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Why search for heavy resonances?

Many SM extensions predict new resonances q L/
produced via different mechanisms (not all listed below!)
* Spln 0 W

* Extended Higgs sector (e.g. 2HDM, SUSY, baryogenesis)

]

X

» Warped extra dimensions (Randall-Sundrum) q VIV
e Spin 1
e Extra gauge symmetries %4
(extended gauge model, heavy vector triplet) )
q V/H
* Dark matter mediators
g V
* Spin 2
* Warped extra dimensions (RS) o
* Production mechanisms g v
e Gluon-gluon fusion (ggF) q q
e Quark-antiquark annihilation (DY) v v
e \ector boson fusion (VBF) 7
vV V

* Associated production with bb or tt



Models for interpretation

Heavy vector triplet (HVT) model features triplet of colorless vector bosons V' (W’*, Z’, W)

o @W Jry —Qk@w fy" —5k

. gq and 8¢: Universal coupling strength of V' to quarks and leptons
* 8y : Coupling strength of V’ to Higgs field =>to W and Z

HVT model A

gy = — 0.56 and{ g,
HVT model B

* Weakly coupled (e @ixtended gauge symmetry):

g, =8y=—035

e Strongly coupled (e.g. composite Higgs):

gy =—29and g =g, =

HVT model C

* VBFonly: gz =1and g =g,

Randall-Sundrum warped extra dimensions “bulk” model

:gf:()

Empirical heavy scalar model

* Natural width negligible relative to experimental resolution
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How to search for heavy resonances?

Searches carried out in a wide variety of final states with different experimental

. ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary
Slg na U reS Status: July 2018 [£dt=(32-79.8) bt \5=8,13TeV
Model ty Jetst ET™ [rdim] Limit Reference
T T T
ADD Gkk +g/q Oepn 1-4j Yes  36.1 Mp 7.7 TeV n=2 1711.03301
2 ADD non-resonant yy 2y - - %7 |Mms 86TeV  n-3HZNLO 1707.04147
L S ApDQBH - 2j - 370 |Ma 89TeV n-6 1703.00217
. quark_anthuark §  ADDBH high 3 pr >len >2j - 32 My 8.2TeV n=6, Mp =3TeV, rot BH 1606.02265
£ ADD BH multijet - =3j - 36 | M 9.55TeV  n=6,Mp=3TeV,rot BH 1512.02586
S RS1Gkk -7y 2y - - 36.7 | Guk mass 4.1 TeV k/Mp =01 1707.04147
% Bulk RS Gix —» WW/2Z multi-channel 36.1 |Gy mass 23TeV K/Fp =10 CERN-EP-2018-179
Bulk RS gk — tt Tep 21b 2102 Yes 361 8Kk Mass 3.8TeV r/m=15% 1804.10823
2UED/RPP feu 22b23) Yes 361 |KKmass 1.8TeV Tier (1,1), BAD - ) =1 1803.09678
] SSM 2/ — 1t 2ep - - 361 | Z'mass 45TeV 1707.02424
[ ) | I h t q / b t @ SSMZ o 27 - - 361 |Z'mass 2.42TeV 1709.07242
S | Leptophobic 2/ — bb - 2b - 361 |2z mass 2.1 TeV 1805.09299
) ) 8 Leptophobic Z’ — tt leu 21b =102 Yes 361 2’ mass 3.0 TeV. r/m=1% 1804.10823
@ SSMW' -y Ten - Yes  79.8 | W mass 5.6 TeV. ATLAS-CONF-2018-017
D ssMw o 1T - Yes 361 | W mass 37TeV 1801.06992
&  HVTV - WV - ggqqmodel B Oe 29 - 798 |Wmass 415TeV. av=3 ATLAS-CONF-2018-016
HVT V' — WH/ZH model B multichannel 364 |V mass 293 TeV av=3 171206518
= LRSM W, — tb multi-channel 36.1 W’ mass. 3.25 TeV. CERN-EP-2018-142
e |lepton-antilepton —rr RN T
S Clttqq 2en - - %1 A 400TeV' 1, 1707.02424
Cl ettt zleu =z1b21] Yes 361 [A 2.57 Tev 1Carl = 4 CERN-EP-2018-174
| Axialvector mediator (Dirac DM)  Oeu 1-4)  Yes 361 | Mo 155 TeV 8025, £,=1.0, m(x) = 1GeV 1711.03301
@ | Colored scalar mediator (Dirac DM) 0 e, 1-4j  Yes 361 | Mumea 1.67 TeV £=1.0, m(x) = 1GeV 1711.03301
VWyy EFT (Dirac DM) Oeu  14,21) Yes 32 M. 700 GeV m(y) <150 GeV 1608.02372
[ ) | e / T V Scalar LQ 1% gen 2e 2 - 32 |LQmass 11TeV p=1 160506035
, , 3 Scalar LQ 2" gen 2pu =2j - 3.2 LQ mass 1.05 TeV B=1 1605.06035
Scalar LQ 3¢ gen len 21b,23] Yes 203 B=0 1508.04735
VLQ TT — Ht/Zt/Wb+ X multi-channel 36.1 T mass. 1.37 TeV SU(2) doublet ATLAS-CONF-2018-032
S VLQBE - Wi/Zb+ X multi-channel 36.1 |Bmass 1.34TeV SU(2) doublet ATLAS-CONF-2018-032
3 E VLQ Ts3TsjalTss » WE+ X 2(SS)/28eu>1b,21) Yes  36.1 Tsy3 mass. 1.64 TeV B(Tsjs = Wi)=1, ¢ Ts;sWe)= 1 CERN-EP-2018-171
L T a_ VLQY - Wb+ X leu 21b21] Yes 3.2 Y mass. 1.44 TeV B(Y — Whb)=1, c(YWb)=1/V2 | ATLAS-CONF-2016-072
[ ) VLQ B - Hb + X Oeu2y 21621 Yes 798 |Bmass 1.21TeV. (=05 ATLAS-CONF-2018.024
I O S o n vv 3y ) v ) 3y 5 v VIQ QQ — WaWq Ten Z4)  Yes 203 |OESSENG0cEv 1500.04261
Excited quark ¢ — qg - 2j - 370 |atmass 6.0TeV only u* and d", A = m(q") 170309127
85 Exitedquarkg’ - ay 1y 1j - 367 |amass 53TeV only u* and d*, A = m(q") 1709.10440
g Excited quark b* — bg - 1b.1j - 36.1 b* mass 2.6 TeV 1805.09299
w Excited lepton * Sep - - 203 A=30TeV 1411.2021
Excited lepton v* 3eut - - 20.3 A=16TeV 1411.2921
[ ) V W / 2 —’ I V / | | VV Type Ill Seesaw Ten 22]  Yes 798 |NOmass ATLAS-CONF-2018-020
y y y LRSM Majorana » 2ep 2j - 203 m(Wg) = 2.4 TeV, no mixing 1506.06020
L Higgstriplet H** — (¢ 234eu(SS) - - 31 870 GeV DY production 171009748
D | Higgs triplet H** — (7 3eut - - 20.3 DY production, B(H;* — (r) = 1 1411.2921
S  Monotop (non-res prod) Tepu 1b Yes 203 Bpon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |q| = 5e 1504.04188
Magnetic monopoles - - 7.0 DY production, |g| = 1gp, spin 1/2 1509.08059
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“Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).

=> Improve sensitivity by combining different final states: A
here consider leptonic and bosonic signatures N

10 Mass scale [Tev]

e H— bb, 1T

Observable

* Narrow resonance => Bump in mass distribution

mass



Bosonic & leptonic channels: VV, VH, v, II

RSG Scalar HVT Z' /W’

727 WZ WW‘ VH WH ZH

vy el Clqq vvqq qqqq  fuveil fvqq fuvlv fubb  qqbb  vubb 0, 7

e Channels combined in steps ||
e \V/V, VH, and lv+ll separately
e VW+VH

o \/V+VH+Iv+Il First time at the LHC!
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Combination of results

e Orthogonality between channels guaranteed by selection on number of leptons, jets,
b-tags, and selection on ETmiss

e Overlap between VV and VH analyses removed by vetoing Higgs boson candidates
overlapping W or Z mass window

Channel Diboson state Selection VBF cat.
Leptons E%““ Jets  b-tags

q9949 WWIWZ]|ZZ 0 veto 2] -

vvqq WZ|ZZ 0 yes 1J

tvqq WW/IWZ le, 1u yes  2j, 1]

tlqq WZ|ZZ 2e,2u - 2j, 1)

tlvy Z7Z 2e,2u yes -

tvly ww le+1u yes

vl WZ 3e, 2e+1u, le+2u, 3 yes

teee Z7Z de, 2e+2u, 4u -

qqbb 0 veto

vvbb ZH 0 yes

tvbb WH le, 1 yes

ttbb 2e,2u veto

% le, 1u

e 2e,2u

j=small-R jet, J=large-R jet

 HVT model for Iv+Il: Require generator-level mass to be within mass window of W’/Z’
pole to minimize effects of interference btw signal and dominant DY bkg
6



Statistical analysis

* Channels combined with profile likelihood approach to yield

e Cross section x BF limits vs. resonance mass

* Exclusion contours in HVT coupling planes {gH, gf} or {gq, gf} for

resonance masses of 3, 4,5 TeV  [VBF category not included here]

Exclude regions with CLs < 0.05

* Correlations of systematic uncertainties between channels taken into account

* Rely on asymptotic approximation

Cross section limits are too aggressive with this method by a factor growing
with resonance mass (as determined with MC trials)

Worst case: factor of 1.20 at 2 TeV (1.55 at 5 TeV) for lv+ll combination
Effect is smaller for other combinations in this work
Impact in terms of mass limits is a few hundred GeV at most (Ilv+Il combination)

Full treatment with MC trials over coupling planes is computationally prohibitive
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Cross section limits

Combination of bosonic channels

e Semileptonic final states have highest sensitivity over broadest mass range

e Fully leptonic (hadronic) final states contribute at lower (higher) V' mass

'_6' ‘—‘I““\““\““\““""\““\““\““\.“.“i = LI L L LA L L LRI BN B
= 4L ATLAS Preliminary Observed 95% CL limit ] = 4 ATLAS Preliminary Observed 95% CL limit _|
— 10" Vs=13TeV.36.1fb"  ====* Expected 95% CL limit 5 = 10°E s -1 3
SRR i S Exp. vaq 1 T f 'somwTevsedb L Expected 95% CL limit 3
1 103 . Exp. llgq = 100°  mmmm Exp. vqq —
2 o Exp. vvqq T 3 E
= RN L Exp. lllv E N Exp. Ivlv
T10? Exp. qqqq = T 10% Exp. qqqq
3 N Z - WW
© 10 © 10
1 e TN
1()‘1 = DY HV‘TW —>WZ (qqqq +vqu + quq + IIqq + IIIv) é 10” 17 DY HVT Z —>WW (qqqq+ quq + IvIv) =
P I L TR B v b v by
05 1 15 2 25 3 35 4 45 5 05 1 15 2 25 3 3.5 4 45 5
m(W) [TeV] m(Z) [TeV] V’ = VV or VH
3 E"" """ " Observed 95% CL limit
. . . . . 3 ATLAS Preliminary serve imi
* \/VV combination: Significant improvement C10°F fe-1aTev,ard’ o=~ Expecied 95% CL i
z C [ Expected * 16
. . o 2 [ ] Expected + 20
relative to single best channel (lvqq) o 10 = T ol

* VVW+VH combination: Further improvement
In sensitivity

10 I —— HVT model B

= DYHVTV' - VV + VH

05 1 15 2 25 3 35 4 45 5
m(V’) [TeV]



Cross section limits

Significant improvement going from best single VV analysis
channel to VV, VV+VH, and VV+VH+Iv+ll combinations

Observed / expected lower mass limits in TeV for HVT model A
VV+VH v+l VV+VH+Iv+Il

w’ 280/290 —p 3.6/3.6
Z 2.75/2.85 — 2.9/31
Vv’ 3.7/3.7 =—p 43/4.3 50/5.0 — 55/5.3

< T I T T T T I T T T T I T T T T I T T T T I T T
3> 6
$§10°= ATLAS Preliminary Observed 95% CL limit

NOTE: c 10j fs=13Tev, 26107 ..., Expected 95% CL limit
c10E e HVT model A
Relative impact of bosonic and leptonic channels  ®© 10° Exp. VV + VH
. . 102 xp. v +
Is model dependent, e.g. v+l does not improve 10 e
sensitivity to model B beyond that of VV+VH 11
. : , : 10
combination due to low BF(V’ — Iv/ll) in model B 102
Numbers above are for HVT model A 107
10 DY HVT V' > VWV + VH + Iv + I
10—5 PR [T S T TN AN TS S T A SN T S S T ST S T S AT
1 2 3 4 5




Coupling constraints

Complementarity of bosonic & leptonic channels:

f

Higgs and (universal) fermion couplings =
%_
o
e Coupling regions outside contours é
are excluded L%
* VW+VH combination excludes fermion coupling
| gf| > 0.05 for resonance mass < 3 TeV
at sufficiently large | g7 |
No exclusion at low | gz | due to .
vanishing BF(V' = VWW/VH) as | g5 |~ 0 2
* |v+ll combination provides sensitivity to é
small | g/

Lower BF(V' = VV/VH) => higher BF(V’ — IVv/Il)
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Coupling constraints

Complementarity of bosonic & leptonic channels:
Higgs and (universal) fermion couplings

1 : :
> ATLAS Preliinary | i "1 1 Observed ]
c 0% I
S 06 | i I i
> . .
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S 02 // i \ @"._ 1 [ T T T T I T T T T I T T T T I T T T T I T T T T I T T T T _]
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___________ ! L esmTTTmmmmmmsssssssssssssssssses E O F — 13 TeV 1
Y ~0 3 S osbmnt VV+VH-+Iv+I
-0.4 | I - 35 C . 1
-0.6 Or I _E 8 0.4 :—V’ — VV+VH+Iv+ 5TeV —:
08 | | = = = =
= N ] 2 0.231 ______ - .. \—:E/____:
13 1 0 3 g O e oy T T e =
Higgs and vector boson coupling 9, L?_) e e e e
-0.2— =
4 b e —
o L et L L L ) B LB 06: oA .
o 08 :_.VA;TLASPrellmlnary Observed 3 —0. :_1-* —:
£ - {s=13TeV 3 i .
g_ 0.6 F S. ?1 © IV = -0.8m > 5% —_
8 043—V,—>|V+” —E _1:| PRI R [T T R T T T S A SO T O S T SO T N TR |:
S T ——r _ e E L3 2 — 0 1 2 3
.E -0 g_B "'l'I---.."------...__...._?)-l:é;/ ------------------------ _E Higgs and VeCtor boson Coupling gH
o T — e
L -0.2 g"""'"::::::___”’- 4Te\7‘\_\_; """" ""E
04T =
= oA 3
-0.6 5TeV =
0.8 [-1>5% N
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Lepton coupling 9

Lepton coupling g

Coupling constraints

Complementarity of bosonic & leptonic channels:

quark and lepton couplings for g,
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Lepton coupling g

0.56

Full combination

o
o
T TTTTTT]

o o
A O

o
no

ATLAS Preliminary
{s=13 TeV

w
o
—_
—
O

g =-0.56
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04F HE =
o8- i :
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Z% > 5% | | -
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Quark coupling g,

Strongest constrains from Iv+Il, except at low | g p |

VV+VH complements constraint at low | 8r |

12



Coupling constraints

J. de Blas: update of arXiv:1005.3998
e Comparison with constraints from precision electroweak measurements:

Higgs and (universal) fermion couplings quark and lepton couplings
----- ATLAS 3 TeV — - ATLAS 4 TeV —— ATLAS 5 TeV --x-- ATLAS 3 TeV — - ATLAS 4 TeV —— ATLAS 5 TeV
pm EW fits 3 TeV o EWfits 4 TeV po EW fits 5 TeV mm EW fits 3 TeV o EWfits 4 TeV o EW fits 5 TeV

0.2

Fermion coupling g
o
o ~

|
o
(V)

-0.4

-0.6

-0.8 .

13 —2 1 0 1 > 3 9 08 -06 04 -02 0 02 04 06 08 1
Higgs and vector boson coupling g, Quark coupling g,

Constraints from VV+VH+lv+ll combination:
e Stronger than those from EW measurements in entire {gy, &¢} plane

* Stronger than those from EW measurements in most of {g,, g} plane,
except at low | gql since V’ production cross section vanishes as ng |- 0
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Summary
Searches for heavy resonances in the VV, VH, Iv, and ||
decay modes are combined => improved sensitivity
* First VV+VH+Iv+ll combination performed at the LHC

Constraints in terms of Higgs and fermion couplings show
complementarity between bosonic and leptonic modes

Full VV+VH+Iv+Il combination provides stronger
constraints than precision EW measurements in almost all
coupling scenarios

Results are preliminary, finalized results will appear in
CERN-EP-2018-179
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Extra material
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Leptonic final states: Iv and

Interpretation for leptonic final state analyses modified w.r.t. publications# to
minimize impact of interference between HVT W’ — |v (Z’ — |l) signals and
dominant charged-current (neutral-current) Drell-Yan background

* |v (Il) generator-level mass required to be within window around W’ (Z’) pole

e Width of mass window fixed so that difference between cross sections with
and without interference is less than 15% in the HVT coupling range explored

in combination arXiv:1706.04786 arXiv:1707.02424
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Cross section limits

Combination of VV and VH channels

* Obs [Exp] V’ lower mass limit:

3.7 TeV [3.7 TeV] for W —> 4.3 TeV [4.3 TeV] for VV+VH

ATLAS Preliminary — Observed 95% CL I|m|t
Vs=13TeV, 36.1 fb’ = === Expected 95% CL limit

[ Expected + 16

[ ] Expected + 26
------- HVT model A

—— HVT model B

O/t model A

IIIIL|,|,| | IIIIL|,|,| 1 1-H

05 1 15 2 25 3 35 4 45

(6]

<
g SE ATLAS Preliminary — Observed 95°/ CL I|m|t
E10°E ys-13Tev,36.1 fo - --- Expected 95% CL limit
7 - [ Expected + 16
% 10°E [ ] Expected * 26
o HVT model A
10 :g —— HVT model B
1 O .
107
10 | | |
05 1 1. 5 2 25 3 35 4 45 5
m(V’) [TeV]

< T TTT | T TT | T TT | T TTT | T TT | T TT | T TT | T TTT | LI I__I.

E 10°E {s=13TeV, 36.1 fb" - === Expected 95% CL limit 3

Z [ Expected * 16 .

% 102 [ ] Expected + 2c -

. HVT model A 3

10 L —— HVT model B P

] e R ~

107 E

1 0_2 DYHVTV - VV + VH a
1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111

o5 1 15 2 25 3 35 4 45 5

m(V’) [TeV]
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Cross section limits

Combination of bosonic channels

ATLAS Preliminary —— Observed 95% CL limit
. s=13TeV,36.11b" - === Expected 95% CL limit

VV) [fb]

e Limits also obtained for ggF production of

1 1 E ted £ 1
spin-0 and spin-2 resonances, as well as ORL'S % Frpeced o
. . . o~ xpected * 26
VBF production of spin-0 and spin-1 resonances Tk Bulk RS, KM, = 1.0
(separately from DY) g
o) T T \ L L B 0105_ BUIkRS
= 104 ; ATLAS Preliminary —— Observed 95% CL limit ; u .
S "V E (s=13TeV,36.1 10" 3 1= s
S E = === Expected 95% CL limit T e
T 10°E = -
5 : |:| Expected + 1o 3 10 Gy > WW + 22
8 27 I:]ExpectediZc B E||||||||||||||||||||||||||.|"~||||||||||||||||
»n 107 E 05 1 15 2 25 3 35 4 45 5
T F : m(G ) [TeV]
g 10 - KK
I e — E 107
[ - O T T T T I T T T T I T T T T I T T T T I T T T T
1? ggF Scalar _§l % 5 ATLAS Preliminary — Observed 95% CL limit
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Cross section limits

Combination of bosonic and leptonic channels
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Coupling constraints

Constraints from precision electroweak measurements include:
e / pole measurements from LEP
* LEP2 measurements

e Lower-energy experiments, CKM unitarity, alpha_s

e Top-quark mass world average

* Higgs-boson mass world average

Update of analysis from https://arxiv.org/abs/1005.3998
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