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Search for Heavy Resonances at the LHC

B ATLAS and CMS systematically search for two-body decays:
- dijet, photon-jet, diphoton
- dilepton (ee, Uy, 1T, ey, €T, JT, ev, Ju)
- top-antitop
- |epton-photon (excited lepton)
- |epton-jet (e,u,T, leptoguark)
- WW/WZ/ZZ
- HH
- and much more...
B Caveat: this talk is
- mostly about diboson searches

- mostly showing ATLAS results
- (top-related searches will be covered in other talks)
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Heavy gauge/Higgs boson searches:

some LHC benchmark models

= Heavy gauge boson(s) Z'and W'
- Extended Gauge Model / Sequential Standard Model
® SM couplings to fermions
m Suppressed (or zero) coupling to WZ: (mW/mW")"2 to keep width narrow
m Artificially small BR(W' - WZ) ~ 1%
m Kaluza-Klein excitations: o . S S
- KK graviton (BSl) Ei 0.9 e G WW
- Bulk RS graviton £ 08 G'->2Z —G'—>HH
® enhanced ttbar, VV, HH BR § 2'; _____ .
= BR(WW) ~ 2*BR(ZZ) ~ 20% o5l "Bulk RS, WM=1 3
- KK gluon: BR(ttbar) > 90% 0.4F " CalcHEP, Leading Order
= Heavy Higgs 03F T
= Top-color Z', g*, quantum BH... BL o T E
00 300 400 500 600 700 800 900 1000

® |n general, width is kept narrow m(G") [GeV]
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The usual suspects:

dilepton and dijet resonances

® | ook for narrow peak over a smooth background
® Background estimation: Use data-driven technigue when

MC cannot be trusted f(z) = p1(1 = g)P2gP3*pslogs
Dilepton: D-Y MC with NNLO corrections Dijet: fit bgd with “smooth” function
w 10 T . —— y . @ . F N , : —
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10° J P a;chﬂquzﬁ 3 10"';; \s=8 TeV,JL dt=20.3 fb ;
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SSMZ':m>2.9 TeV SSM W' m > 2.4 TeV Reconstructed m, [TeV]
RS G* (kM =0.1): m > 2.5 TeV Excited quark: m(q*) > 4 TeV
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The usual suspects:

dilepton and dijet resonances

® | ook for narrow peak over a smooth background
® Background estimation: Use data-driven technigue when

MC cannot be trusted £(2) = p1(1 — 7)P2zP3+pelogz
Dilepton: D-Y MC with NNLO corrections Dijet: fit bgd with “smooth” function
o 107 T 3 _@10‘*E—| | TTTTTIT] ||||||||| LI ||‘|||||||| Wrﬂ@
g -1 ATLAS Prehmmary ¢ Data ] E’ ' ATLAS Preliminary .
10 \s =13 TeV, 78 pb™’ oz = w q {s=13 TeV, 80 pb’" 1

Dilepton Search Selection . 10°E —e— Data’ E
10° B Top Quarks - ' _— Sackgl[iour:d fitt o
13 TeV [Coiboson - 2 -~ BlackMax, m = 4.0 TeV
10° 10°E BlackMax, m = 5.0 TeV 5
s E :'-'Lm‘?} -
" = 10; 13 TeV %3%_& ;
1 - :tl'tj
- | p-value =0.79 1,
L Fit Range: 1.1 -5.3 TeV g
10‘F “E Iyll-c(}% T t’
£ HIH‘I i
1000 200 300 400 500 600 1000 = %E ‘%
Dimuon Invariant Mass [GeV] %’ _q
:5 L S SIS e T TS S TeE s s e ] ]
First look at 13 TeV with 80 /pb 2 3 4 5m 6[Te7V]
I

Reach Run 1 sensitivity only at very high mass ~ 5 TeV
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Search for WW/WZ/ZZ resonances

® Many channels:
- WW - Ivlv or Ivqq or (qq)(gq)

- WZ - Ivll or Ivqq or llqg or (qq)(qq)

- ZZ — (Ih(l) or (I)(vv) or llgg or (qg)(qq)
- ... and more

- focus on the most sensitive
® [nterpretation in terms of W' and bulk RS graviton

® Got some attention due to the all-nadronic (qqg)(qq) ATLAS
result —» see next slides
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Diboson all-hadronic channel

® | ook for pair of vector bosons, each
decaying to pair of quarks:
- WWorWZor ZZ - (qq) (qq)

® High-momentum — boosted topology:

- Pair of large-radius jets (C/A, R = 1.2)
- |y, -y, <12

- Sub-structure reconstruction techniques
® Filtering

By = min(pr;, pr},)
m N(tracks) < 30

® Jet mass compatible with W or Z mass
(26 GeV mass windows)

T 0.4
-

Momentum balance

s 02"°
-

ATLAS S
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- BTa
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Diboson all-hadronic channel

®m Background: fit data with same function as dijet analysis

® | ook for deviation above background
® | argest excess at 2 TeV in WZ channel

- Local p-value=3.40 3"
- Global p-value=250 8 1o
(taking into account trial factor, g

& 107}

a.k.a. look-elsewhere effect)
- Roughly speaking:
in one bin, observe 8 events
where 2 are expected
® What can other channels

tell us about this?

Significance

ATLAS
\s=8TeV, 20.3fb"

TTTT

TTT

—e— Data

=== Background model

— 1.5 TeVEGM W', c = 1
20 TeVEGMW', c =1
25TeVEGMW, c =1
Significance (stat)

Bl Significance (stat + syst)

W2Z Selection

Ll 11
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Diboson combination of 4 channels

— 0.3 S ;
Combine channels with lepton- E 0_2;_ W Tolal WoWZ (v
multiplicity from O to 3: T oz mmwoige :
(qa)(@a)  (v)(qa) Eos My,
(ID(aa)  (v)(l) g ot _
:

® | eptonic channels are

0.05! /
0:_ : IIIIII —

competitive with all-hadronic at 500 1000 1500 2000 2500
. m,, [GeV]
high-mass o et
: 102 : fsTi.;ieF:eliminary —_—— ijn:xbli:::;xpm:'.ad ]
- Iqu beSt Channel at 2 TeV for W ET P JLa-20amn’ %G Expocied
10k llgq Expected
..g' ; — (v’ Expected
Ml lvag llgg qqgq (JJ) &
WZ X X X X ’z; 0f
WW X X & ool _
77 X X I AN
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Diboson (I1)(qg) channels

, B amas seume T
B Three complementary kinematic 2 " 570w o o
. "”x 0,8:— —a— Resolved high-pT E
selections: Sl N
. .g | v M_erged rggion . .
- ”r'esolved" (Jets R — 0-4) Iow_pT g 0-4:: with nominal lepton |solat|0n:
. 0.3;— ,-ttaa._._"
- “resolved” high-pT . ] " 3
- “merged” i.e. boosted (jets R = 1.2), 0. E
same reconstruction as |JJ 0% 280" 680 "800 1000 1200 1400 1600 1800 2000
M, [GeV]
- (Iv)(gq) channel follows same = AT N :
Strategy % O'Qi‘ Lepton Isolation ATEAS e Is=8TeV -
L. . . < 0.8i Requirement o C;"Z m=2 TeV ;
® Important to revisit isolation 07 it E
. . 0.6%:.
variable for high-momentum Z i + Mool loton
. . . + Dilepton Isolation 3
- “dilepton” isolation replaces 0.4}
standard variable

- Double acceptance at 2 TeV

Isolationﬁack(oz)pr
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Diboson (semi)leptonic channels

B No excess seen in any of the (semi)leptonic channels

® (Showing only merged regions -most sensitive at high
mass- for lvqq and llgq)

(Iv)(Il) (II)(qq) (merged reglon) (Iv)(qq) (merged region)

> f i T | = ET T U DL DL UL DAL DAL B E
A _ E Arus — Dt - & - ATLAS —4— Data :
ATLAS - w1480 Gov W -2 8 1oL 1s=8TeV [ Ldt=203 10" WiZsjets ]
2 10| i 1820 GeV) P 11 |[ dt r‘ﬂ IE‘-‘L&-IgluTu { - 107 . | 3
-~ T E ST, I r-213%1 Bz W800 QeV) 7 b roet Fegia s ":\'-+C;J|u' ]'t =Tl - - Woalk+ezi |arge‘R ]et t+5|rlg € top ]
- | o " G Sys+3IR1 Uncasinty @ - B Multijet
E L Cihes bicg W 1000 G| i B = I
2 10 2 10°F Diboson .
' — - %:—{;, Uncertainty E
o i ) fs ol ’ G (1200 Gevl
- 10 . i B - - - W(1200 GeV) 3
0 1L
Z l‘ 1
10 é
10" A .
;“ :i{ 3 :1‘] 11 | | I IiI ‘l l——-ﬂll 1 |II Irl‘l' l |:|‘
@ g 2 o 2rprTrrT T L«H > =207 5550
8 B 4F %5 15 [ .- ‘
U5 500 1000 1600 2000 2500 & 0'8 7 I I | W WG 747774 7
o 800 1000 1200 1400 1500 1800 2000 2200 2400

m,,, [GeV]
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Diboson combination of 4 channels

1] =T T ! U ] i

- = E A —t i = AT e + v :

No excess in other three RN T e s e g
& 10k EGM W'— W signal, JJ -

- el -t B A

channels - local p-value drops § RS oy sane §

from 3.4 0 to 2.5 g, i.e. not
significant

Fos ]

107E - s =8 TeV 3

g ATLAS Preliminary [ Lt =203 fb” 3

¥ L ol T s | N
500 1000 1500 2000 2500

m [GeV]

F I T T T T T T T T T T
2 " ATLAS Preliminary
10°E ys=8Tev
| Ldt=2031"

'[ T T T I T T T 'I T T T [
[ ATLAS Preliminary EGM W', ¢ = 1, Leading Order

1 02 E AS = 8 TEV
; | Ldt=203fb" Expected 95% CL
J o Obsarved 95% CL

Bulk RS graviton k/M,, = 1. Leading Order |
— — - Expected 95% CL 3
Obsarvad 95% CL

:l + 1@ uncertainty
: L 2 o uncarlainty

it

= 1 @ uncertainty

2 a uncarlainly

1 IL| lllJIlll L L LI

o(pp — W) x BR(W’ — ZW) [pb]
olpp — G*") x BR(G* = VV) [pb]

1 E Channele Combined: 1w+ flgg + Ivgg + & = 1 E Channels Combined: iigq = Ivgg + JJ
ER E E
10 '= = 10 &=
102k 10%¢ = :
= = —
10 L L ol ol Lo L 10 L. - | . . ol . |
500 1000 1500 2000 2500 500 1000 1500 2000 2500
My, [GeV] me. [GeV]
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Diboson: what does CMS see?

_CMS, L =197 i_b;‘[,u_'s;_a TeV

A”-hadron|0' % 1021 ¢ Low-purity doubly W/Z-tagged d_at; ]:
{3 " 5 10 _EI,:S » WW (1.5 TeV)
- “excess” at 1.9 TeV of 1.3 o local a
p-value E
S

- no excess in high-purity region
® Combination with

(semi)leptonic channels: no z
Ebg L i | .
excess at 2 TeV CMS L=197b"at s=8Tev 1 1.5 2 2.5 3
R == N e R CMS,L=19.7fb,1s=8TeV
. | " .o | > 0% 4 High-purity doubly W/Z-tagged data 3
B Conclusion: o oo N N  High-purity doubly W/Z-tagg ;
10'F . \ :: E 10; --cF;:Squn.S'reV) ,
i o
No excess! : =
m .......................................................................... E
= 102 4 B
@ B
& ©
i
104 —— L ' = ‘E
600 1000 1500 2000 2500
M, [GeV]
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W' : other channels

= EGM W' leptonic channel (W' - |v) obviously better than
diboson channel; W' — tb comparable

Analysis Branching ratio (high m) W' mass limit
Lepton + MET BR(W' - evorpuv)=16% 3.2 TeV
Dijet BR(W' - qq) = 48% 2.4 TeV
Diboson BR(W' - WZ) =1.2% 1.8 TeV
Top-bottom BR(W' - tb) = 24% 1.7 TeV

= EGM W' not really suited for WZ search. Suggestions?
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Bulk RS Graviton : other channels

® Bulk RS Graviton was chosen as benchmark for its large
diboson branching ratio (k/M_PIl = 1.0)

Analysis Branching ratio (high m) G* mass limit

Di-Higgs BR(G* - HH) = 8% 720 GeV

Diboson BR(G* - WW) = 810 GeV
2.BR(G* - ZZ) = 16%

Top-antitop BR(G* - tt) = 65%
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HH - 4b's resonance

m | ook for 2 pairs of b-jets § L mwAski,<i0 Merged selection |
compatible with H - bb o ove=sTev T
8 0-8:_ A 4 track jets
® Resolved + Merged channels g Y AT raagedjets |
o VoL Signal Reglon |
:

® Require 4 b-tags in high- 04 ﬂ
momentum, high-density : o T
environment! e e R . e S

_ 0 1000 1500 2000
- Use narrow track-jets Mg, [GeV]
< 300 , ——
§ | ATAS -aTey [Lii-rosh - ATLA T me————c
s 250+H. i s b 1s=8TeV J.Ld1= 195" nwmn Boosted: Expected Limit (95% CL)
":',E_’ 103 - Expected o

Expected t2a

11 Jll

N

o

o
LI |

Events / 16 GeV?

3 50; w"‘*q,::‘:::nma:::"’,ﬂ.a' M“ I‘/‘

L1 iainil

100N

lLJL

Boosted/Resolved o(pp — G* — hh — bbbb) [fb]

-, . Ratio of Expected Limits 3
50( -Jd . e E
. . | 3ty . 5 3

[ LA . 5 e P B C : ) 3
0 50 100 150 200 250 300 0 °~"600 800 1000 1200 1400 1600 1800 2000
n-,ldead [GGV] I’T)G.FN [GGV]
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HH - 4b's resonance

m [nterpretations in terms of: R G [P — e
- Bulk RS: m(G*)>710 GeV (k'M_PI [ ¢ Expocted +20 :

= 1.0) o z

-~ 2HDM models T ol '

m 2HDM includes width up to
[/m~20% 1

- - P b N T - .
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[ o i ] - o= Ry m
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g 10— \s=8 TeV PR Duta — Type-|, cos(f-a)=-0.20 SR afmy toolarge Exp. Limk 220
S C Ldt = 19.5 fo ' L] Multijet .
T 8 . t o
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af :
2_— -]
= A B e S $ ‘ -
o S T e =
o 4 -
2 a3 + } e
- 2 s qeed-
(11 1 i
® O l : : o S L. .
o 600 900 1000 1200 400 1600 ”’ﬁf [Ge\zﬁm 500 550 600 650 700 750 800 850 900 950 100010501100
2J
my [GeV]
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Conclusion

® Run 1 searches finally (almost) completed

® Boosted technigues now the norm
- Including lepton isolation and combination with resolved channels

B EXxpect ~ 4 /fb at 13 TeV in a month (already 2 recorded!) —
enough to exceed Run 1 sensitivity at masses above 1 TeV

WJS2013
100 — :

—— . ————] .
[ ratios of LHC parton luminosities: 13 TeV /8 TeV

| ——99_
[ ---- g

S q9
10 |

luminosity ratio

x5

MSTW200BNLD

I‘IOD I I — I1.0[]D
M, (GeV)
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Diboson combination of 4 channels
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B G*. same picture as W', namely:

® Channels with 1-lepton and/or
two leptons are competitive with
all-nadronic at 2 TeV!
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