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Heavy resonances at the LHC ATLAS

EXPERIMENT

 Many Beyond Standard Model theories predict the existence of additional

particles
* Heavy resonances are predicted in many new physics models S AT e i =0T 5
. o € 10*E SR 1:5<E7™%<8, 0 bjets -~ m(Z)=300 GeV' M piposon
° Heavy Vector trlplet (W , Z ) B 103; Electron chan?el —————— m(Z')=500 GeV

,,,,,, m(z)=700 Gev 127"
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e Vector like quarks 107 ”

7 Uncertainty —é

* Would appear as a bump on flat Standard Model (SM) prediction
* Indicates an unknown resonance particle
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e LHC allows to explore ever higher masses
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VLQ at the LHC ATLAS

EXPERIMENT

* Vector Like Quarks (VLQ) are predicted to be spin-1/2
particles that transform as a triplet under color gauge
symmetry and whose left- and right-handed components
both have the same electroweak quantum numbers

* Couple to the SM fermions via Yukawa couplings
=>» Interact principally with the third-generation SM quarks

* Vector-like T and B quarks
* Vector-like equivalents of the third-generation SM quarks
* Electric charge Q(T) = 2/3 and Q(B) = -1/3,
e Can exist as singlets, doublets or triplets

e XandY VLQs
* Charges Q(X)=5/3 and Q(Y) = -4/3 respectively

* Can exist either in gauge doublets along with a T or B quark
or in gauge triplets along with both the T and B quarks

* At the LHC, VLQs are expected to be produced either in
pairs, via the strong interaction, or singly, via the exchange
of an intermediate electroweak gauge boson
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VLQ pair production search in the
Wb+X final state &]E-I!T I\ﬁNST

-
e Optimised for vector-like T-quarks that decay into a W-
boson and a b-quark f
* One W-boson decaying leptonically and the other W
hadronically
. t,b,b
* Also considered models
* Vector-like B-quark :
* Vector-like Y-quarks, which decay exclusively into a W boson  _ .I._.I,.....,.._.a.r),(.l\ll.',2401'17>165I.I,.I........,...,. )
and d b-quark § 3:_ \/AérggTev,MOfb" 5??ata § 103?%.ri-?gTev,mom1 5??ata
. < 10° TT->WoeX EWwsets g E T Owsts
° Event Select|on_ E - SR1, Post-Fit Egltr;]g:;aTop 3 L% 102;_SR2, Post-Fit Egltr;]g:;aTop_;
* High pr electron or muon M3 P incorsiny %ﬁl‘!‘%mwi
Signal* Signal*

*normalised _|

*normalised | 10 _
to total Bkg. 3

to total Bkg. 3

* Large E{Miss 1of

* Large radius jet identified as W-boson . |

* Multiple small radius jets: at least one of them is b-tagged 'E
* Important discriminant used to define Signal Region and 5 10k o o M — i)
. m 1.5F o 1.5 3
Control Region, S;: scalar sum of the p; of the selected small-  ; + ER TS L?i +
radius jets, the lepton p; and the E;™'ss S et T R SSOUORNIRI AU
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https://arxiv.org/abs/2401.17165

VLQ pair production search in the
Wb+X final state Iﬁ]E-I!T I\ﬁNST

e VLQs can decay via a flavor-changing neutral current or a charged current
=>» T has three possible decays: T > Wb/Zt/Ht

* Expected and observed 95% CL lower limits on the mass of the T-quark in the
branching-ratio plane of B(T - Wb) versus B(T - Ht)
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Search for vector-like
S ATLAS

>

q
b
* Vector-like B quark can be produced in the resonant s-channel 2%, H~<Tj5
* Either the electroweak interaction of an initial-state b-quark and a bib b
Z boson (leading production mode for a vector-like B singlet) . 5
* Orof aninitial-state t-quark and a W boson JHEP11(2023)1

* Strongly non-resonant single vector-like B quark production arises
through t-channel processes

* Mostly results in low-mass off-shell B quarks falling well outside
the acceptance of the trigger selection employed by the analysis

e Event preselection:

e Atleast1large-R jet, pT > 480 GeV S0 o T T - 3 20T —
’ % : %TﬂgTev, 139 1" « Data (Region A) 1 % 200 ?ET:??‘?TeVJsS? . « Data (Region A) =
. . § sool Mc E105,135] GeV ackground Model _ 5 1805 myc €1135,200] GeV ackground Mode E
* No leptons & no yy pairs with m,, € [105, 160] GeV o0 e [LPeckaronaniosel o Rt Lt L I
L Systematic Uncertainty ] 140; N - Systematic Uncertainty é
. . . . 600— ] = =
* At least 2 track-jets associated with the large-R jet, at least ] o E
one of them b-tagged 400 N R E
* At least 1 small-R jet with p;> 300 GeV ] 60 E
200 — 40 -
| . ] 205 =
* AR(small-R jet, large-R jet) > 2.0 O Wl

. . S e e A A 51501 T T T \ \ T

* Data-driven background estimate - e R I |- S + +
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https://link.springer.com/article/10.1007/JHEP11(2023)168

Search for vector-like " CIATLAS
B N bH Wlth H_)bb EXPERIMENT

L L

LA B B e

& " arias + Data
. .. . . . 8 [ (s=13TeV, 139 fb™ - VLB 4, 1.3 TeV, x =0.4
* Results are interpreted as limits on the single-production cross-section § 100 VBN VB 3T, =04
e Forfixed K=0.5 z 80: Post-Fit 7 Uncertainty

* Also as a function of the resonance mass and coupling strength k .
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Search for W’ = tb in 0/1-lepton channel ATLAS

EXPERIMENT

* Many models (extra dimensions, strong dynamics, or a composite Higgs boson), JHEP12(2023)073
predict new vector charged-current interactions

* Some models predict W’ bosons that preferentially couple to third-generation particles

> L L L L B 7 > i IR L L RN 3
& 10° ATLAS = 8 ATLAS 1
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2 d jData-driven  § o Ot -
W mAl-had tf E 102 ke W+jets 4
10 ENon-all-had tt § E % [@Z+jets E
77, Uncertainty . [ Single-top . .
10 _ wPrefitbkg. 10 moireson = Single lepton channel
7 . W Multi-jet 7
1 + it 4 E Hadronlc ChannEI 1 77z Uncertainty = e One |ept0n (e u)
10-" 2 % -« Pre-fit bkg. 3 _ d
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-2 - 3
10 ; . SmaII-R jet that iS b-tagged 102 DILIIIIIIIIIII I @ Neutrino reconstruction
10 S, = ¢ IR e e M R¥eeE B B - 3 )
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. = 7 ] xU) A v, ]
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2 . T ldoends 78] 4 o - M e 4 * Top quarkis reconstructed by combining
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* Good agreement between the background prediction and data observed in

all regions

* Results interpreted as limits on W’ mass
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Run Number: 357539, Event Number: 1861631310

Date: 2018-08-05 09:11:12 UTC
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Events

Residuals (o)

10*

Generic massive resonance Y that decays into two pairs of intermediate resonances X Phys

Paired dijet resonance

with the same mass, each decaying into two partons and so typically producing a pair
of dijet system

Resonances are searched for in the invariant mass of the tetrajet system, and in the
average invariant mass of the pair of dijet systems

Data-driven background estimate is obtained by fitting the tetrajet and dijet invariant
mass distributions with a four-parameter dijet function
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.T'T‘.'l- '

M T

TIT T TR T[T

1400
m 5, [GeV]

800 1000 1200

Events

Residuals (o)

LN S S S B B S S B e L B B

10° EATLAS . Data _
jo° Vs =13 TeV, 140 fp" ... 4-parft
(gt 024<0<026 x*/ ndof = 0.88
103 .‘..‘“‘-".'
102 ...""-A.An
1 O v"-;-’._'.’ 4
e
! f H-i....i..'.___|
1071, S SRRV S LR VSRR TP EEPRFEUS S P N~
.
:155'. PR L i £
2000 2500 3000 3500 4000 4500 5000 5500

my; [GeV]

The UNIVERSITY o/ OKLAHOMA

ATLAS

EXPERIMENT
. Rev. D 108 (2023) 112005

Jet



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112005

Paired dijet resonance

* 95% CL upper limits on the allowed cross-sections of these particles as a function
of their mass

* Several representative a = (my; )/my; regions

g T T T T | T T T T T T T T T T T T | T T T T | T T T T I:
= o ATLAS Observed: i
G107 (5=13 Tev, 140 b =Y XX 3
X . o ..
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X = J
o - +t1o t20 7
10° ~ E
107 E
= E
:I | 1 | | | | | 1 | | 1 1 | 1 | | 1 1 | | 1 | 1 1 | 1 1 | | F
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Phys. Rev. D 108 (2023) 112005
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Exclusive dilepton + E;m'

Dark matter particles produced in association with a new neutral vector boson

Decays of the Z' boson to same-flavor light leptons (e*e/utu7)

Dark-Higgs model: a dark-sector Higgs boson hp can be radiated from the Z’ boson and
decay to a pair of dark matter particles (x x)

ATLAS

EXPERIMENT

Emiss,sig _

Light-vector case: the Z' boson has an off-diagonal coupling to the x; and x, dark-sector pu
particles g 7
* Heavier state x, decays to a lighter dark matter candidate x, and a Z' o
[-‘r
> E T T — i > T T ‘ — i X1
8 10° ; ATLAS Preliminary Signals: Light-vector ~ -¢-Data 8 10° ATLAS Preliminary Signals: Light-vector ~ -¢- Data q X1
> § Vs =13 TeV, 140 b w/ light dark-sector W Top > Vs =13 TeV, 140 b w/ light dark-sector W Top
S 10*F SR 1:5<E] %<8, 0 brjets - T aon oy [iboson § 10" F SR 1:5<E7%<8, 0bjets iy % 300 Gev [Jpiboson
i 5 3_ Electron channel - e o 5 Muon channel e O
0 T mermcay S27 W mermeay S27  ATLAS-CONF-2023-045
107 Eh - 7/ Uncertainty 10°) 7 Uncertainty e Event selection:
10 . . .
b ] * Same flavor opposite sign leptons
: 10 1 * Large E{Mss
T E = 1072 . .
o e 0ok * Three SR based on E;™*5'8
Z1 25 »4 E 2125 Ipmissl
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o
© 0.75
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S v
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m,, [GeV]
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https://cds.cern.ch/record/2870113

* No significant deviations from the SM are observed

=>» Derive limits as a function of the Z’ mass as well as limits on the Z’ coupling to

leptons
-
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Exclusive dilepton + E;™'s
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ATLAS-CONF-2023-045

Dark Higgs Light Vector
Light dark-sector ~ m, =5 GeV =3 GeV
hy = 125 GeV  my, = my, + mz +25 GeV
Heavy dark-sector m, =5 GeV my, =mgz [2
My, = mz; my, = 2mz

Three coupling parameters considered in each model:
*  Coupling of the Z’ to quarks (g,)
*  Coupling of the Z’ to leptons (g))
*  Coupling of the Z’ to the dark-sector particles (gpm)

In the dark-Higgs model the coupling gpm is the coupling
between the Z" and hp

In the light-vector model %DM is the coupling between 7’
and the dark-sector particles x; and x,

Couplings to quarks and leptons are assumed to be
constant across generations

Coupli dgs conS|dered for this search are gpm = 1, g4=
0.1, an

Non-zero g, introduced to allow the leptonic decay of
the Z’ boson
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Conclusion and Outlook

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary

* ATLAS performed many searches for

Status: March 2023 f[; dt = (3.6 — 139) fb™! Vs=13TeV
heavy resonances S
y ) ADD Gkk +g/q Oe u, 1,y 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
§ | ADDron-resonant yy 2y - - 36.7 | Ms 86TeV  n=3HLZNLO 1707.04147
£ ADDQBH - 2j - 139 | My 94TeV n=6 1910.08447
S | ADD BH multijet - >3] - 3.6 | Mu 955TeV.  n=6 Mp=3TeV rot BH 1512.02586
° © RS1 Gk — vy 2y - 139 Gk mass. 45TeV k/Mp = 0.1 2102.13405
. — g Bulk RS Gk — WW/ZZ multi-channel 36.1 Gy mass 2.3TeV k/Mp; = 1.0 1808.02380
a n I I l O re O ‘ : O I I l e W I S — e W BukRS gk — tt 1eu 21b21J/2) Yes 361 |8k mass 3.8TeV r/m=15% 1804.10823
4 2UED/RPP leu >2b>3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), BAMD - tt) =1 1803.09678
SSM Z" — (¢t 2epu - - 139 |2’ mass 5.1 TeV 1903.06248
« SSM Z" — 1t 27 - - 36.1 Z’ mass 2.42TeV 1709.07242
IS Leptophobic Z* — bb - 2b - 36.1 Z’ mass 21 TeV 1805.09299
@ | Leptophobic 2’ — tt Oeu >1b,>2J Yes 139 |Z'mass 4.1 TeV r/m=12% 2005.05138
S ssMW oy Tepu - Yes 139 | W’ mass 6.0 TeV 1906.05609
® SSM W’ — v 17 - Yes 139 W’ mass 5.0 Tev ATLAS-CONF-2021-025
S ssMW -t - >1b>1J - 139 | W’ mass 4.4TeV ATLAS-CONF-2021-043
T HVT W’ — WZ model B 0-2eu 2j/1J  Yes 139 W’ mass 43 TeV 2004.14636
S HVTW - WZ - (vt modelG Be.u 2] (VBF) Yes 139 | W’ mass 340 GeV 2207.03925
HVT Z" — WW model B Teu 2j/1J  Yes 139 | Z mass 3.9TeV gv =3 2004.14636
LRSM Wg — uNg 2p 1J - 80 | Wg mass 5.0 TeV m(Ng) =05TeV, g = gr 1904.12679
Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
— Clttqq 2epu - - 139 A 35.8 TeV g 2006.12946
— 80 O Cleebs 2e 1b - 139 |A 1.8 TeV g=1 2105.13847
Dy - f f f f f f A Cl ppbs 2pu 1b - 139 | A 2.0 TeV g =1 2105.13847
é ' ATLAS Online Luminosity ] Cl teet >tep  >1b>1j Yes 361 |A 2.57 TeV |Cail = 4m 1811.02305
- 70 2011 pp (s=7TeV . Axial-vector med. (Dirac DM) - 2j - 139 | Mied 3.8TeV 84=025, g;=1, m(y)=10 TeV ATL-PHYS-PUB-2022-036
= C —— 2012 pp Vs =8 TeV = g Pseudo-scalar med. (Dirac DM) O e, u, 7,y 1-4j Yes 139 Mpned 376 GeV 2=1. 8 m(y)=1 GeV 2102.10874
n C 2015pp \s Vector med. Z’-2HDM (Dirac DM) 0 e, u 2b Yes 139 mz: 3.0Tev tanf=1, gz=0.8, m(y)=100 GeV 2108.13391
o - Pseudo-scalar med. 2HDM+a  multi-channel 139 | ma 800 GeV tanf=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
£ 60 E gg:g ep | Scalar LQ 1%t gen 2e >2] Yes 139 LQ mass 1.8 TeV p=1 2006.05872
€ F —— 2018 g: ] Scalar LQ 2 gen 2p 2] Yes 139 |LQmass 1.7TeV p=1 2006.05872
S5 r 2022 \s | Scalar LQ 3 gen 1T 2b Yes 139 | LQY mass 1.49 TeV B(LQS - br) =1 2303.01294
a 50 — PP 7 S ScalarLQ 3" gen Oeyu >2j,>2b Yes 139 | LQEmass 1.24 TeV BLQY - ) =1 2004.14060
o F 2023pp V5=13.6TeV B = Scalar LQ 3" gen >2epu>1t>1)>1b ~ 139 |LO%mass 1.43Tev BLQ! - tr) =1 210111582
P} C ] Scalar LQ 3 gen Oepu, 217 0-2j,2b Yes 139 | LQY mass 1.26 TeV. BLQY — by) =1 2101.12527
= A0 — Vector LQ mix gen multi-channel 21, >1b  Yes 139 Loé mass 2.0 TeV B(Th — tu) = 1, Y-M coupl ATLAS-CONF-2022-052
g £ | Vector LQ 3™ gen et >1b Yes 139 LQj mass 1.96 TeV B(LQY — br) =1, Y-M coupl. 2303.01294
% E ] ° VLQ TT - Zt + X 2e/2u/>3ep >1b,>1) - 139 [ Tmass 1.46 TeV SU(2) doublet 2210.15413
a 30 — Lo viass- Wyzb+X multi-channel 361 | Bmass 1.34 TeV SU(2) doublet 1808.02343
C ] TS VLQTs3TsslTes > We+ X 2(SS)>3eu>1b>1] Yes 361 | Tszmass 1.64 TeV B(Tsi3 = W)= 1, o Ts W)= 1 1807.11883
C .| S E VLQT - Ht/Zt leu  21b23) Yes 139 | Tmass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
20 [ J 8 @ vLQ Y —» Wh Teu 21b,>1] Yes 36.1 Y mass 1.85 TeV B(Y — Wh)=1, cg(Wb)=1 1812.07343
E 3 > VLQ B — Hb Oeu 22b 21,210 - 139 | Bmass. 2.0 TeV SU(2) doublet, xg=0.3 ATLAS-CONF-2021-018
r 3 VLL 7 — Zt/Ht multi-channel  >1] Yes 139 |t'mass 898 GeV SU(2) doublet 2303.05441
1 0 - 1 g b} g Exciteg quark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
= 4 = 5} xcited quark g* — gy 1y 1j - 36.7 | q* mass 5.3 TeV only u* and d", A = m(q") 1709.10440
r 15 28 b . _ - .
C | MY xcited quark b* — bg 1b1j 139 b* mass 3.2TeV 1910.08447
O = | | | — Excited lepton 7* 27 >2] - 139 * mass 4.6 TeV A=46TeV 2303.09444
Type Il Seesaw 234epu 22 Yes 139 | N®mass 910 GeV 2202.02039
ya(\ p@( \)\)\ OC\ LRSM Majorana v 24 2j — 361 |Npmass 3.2TeV m(We) = 41TeV, g = gr 1809.11105
> Higgs triplet H** — W*W= 2,3,4 e,41 (SS) various  Yes 139 H*t mass 350 GeV DY production 2101.11961
Month in Year £ Higgs triplet H** — ¢ 234epu(SS) - - 139 | H** mass 1.08 TeV DY production 2211.07505
6 Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |g] = 5e ATLAS-CONF-2022-034
Magnetic monopoles - - — 34.4 monopole mass: 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
V5=13TeV | y5=13TeV sl R . M| N N | L P
partial data full data 10t 1 10
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*Only a selection of the available mass limits on new states or phenomena is shown.
‘Small-radius (large-radius) jets are denoted by the letter j (J).

Mass scale [TeV]
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—"VLQ pair production search in the Wb+X fi

e VLQs can decay via a flavor-changing neutral current or a charged current
=>» T and B to each have three possible decays: T > Wb/Zt/Ht and B > Wt/Zb/Hb

* Expected and observed 95% CL lower limits on the mass of the T-quark in the branching-ratio plane of B(T
—> Wb) versus B(T - Ht)

1700 1700 . 1 1400 1 1400
- e P E 2 E :
£ oof ATLAS £ oof T oo ATLAS T o ATLAS \
“E = “E 1350 “E 1350
A osk Is =13 TeV, 140 fi5’ 1600 < n osk Vs = 13 TeV, 140 &' 1600 e Vs =13 TeV, 140 fb" < é o8 Vs =13 TeV, 140 fts’ <
85 TToWh+X s 8 s - °E BB—Wi+X 108 BB—Wi+X 1300 &
07 = 0.7 = 07 = 0.7 =
E € E £ E £ C £
E ‘a E ‘2 E 1250 ‘o F 1250 ‘o
061 1400 § 0.6F ¢h SU(2) Singlet 1400 & 06F 8 06f ¢h SU(2) Singlet g
05F 2 0.5F 3 05F 1200 & 05F 1200 &
E 2 E 2 = 2 2
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https://arxiv.org/abs/2401.17165

e JATLAS

‘Search for dark jets EXPERIMENT

* New Z' resonance

* Decays into a pair of dark quarks which hadronise into dark hadrons before promptly
decaying back as SM particles

» Selecting events containing large-R jets with high track multiplicity

-.‘B ? L | T T | LB T T T L LI 1T | T T | LI | T T ; > 1010 T | T LI T | T T T L T T 1T I T L | T L T
© 10°F o Data - o 9
) 102k ATLAS — I\B/Ia(c:ik rxund MC 3 S 10 ATLAS e Data
u— e B ode 3
o 10k Is=13TeV, 139 ft’ o Model B E S 10°E s =13TeV, 139 fo' — Background MC
E =2, ode B —
S 1F Mz 2.5 TeV T Meeib 3 = JE mg= 25 TeV Model A
3 e ==3 Uncertainty = g 10 : —e— Model B
Lt P P e T e YU o 1 06 Model C
" Lﬁ —— Model D
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