200

m, [GeV]
1000 T T T T T T T T T
ATLAS Preliminary Vs = 13 TeV, 140 fo !
900E opserved upper limits
800 o(gg— A) x BRIA— ZH) x BR(H- bofi8 B8
700F 2HOM tani=1 B OE O O
600 i B B OB O
500 oM W O R
400 B 0 W O M
548
300 - Ol e E =
200 o S8 H EE E =
1005 - . e e s w PP
0300 400 500 600 700 800 900 100011001200

m, [GeV]

2
i

=
95% CL upper limit [fo]

10

=
95% CL upper limit [fb]

=)
o

10

m, [GeV]

m, [GeV]

m, [GeV]

1000 T T T T T T T T T
ATLAS Preliminary Vs = 13 TeV, 140 fb™'
900 Expected upper limits
800 o(gg— A) x BR(A— ZH) x BR(H— bbfil 5 [§E
700F- ZHPM tani-1 L
600 B W O W W
500 - W OO
400 ex s @2
_— - =
300 ] B B = .
813
200 s OB OH H HEEE
T e e P O P P P O
ad()() 400 500 €00 700 800 900 100011001200
m, [GeV]
1000 T T T T T T T T T
ATLAS Preliminary Vs = 13 TeV, 140 fb™'
900 Expected upper limits
800F- o(bbA) x BR(A— ZH) x BR(H—bb) 8 [ B
700 2HDM tani=10 "R B B |
600 O
500 o Em
400 L
300 O .
200 HEEE
1005 b PP P P ]
0300 400 500 600 700 800 900 100011001200
m, [GeV]
1000 T T T T T T T T T
ATLAS Preliminary Vs = 13 TeV, 140 fo '
g Observed upper limits
a{gg— A) x BR(A— ZH) x BR(H- 1t)
800~ 2HDM tanfi=1 .
700 O )
600 « B E H E
500 [
400

400 500 600 700 800 900 1000 1100 1200
m, [GeV]

=]
©

=
95% CL upper limit [fo]

10

5
E
I}
o
a
5
3
o
2
>


https://link.springer.com/article/10.1140/epjc/s10052-021-09117-5#citeas
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Generic trijet resonances search
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