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WHY?

look for new physics

e predicted by many SM extensions
e clean final states
»  but probing high-m is challenging!
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EXPECTATIONS
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http://nobelprize.org/nobel_prizes/physics/laureates/1976/richter-lecture.html

BENCHMARK MODELS

o,

main models used for Run-1

Extended Gauge Model

spin-1

@m=1TeV: BR(W'->WZ)~1.3%

Minimal Walking Technicolour
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Bulk Randall-Sundrum

spin-2

BR(W'—->WW/ZZ)~20/10%

Heavy Vector Triplet

arXiv:1402.4431
heavy vector

couplings gvch and (g2gv)cr

model A: comparable W and Z +
couplings

model B: fermionic coupling =0

(a la composite Higgs)



HIGH-MASS IS A CHALLENGE!

o,

3k clean or dirty?

%k low resonance mass

epton decays: clean, low BR
nadronic decays: delicate,
nigher BR, gives access to H(bb)

mass Ieptonlc hadronic
W|-80GeV 33%  67%
20% (wV): .
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H GeV hopeless 57 % (D)

high resonance mass
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e jetreconstruction ~ R!
lepton isolation ~ R!



ATLAS SEARCHES IN RUN-1

final state channel
Ivil WZ :
g -z
lvaa WZWW
qq4g WZWWIZZ
combination WZ/WW/Z2Z |
vvbb/ivbb/iibb VS
bbbb L
4 v, iy . Wy, Zr
yybb A
lHillvv/llgg/vvqq H->/7

reference
Physics Letters B 737 (2014) 223-243

arXiv:1507.05930

\

\—) not in this talk

V. Ippolito - Diboson@ATLAS - Nov 24th 2015



THE INSTRUMENT

Q Detector characteristics
Muon Detectors Electromagnetic Calorimeters - “{idth: 44m
— Diameter: 22m
< Weight: 7000t [I D]
Solenoid CERN AC - ATLAS V1997

B=2T uptolnl<asg
End Cap Toroid O/pr ~ 3.4<10% pr @ 0.015

Forward Calorimeters

; Inner Detector ieldi
Barrel Toroid tiadionie: Calofmeters Shielding

inner detector (ID) pseudo-rapidity region
offers best handles against pile-up and QCD
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GETTING FAT

* jet recostruction is based on topological clusters

e anti-kt algorithm, R=0.4 for ordinary, resolved jets
* need different clustering strategy at high-pt

* boosted jets: Cambridge-Aachen algorithm, R=1.2

Clustering

=
o
©
o o
o

e o

o

o L ° o'._‘ lp'
o 0% P ° oo (%m0 m——p o
A= o \ /

..

o — C e o & o,

- ™ 7o ™\
@) ,"o oll /o ‘\‘ " o . \
’ ¥ # - ' L) H
Lo — (o LTy » o O | wei | o, |
" °° \ 8. o oz \ o o"‘ \? ovo /
W, o/ .2 o

e -

V. Ippolito - Diboson@ATLAS - Nov 24th 2015

distance parameter = AR(j1,j2)

ATL-PHYS
PUB-2014-004



GETTING FAT

* boosted jets: Cambridge-Aachen algorithm, R=1.2

o

-
Clustering .
° e y . ® e P = e Y
0® o °°.. J e /o % o N\ (o®
o 0% —> °° ofé — O (8_0,—) e :‘-,‘oo —> o --'3'0;,‘.:—’ :3-";-6'°5. — 0 o°o‘,3 —> '.\? 0%
o . . °. e/ L 2 N .

distance parameter = AR(j1,j2)

* jteratively declustered into two symmetric smaller jets, and “groomed”

« BDRS-A splitting, based
on Vys (subjet momentum
balance)

o filtering: constituents of
the two subjets are
reclustered with C/A
R=0.3, and up to 3 of
these are retained

= remove soft gluon
radiation, pile-up
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De-clustering

vy = Prp2) X AR,/ My

. j—’}

M = max(Mpe), M) / Mgy "2’.4_
@ Keep p1_ il
@ Discard v N
[.p?. < .’J
1

If Vy; < Vy, ., continue to next step.
If B > Poaxe CONtinue to next step.
Else, keep the constituents of j1 and stop.

or: anti-kt R=1.0, reclustered with kTt R=0.3
and “trimmed” based on subjet pt fraction



BOSON TAGGING

W, Z, H or multi-jet? = use substructure information

/ \

clean environment,

~2-prong decays guon radiation

subjet momentum balance

. . AR(]l ’ ]2)
V Yyr = PT (.]2) X M .
(J1)

g 035
S - ATLAS Simulation EGM W' - WZ (m_=1.8 TeV)
e 03[LVs=8Tev =
2 - 3
S 0.25 g e Pythia QCD dijet R
s F P .
§ 0.2:— IijjI <1.2 E
L - nl<2 .
015 i P 162 <m; <1.98 TeV =
60 <m <110 GeV .

0.1 -
0.05— =
O:JLJLll.L.,....l....l..|....|....|....|...'.'."|'--- -
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Jet |y
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soft and large-angle

fat-jet mass

w/dedicated calibration

¢ 0-22°A71 AS Simulation

IAyHI <12
Injl <2
1.62 < m; < 1.98 TeV

0 005 01 015 02 025 03 035

charged track multiplicity

inner detector information as a proxy for
higher hadronic activity in multi-jet
background jets

10



WHAT ABOUT LEPTONS?

lepton isolation in a cone helps identify leptonic boson decays

e based on ID and ECAL/HCAL information, pile-up rejection
e strategy needs to be adapted to boosted Z decays

AR(61,05) >0.25: > p) <0.15- pr(f)

AR(ee) VS |solat|on in |mprovement in sz-: Vs |

* ‘ |

G ,ZZ /Iqu 5|mulat|on mw’~2pT(Z) !
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g 0.98 ATLAS  Simulation E S - ATLAS Simulation -
c : 4 | Lepton Isolation \s=8TeV - 5 0.7 1s=8TeV —— Total Acceptance =
< 0.8 | Requirement G*, m=2TeV E 0 65 W —>ZW —»eeqq -e— Eeso:veg Ir?wr-]pT 0
v G*—>ZZ - ee+qq < o —=— hesolved high-p_ ]
0.7 E o - 4— Merged region :
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Xt Nominal lsojation % = v-- Merged region -
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X—2WZ-¢vEé'¢’, THE CLEAN CHANNEL

o,

event selection

e |lepton trigger, 3 isolated leptons (e,u)
e my cut, W mass constraint on lv pair

o Ay(W,Z) < 1.5

e low/high mw' SRs with AO(MET,)

main background from SM W/Z

» validated in data (inverting Ay, AD cuts)
» dominant uncertainty from MC normalisation

V. lppolito
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X—=VZ—=qqf?¢: EVENT SELECTION 2

108 ATLAS | ——Data o
o 3 Z+jets 3 V
- \s=8TeV . ZZ/ZW/WW ]
) JLdt=203f0" i fi+Single Top 1
10 Stat. Uncertainty =
0 - Z — ee Channel £ G*, M=800 GeV 3
x 1000

leptonic leg

Events /5 GeV

Nominal

e isolated ee/pu pair :
e dilepton isolation for pr(ll) > 800 GeV |

hadronic leg

10°E ; 3
e different exclusive selection criteria vs pr « & 20 140 160 180 200
e /0 < Mhad < 110 GeV : - : m, [GeV]
merged - pr(ll), pr(had) > 400 GeV
- C/AR=1.2 jets, In|<1.2, BDRS-A, Vy: > 0.45
> AT
S ool 158V —E B
high-pt resolved - p(ll), pr(had) > 250 GeV A o3
- anti-kt R=0.4 jets, [n|<2.1 5 80 g S0

low-pt resolved - prlll), pr(had) > 100 GeV

® dominant background from Z+jets : ,
- Norm, Mqqil shape from mnag sidebands %2040 60 80 100{20140 1601802

- _ N m, [GeV]
V. Ippolito - Diboson@ATLAS - Nov 24", 2015 sidebands SR sidebands
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X—=VZ—=qql?e: RESULTS

low pT resolved
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uncertainty from Z
+jets data-driven
estimation

11-47% [merged]

o(pp — G*) x BR(G* — ZZ) [pb]
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high pr resolved
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X—=>VW—=qq#Vv: EVENT SELECTION 3 E
C -— e mm =
event selection v .
e one lepton + MET > 30 GeV e
e 65 < mhag < 105 GeV, m(lv) constrained to mw Gesooo~ ATLAS v
o ACD(Jet, MET)>1 gzoooof_ jSLZtiTzeo\./s b -g:::top -
15000;;:{ | SR cR ?gr;l(c‘leorgaggl )_;
merged - pr(ll), pr(had) > 400 GeV P te, | weoaw ]
- C/AR=1.2jets, In|<2.0, BDRS-A, Vys > 0.45""F = —
high-pt resolved - prl(lv), pr(had) > 300 GeV o
- anti-kr R=0.4 jets, pt > 80 GeV I
|0W-p'|' resolved i pT(IV), pT(had) > 100 GeV 40760 80 100 120 140 160 r:]é[(ée\zl_(])o

1401

E - \s=8TeV, [Ldt=20.3b" —-Data

I 1 H & 120‘_W—>ev+>1 large-R jet W/Z-+jets B

® W/Z+jets, multijet norm from MET fit to mnad sidebands 3 . | e et
- multi-jet mqqv shape from inverted lepton quality g 80? fpseser

B ATLAS |

- top from MC, validated with 1 b-tag
® main uncertainty from sideband fit (3-20%)
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6(pp—G*) x BR(G*—WW) [pb]
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X—=2WZ/WW/ZZ—qqaq: EVENT SELECTION i z

boosted regime only v !

e jet trigger, lepton veto, MET < 350 GeV (orthogonality)
e C/AR=1.2jets, [n|<2.0, BDRS-A
e dominated by multi-jet, fitted with (1-x)P2-kP3xP3 (x=mJJ/Vs)
fit tested on m; sidebands, MC

background rejection
e Vys>0.45

o |y1-y2|<1.2
1 2 )/( 1 2 )
o |(pt-p1?)/(pr+p7¥?)| < 0.15
e |m;-my|<13 GeV
e nik < 30, efficiency from mJ fit to W/Z+jets data/MC
g 035 B A e AN S T o ~ ® 02— -
S AT’-':;ST S\'/m“'a“on EGMW »>WZ(m =18Tev) ] & -~ FATLAS Simuiation bulk Gpg » WW(m_=18TeV) 3 @ | ATLAS Simulation EGMW - WZ(m. = 1.8 ToV) ]
“CE\s = N 2 4 o r =1 .
o - ° 1 3 0 18:_\S=8TeV buk Gog >2Z(m_-18Tev) | 5 g2 'S=8TeV " ]
S 0.25 seen ememeean Pythia QCD diiet g & Tk - B . .
g 025; P yie e . 8 o.16F-  ||[] e Pythia QCD dijet = -é Y I I Pythia QCD dijet
5 C 3 S 0.14F = -
§ 0'2; :1?(”1;12 E 5 0 12:_ Ay | < 1.2 E w 0.15 Ay | <1.2
045 i 162 <m < 1.98 TeV 3 8 o <2 E <2
| ! 1 8 o 162 <m, < 1.98 TeV - 0.1 162 <m, < 1.98 TeV ]
ot 60 < m < 110 GeV 3 o008 ly > 0.45 £ 60 <m < 110 GeV
F 0.06] . § \y >0.45
0.05F 3 0.04f5+ . + 0.05F 7
. , 1 0.02F -+
O—JLJLI"“""'I""I';"I""I""I""I""T-"' 0: .I.-."." ------------ -“ﬁ.ﬁ-.-—......:-;. """"""""""""" 'E O— o . e 0T
0 01 02 03 04g05 06 07 08 09 1 0 005 01 015 02 025 03 _ 035 0 40 60 80 100 120
Jet |y m, [TeV] Jet ungroomed n
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X->WZ/WW/ZZ—-qqqq: RESULTS

» dominant signal norm uncertainty from

Ntrk cut efficiency (20%)

- ISR/FSR ~ 5%, parton showe
jet mass scale/reso 5% each

- shape: 5% from pt reso

r~5%,

3 ~overlapping channels: WZ,

W/

ATLAS

=

\s=8TeV, 20.3fb"

L

—e— Data

== Background model

— 1.5 TeV Bulk G, k/M, = 1
2.0 TeV Bulk G, kiMj, = 1

N E

—— Significance (stat) 3
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WW Selection E

2.60 local
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> E 2.0 TeVEGM W', ¢ = 1 = > P
£ K ——25TeVEGM W', c =1 ] £ 10° =
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3 + E 1
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Events / 100 GeV

Significance
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X->WZ/WW/ZZ—qqqg: LIMITS ¢

10%

= ATLAS —o— Observed 95% CL E
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COMBINATION

acceptance to W ->WZ
P mw > 1.81 TeV
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X—=>VH—-VvVBB/#AVvbb/#¥fbb: EVENT SELECTION

e resolved channel only
e anti-kt R=0.4 jets, 1-2 b-tags, 0-1-2 leptons
e backgrounds:

- W/Z+jets (semi data-driven)

- multijet (data-driven), top (CR fit)
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81035— —e— Data =4 010 —e— Data = O10° —e— Data =
% E — MWTm.=700GeV 3 & L — MWTm.=700GeV 3 & £ — MWT m_=700 GeV 3
c — HVTm,=1000GeV ] & [ — HVTm,=1000GeV 7 & [ —— HVT m,=1000 GeV 7
Q 102 tt + single t Q 102 tt + single t o 102 tf + single t
(T E Bl W/Z+jets T E Bl W/Z+jets T = Bl W/Z+jets
= Diboson - Diboson Diboson
5 s SM VH . B s SM VH . - s SM VH .
10 2\ Background unc. 10 AN\ Background unc. 3§ 10 A\ Background unc. 3§
1 b ’ - 0 lepton 1 b-tag - ’ - 0 lepton 1 b-tag - ’ - 0 lepton 1 b-tag -
10" 10 10"
1 0-2 1 0'2 1 0-2
> E rT > F ' T > F ' T
o o F o F
O n” ATLAS O ”” ATLAS O ”” ATLAS
g [Ldt=20.3fb" g Ldt=20.3fb" £ [Ldt=20.3fb"
L°>lj 1k \s =8 TeV - L?>j 1c \s =8 TeV - L?>j 1E \s =8 TeV -
2 b - 0 lepton 2 b-tag - - 0 lepton 2 b-tag 1 - 0 lepton 2 b-tag 1
10 =4 107% =4 10" E
10_2: f o, 1 3 10-2:_ f| = 10-2: f| 0 3
200 400 600 800 1000 1200 200 400 600 800 1000 1200 200 400 600 800 1000 1200
my,; [GeV] my,; [GeV] m},; [GeV]

V. Ippolito - Diboson@ATLAS - Nov 24th 2015 21



X—=>VH—-VvVBB/#Vvbb/#¥fbb: RESULTS

limits on neutral/charged resonance masses
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X—HH—BBBB

o,

e resolved

- 4 b-jets, mppb~mmu, ttbar veto
e boosted

- 2 trimmed anti-kt R=1.0 jets, my cut, 2 b-tagged R=0.3 track-jets
e multijet from 2b—4b extrapolation
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CONCLUSIONS

» plethora of final states probed at ATLAS during LHC Run-1

+ a few tantalising excesses, but no smoking gun for new
physics

» detector, analyses and tools ready for 13 TeV data
» parton luminosity should help!

» let’s stay tuned!

— The hardest thing of all is to
find a black cat in a dark room,
especially if there is no cat.
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READY FOR RUN-27
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How Two (FAT) JETS LOOK LIKE
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How Two (FAT) JETS LOOK LIKE

Run Number: 207749, Event Number: 36414089

Date: 2012-07-31 01:30:57 CEST

V. Ippolito - Diboson@ATLAS - Nov 24th 2015



SYSTEMATICS FOR FAT JETS: THE R-TRACK METHOD

» mass/pr calibration of large-R jets is MC-based
» energy and mass-scale uncertainties derived using track-jets
+ calorimeter-related effects cancel out!

» e.g. mass response evaluated in MC and W/Z+jets-enriched data
sample

* average of ratio between response for calo and track jets is taken

+ ratio between this number in data and MC is checked for
stability against observables

+ systematic uncertainty from mismodeling, if significant

V. Ippolito - Diboson@ATLAS - Nov 24th, 2015 29



X=2WZ—2EVvEl'¥’: BACKGROUND ESTIMATION

o,

» WZ
+ from CR with inverted Deltay(W,Z), DeltaPhi(l, MET) cuts
+ dominant source of uncertainty
» |I'+jets (>=1 lepton from jet)
+ select events with lepton trigger, less stringent lepton cuts (no iso/IP)
+ measure fake factor on Z+jets (MET < X cut), dijet samples
+ enforced topology, fake = 0.10 +/- 30%

= uncertainty due to Z+jets vs dijet

”I” ((l))

+ apply it in IvI”I” and “I"vll regions

+ validated in low-MET CR

V. Ippolito - Diboson@ATLAS - Nov 24th, 2015
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X—=>VW-=qq?fVv: BACKGROUND ESTIMATION
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X —WZ/WW/ZZ—qqqq: MORE DETAILS ¢

Source | Uncertainty Constraining pdf ¥
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X —WZ/WW/ZZ—qqqq: MORE DETAILS

signals

m Fw'/
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X—WZ/WW/ZZ—-qqqq: My CUT CHOICE Ve~
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X —WZ/WW/ZZ-qqqq: FIT VALIDATION Ve~
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COMBINATION
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COMBINATION

W'’: best sensitivity from Ivll (low mass), Ivga/qqqq (high mass)
G*: best sensitivity from Ivgqg
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COMBINATION

W'’: best sensitivity from Ivll (low mass), Ivga/qqqq (high mass)
G*: best sensitivity from Ivgqg
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tvqq high-pr resolved 0.6-1.1 0.6-0.9
merged 0.8-2.5 0.8-2.5
WZ selection 1.3-3.0 -
JJ WW+ZZ selection - 1.3-3.0
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COMBINATION: CROSS-SECTION & BRANCHING RATIOS
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X—=VH—VvVBB/#vbb/#¥€bb: EVENT SELECTION % [¥F 22
o L4

O-lepton (20/30/2% efficiency at 0.4/1/2 TeV)

e MET, TrackMET cuts (close by 45°, no jet within 85°)
e ME -dependent bb AR cut

« MET back-to-back w.r.t. bb system

1-lepton (8/20/2% efficiency at 0.4/1/2 TeV)

e tight lepton definitions

 no jet close to MET, MET/mTt > 30/20 GeV, mw mass constraint
o enhance signal with p1(W) > 0.4xXmvn

2-leptons (18/30/1% efficiency at 0.4/1/2 TeV)

e dilepton mass cut
e reject ttbar with MET < 60 GeV
e enhance signal with p1(Z) > 0.4xmvH

+ Mmpp constraint to my
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X—=VH—=VVBB/#Vvbb/f¢fbb: BACKGROUNDS

o,

multijet: data-driven
o O-lep: ABCD with AD(MET,jet) vs ACD(METTrackMET s |
e 1-lep: template for MET fit from inverted lepton criteria (~lvqq)
e 2-e(u~0): shape from inverted isolation, norm from mee fit

W/Z+jets

o fit for W/Z+cq, W/Z+hf normalisations

« modeling checked in CRs with no b-tag or with mpp sidebands
o« W/Z+qq corrected vs jet pt(j1), pt(j2), AD(j1,j2) [O-tag]
e then, Z+cq, Z+hf corrected [2-lep]

e ttbaris fitted in ep+bb CR, shape validated in CR

systematics
e JES [3-1% for 0.02-1 TeV p1ljet)], JER[20-5%] b-tagging efficiency
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X—HH—BBBB: SELECTION CRITERIA

o,

resolved

4 b-jets (MV1 70%/5x c-rejection/140x q,g-rejectio
back-to-back dijets, AR cut between two b’s

msj-dependent pt and An cuts
top veto (most of ttbar from b-fakes from c), based on additional jets
mpb cut and then constraint to my
multi-jet from (>=)2-tag sample, corrected from sidebands

and validated in CR corrected via pr(dijet), AR(subjets), AR(dijets)
ttbar from inverted veto, Nsr=e2/(1-e2)Ncr [e from semi-leptonic decays]

boosted
e anti-kt R=1.0 trimmed jets, matched to 0.3 anti-kr track jets
e similar bkg strategy, but merging 2 and 3-tag samples
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X—HH—BBBB: ACCEPTANCE & SYSTEMATICS

O
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X—HH—BBBB: LIMITS

o,
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o,

X—+HH—BBBB: 2HDM EXCLUSIONS

grey=limit not reliable
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X—HH—BBBB: 2HDM EXCLUSIONS

grey=limit not reliable
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THE HVT FRAMEWORK (ARXIV:1402.4431)

» heavy vector triplet benchmark model 1y v Ly < 9 pata

= VO,V m

+ phenomenological lagrangian, assuming on-shell production (insensitive
to underlying details of the actual theory)

» couples to fermions through g ce / gv
» couples to Higgs, vector bosons through gy cy
» Cf, CH close to unity in most models

+ model A: weakly-coupled vector resonances from extension of the gauge
group

+ model B: strong scenario (e.g. composite Higgs)
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MINIMAL WALKING TECHNICOLOR

o,

» strongly coupled dynamics
» predicts two triplets of resonances (masses ~ 2 TeV)

+ vector, axial-vector

+ charged bosons decay to WH, neutral bosons to ZH
» coupling to vector bosons with ~non-running strength gtilde
+ to fermions with g/gtilde
+ g => SUx(L)
» axial-vector bare mass determines Rj, R, masses
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