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Diboson resonances

» Several extension of the SM predict new resonances
decaying into pair of bosons (including the Higgs)

W' G*... wW/ZH  (Clear experimental
? signature
""""" - Known properties and decay

kinematics

KRN - ..y ccrioit potential signatures

W->qq ~67% Z->qq ~70% H->bb ~57% (at high mass) from new physics at

LHC
H->WW~21.5% . .
W->lv ~33% Z->WV ~20% novel reconstruction techniques to

H->ZZ ~2.5%
handle highly boosted objects
Z->ll ~10% H->T 1T ~6%

H->yy~0.2%



Resonance models

Charged (WZ)

Sequential Standard Model (W’, spin-1)
* Trilinear W'WZ coupling set by Extended Gauge Model: ~

(Mw/Mw )2

Neutral ( WW,ZZ,HH )

Randall-Sundrum graviton (RS G*, spin-2)
* Traditional benchmark model with extra dimensions
Bulk RS graviton (Bulk G*, spin-2)
* Graviton couples more with heavy particles (W, Z, t)
* Smaller o, but larger branching ratio to WW, ZZ

Minimal Walking Technicolor (R1,R2, charged and neutral)

* Technicolor with minimal ingredients, can decay to ZH

and WH

HVT (Simplified Lagrangian)

Model A

Model B

c(p)

Theory ——»

L(c)

. <«—— Data

NaTaY

* weakly coupled vector resonances from extension of the gauge group

* produced in a strong scenario e.g. composite higgs model
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Summary of diboson analysis

Final State Channel Reference (ATLAS) Reference (CMS)
Ivll WZz ATLAS: arxiv.1406.4456 CMS: arxiv:1407.3476
11y, vy 2y, Wy ATLAS:arxiv.1407.8150
11qq 2.2, ATLAS:arxiv.1409.6190 CMS: arxiv1405.3447
lvqq WZ/WW ATLAS:arxiv.1503.04677 CMS: arxiv1405.344%7
qqqq WW/WZ/27Z |ATLAS: arxiv:1506.00962 CMS: arxiv:1405.1994
1vbb/11bb/vvb WH/ZH ATLAS: arxiv1503.08089 CMS PAS EX0-14-010
qqgbb WH/ZH CMS: arxiv1506.01443
bbbb HH ATLAS: arxiv. 1506.00285
bbyy HH ATLAS: arxiv. 1406.5053 OMS-HIG-13-032

All results based on full Run1 dataset



http://arxiv.org/abs/1406.4456
http://lanl.arxiv.org/abs/1407.3476
http://arxiv.org/abs/1407.8150
http://arxiv.org/abs/1409.6190
http://arxiv.org/abs/1405.3447
http://arxiv.org/abs/1503.04677
http://abs/1405.3447
http://arxiv.org/abs/1506.00962
http://arxiv.org/abs/1405.1994
http://arxiv.org/abs/1503.08089
http://arxiv.org/abs/1506.01443
http://arxiv.org/abs/1506.00285
http://arxiv.org/abs/1406.5053

______ & < " Final states
4 <é mT(|C;,V)~mW

Fully leptonic —> Low backgrounds, high Signal (BR) Background <
purity, low branching fraction 4

Semileptonic final states
Fully hadronic
Advantages:
good kinematic resolution
High branching fractions
Access to H->bb
Disadvantages:

higher background although steeply
falling at high mass

- Physics observable: invariant mass of
diboson system

background (data-
driven or MC based)

number of events

N
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reconstructed mass of diboson system (mVV)



Boson jets

«  “Natural” angular separation dR™~2m/pr

80GeV  2Tev  80GeV - Resolved regime: the boson has relative
low momentum in the lab frame so we
are able to reconstruct one jet for each

N quark
X at rest 2 y /'\
X" et poostedX ~— | single © Boosted Regime: the boson has high
=== JV\N\< - fat jet momentum in the lab frame - the
o jet2 7oy~ outgoing quarks are very close so the jets

begin to merge

1. Fat jet: large distance parameter to pick up all the radiation from the original decay

2. Groominsg:
- Signal: take out jet constituents that don’t belong to the signal decay

- Background -Preserve background characteristics in the jet

3. Tagging:
- Use differences in Signal and Background jet characteristics to reject background
Jets Boson jets QCD jets
(. ) ()



Jet substructure

Jet Pruning: (Phys. Rev. D 80 051501, arXiv:0912.0033)

* Recluster jet constituents, applying additional conditions at each

recombination

min(pr ;P i M;
_ (pT,l pT,]) >O_1 jet

AR < 0.5
PT,jet Pt,jet

- Filter out soft and large angle QCD emissions

Mass Drop: (PRL 100 240001)
- de-cluster jet by stopping jet algo before last iteration—> two subjets Up =

- jet is V-tagged if its mass drop up < (analysis dependent) cut value M jet

N-subjettiness: (JHEP03(2011)240001)
- Topological compatibility with hyp of N subjets

x10® CMS,L=19.7 fb", Vs = 8 TeV

I G, (1.5TeV) > ZZ (x 2.94E+07) (JHUGEN+PYTHIA)
I Gy (1.5TeV) > WW (x 1.52E407) (JHUGEN+PYTHIA)
2.5 W (1.5 TeV) - WZ (x 8.51E+04) PYTHIA

- — — Gig (1.5 TeV) -> ZZ (x 1.34E+05) HERWIG++

[ Guq (1.5 TeV) > WW (x 7.15E+04) HERWIG-++

- Ty : pT-weighted sum over jet constituents of i3
distances from closest subjet axis E o unisggea s CAR-08

Momentum balance: (PRL 100(2008)24200)

- Dboson jets tend to have symmetric momentum :
distribution among the two quarks 091

Plenty of alternatives at CMS-JME-13-006 and ATL-PHYS-PUB-2014-004 oL o
7

Events / 0.05

i

N-subjettiness ratio 7.,



ZV->11qq Z <g

Z->11: 7@{
& leptons, same flavor,compatible with the Zmass W/z < ,
. . _ 2 leptons, 2 jets zet
Leptons are collimated and interfere with each

other’s isolation cones m (I1,12) ~ m (j1,j2) ~ Mz

« Subtract the other lepton’s track pT from the

> 08— 71— 71— 1 T ]

: ; S - ATLAS Simulation ]
isolation cone 2 0.7 \s=8TeV — ;otal IAcgj:elp‘[ance =
. = - W —>ZW — uuqq —e— Resolved low-p .

Z/W->hadronic: S 06F —=— Resolved high-p, E

8 osf ™ ith dlepton isolat .

° o) WI liepton isolation ]
ATLAS. g . 4; v-- Merged region 1
(o) i ith inal lepton isolatior

Low pt resolved : 2jets with pt>100 GeV ::‘3 . 3; N oI P Re Iorr;
High pt resolved 0'25_ _,
2jets with pt>250 GeV to gain efficiency in the : E
intermediate region .

Merged Region: 1 fatjet with pt>400 GeV
CMS:
* high-purity (HP) category: tz1 < 0.5;
« low-purity (LP) category: 0.5 <T21 <0.75.

ATLAS: Use C/A R=1.2 jets with modified BDRS
filtering

CMS: Use C/A R=0.8 pruned jets

3 AR > jet radius AR < jet radius



ZV->11qq

No significant deviations from Standard Model
expectation observed
e M(G*)>730GeV, M(W’) > 1590 GeV

o(pp — G*) x BR(G* — ZZ) [pb]
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CMS: arxiv1405.3447
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WV->lvqq

W->Inu selection: MET>30 GeV (100 GeV for CMS) and

exactly one lepton

Hadronic side, same selection as for 11lqq
Main Backgrounds:

MC: W/Z+jets , ttbar

Data driven: Multijet QCD —> loosened lepton selection to

extract template and fit to the Met to extract
normalization

Since no excess is seen,
limits are set using W’ and G

L=19.7fbtat ys=8TeV

——f— Frequentist CL5 observed

- Frequentist CLS expected + 1o

=*** Frequentist CLS expected + 25

" o, XBR(G,, > WW), ki, =02 [

o, XBR(G,, — WW), kIM,,, = 0.5
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Events / 100 GeV

VV->qqaq

ATLAS: Trigger on a jet with pt>360 GeV CMS: Trigger

CMS: arxiv:1405.1994

Significance

on HT )
CMS,L=1971b",1s=8TeV
Only boosted region considered (low mass QCD > 10  High-purity doubly W/Z-tagged data -
dominated) = 10 jf;'t > WW (1.5 TeV) _
0 = RS . 3
. . . . . Q. .
Select events with Mj within the W/Z mass window T i ]
« ATLAS: |y;-¥2|< 1.2, Pt Asymmetry <0.15 to reject g
events where one of the jets is poorly measured I ‘ ]
102 P Y E
« 3 overlapping signal regions/non statistically . ST TR E
independent R 1
° ° . . 1: 2_ - __ -
Additional cuts to reduce QCD (ntrk, nsubjettiness...) = Oy —— ™ —
. . . ®©lo L i ; H
The background is estimated by fitting the data a ‘ 1 e (TeV)
ATLAS: arxiv:1506.00962 o = il = 0P, "
1043 L I L ‘D‘t‘ L R, = > 1043 L L L = E 104?AI\TLASI - I_I’_ID;tal T ?
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L P R corwoumon L1 | £ 10 2O Tk G =1
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B WZ Selection 7 = WW Selection 3 - ++L ZZ Selection 3
10 + E _ 4 sy =
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VV->qqaq

CMS: arxiv:1405.1994

- ATLAS: Trigger on a jet with pt>360 GeV CMS: Trigger
on HT

CMS,L=19.7fb", /s =8 TeV

—— Observed

Expected (68%)
Expected (95%)
—— Gigg > WW (KM_=0.1)

« Only boosted region considered (low mass QCD = 1:_
dominated) =
- Select events with Mj within the W/Z mass window S :
+ ATLAS: |y,-V5|< 1.2, Pt Asymmetry <0.15 toreject = 107F
events where one of the jets is poorly measured Tm -
- 3 overlapping signal regions/non statistically o 102-
independent m -
ey . . X B
- Additional cuts to reduce QCD (ntrk, nsubjettiness...) 0 -
-3
- The background is estimated by fitting the data E
]
ATLAS: arxiv:1506.00962
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See Attilio Picazio Poster on ATLAS result!
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Events/GeV

Events/GeV

VH—> lv/11/vv/bb (ATLAS)

Discovery of the Higgs opened up other final states to look for
diboson resonances

Higgs as a
discovery tool

« Examine the VH mass and look for a localized excess
Categorize events according to the number of charged leptons

Further subdivision according to number of b-tagged jets (1 to 2
btags)

Only antikt0.4 jets considered

1014

ATLAS: arxiv1503.08089
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VH—> 1v/11/vv/bb (ATLAS)

- Discovery of the Higgs opened up other final states to look for
diboson resonances

- Examine the VH mass and look for a localized excess
- Categorize events according to the number of charged leptons

- Further subdivision according to number of b-tagged jets (1 to 2
btags)

ATLAS: arxiv1503.08089

lc) 10 T T T T T T | T T T T | T T T T | T T T T | T T OLL 1 LI LI ! T |§ T ! | F T El T ! T T 1T : LI

> F : A ]
N\O.’ 0.8 _1 ........ [RE :!i: .......... E .................... —
) :fl_dt=go.3fb A .

mmm 95% CL Observed Exclusion
---- 95% CL Expected limit

Dilepton resonances 95% Exclusion 0.6
Theory Inconsistent
mm Running regime 0.4
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ATLAS 0.2f
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R, R, — W/Z+H ;
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Higgs as a
discovery tool

-for each line corresponding
to a My mass, the area
outsides the curves is
excluded


http://arxiv.org/abs/1503.08089

Events / ( 100 GeV )

WH->1vbb (CMS)

1 lepton +MET + reconstruct H->bb using pruned jets

1 CAO.8 jet

110 <mjet < 135 GeV.

Split pruned jet:

- ifthe subjets’ AR>0.3 b-tagging applied to individual sub-jets
- ifthe subjets’ AR<0.3 b-tagging applied to the CAO.8 jet

Special topological requirements to avoid possible instrumental
backgrounds

The shape of the mWH distribution of the W+jets background in

the signal region is estimated from data from the lower sideband

region while correction for the extrapolation are taken from the
simulation.
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W/ZH->hadronic (CMS)

First analysis to include H->WW->4 q decays
& CAO.8 jet, 70 <mj < 100 GeV/cRd for W/Z, 110 <mj < 135 GeV/cR for H

Split pruned jet:

- ifthe subjets’ AR>0.3 b-tagging applied to individual sub-jets
- ifthe subjets’ AR<0.3 b-tagging applied to the CAO.8 jet
tau4?2 used to discriminate H->WW->4q from QCD jets

Categories V tag H tag
VHPbe T < 0.5 b tag
VLPbe 0.5 <1 <075 b tag
VHPH‘I;IVPW T < 0.5 T < 0.55
VIPHEE, 05 < 1 < 0.75 T4 < 0.55
VHPH‘I;,}’W T <05 0.55 < 14p < 0.65
A 19.7fb' (8 TeV) — 10- 19.7 b (8TeV)
% 10° ?CMS io_ ; CMS
o -4 Dat < I
>~ 102 — B:cakground fit ; —— Observed
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o 1E = N e Expected (95%)
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1076 )
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E © 2_ B
o & 0w ; i
EO 2_ . ; ; . 10-3 | L [ ‘ I I
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HH->4b (ATLAS)

Resolved W% i
. http://arxiv.org/abs/1506.00285
« 4 Db-jets e
~ b’b > 02 T T T T T T T T T T T T T T T T
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. Select events with two large-R jets, build from & o.1- // J N \ -
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° - _— \ \ -
among the subjets -~ S -
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Conclusion

Search for heavy resonances is one of the most
direct ways to find new physics at TeV scale

Diboson final state provides clear experimental

signature and allows cross check among different

channels

e Some interesting excess need to be checked with

13 TeV data

Run? offers new opportunity for
discoveries:

Increase in CM energy ->Increase the
mass discovery reach

Increase in integrated luminosity -
>enhance sensitivity for rare processes

Need to be ready for the unexpected

Analyze all feasible final state to make
sure we leave no stone unturned
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First Stable Beams
ATLAS

EXPERIMENT

proton-proton collisions at 13 TeV

Nothmg to be afrajqg of
just jump nght in

atag ?;[\ ? ata data data data ata atc
Jata ata ata ata data data data data
data data dataldata data data data data data dat:
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Lessons from Runl

ATLAS

H-—»ZZ" - 4]
5«7 Tek J--.x 45

5«8 Tev J =203

Detectors perform very well
in challenging LHC
environment —> Higgs
discovery with ~“half the
energy, less luminosity

Events/ 2.5 GeV

0
80 90 100 110 120 130 140 150 160 170
m,, [GeV]
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Lessons from Runl

Detectors perform very well
in challenging LHC
environment —> Higgs
discovery with “half the
energy, less luminosity

Plethora of SM precision
measurement

Standard Model Total Production Cross Section Measurements siaius: July 2014

10°

10*

103

10t

107!

10% ¢

3 80 ub™! 3
- ATLAS Preliminary  Runi1 +/s=7,8TeV
i LHC pp Vs=7TeV LHC pp Vs =8TeV
3 =T Theory Theory E
=T - Data A Data
~1
203,fb
4.6 bt 20.3fb! 1
| 20.3 fb E
‘gl “ e} A 1 3
4.6 fb 1 20.31b
4.7 0246 fo-! 20.3Afb . 13_%),1
E 4810 -—1 o= 20.3 fb! _
C 4611 2031
A
E 20.3 fo! 3
AL 20.3 fh]
N

PP W Z tt  ti—chanww-wz WW Hegr Wt WZ ZZ Hwer ttW ttZ

total total total total total total total total total total total total total total
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Lessons from Runl

ATLAS Exotics Searches* - 95% CL Exclusion ATLAS Preliminary

Status: July 2015 fL dt = (4.7 - 20.3) fo! \5=7,8TeV

Detectors perform very well _* T
p ADD Gk +g/q - >1j Yes 203 n=2 1502.01518
ADD non-resonant ££ 2e.p - - 20.3 n=3HLZ 1407.2410
° ° ADD QBH - (q 1en 1j - 20.3 n=6 1311.2006
in challenging LHC Eh W 1
is} ADD BH high Ny 2u(SS) - - 20.3 n =6, Mp = 3 TeV, non-rot BH 1308.4075
% ADD BH high ' p1 >lenu >2j - 20.3 , Mp = 3 TeV, non-rot BH 1405.4254
g ADD BH high multijet - >2j - 20.3 , Mp = 3 TeV, non-rot BH 1503.08988
o o S RS1 Gk — 2epu - - 20.3 1405.4123
environm ent > nggs 8 RSt G oy 5 - 1 s Bspes
< Bulk RS Gkx — ZZ — qqlt 2eu 2j/1J - 20.3 1409.6190
w Bulk RS Gk —» WW — qqtv lepu 2j/1J  Yes 20.3 1503.04677
~ Bulk RS Gki — HH — bbbb - 4b - 19.5 Gk mass 500-7201GEVH ‘M, X 1506.00285
- - Bulk RS gii — tF Teu >1b>1J2 Yes 203 ! 1505.07018
1SCO ‘; eP S? vw I a' e 2UED/ RPP 2e,u(SS) 21b,21j Yes 20.3 1504.04605
SSM Z' — ¢t 2epu - - 20.3 1405.4123
2 SSM Z" — 1t 27 - - 19.5 1502.07177
° * S SSMW v Tepu - Yes 203 1407.7494
en ergy ess lumino Slt:y & fowwlhzonee s — e a0
, ® EGM W’ — WZ — qqtt 2eu 2j/1d - 20.3 1409.6190
g: EGM W’ - WZ — qqqq - 2J - 20.3 1506.00962
8 HVT W’ — WH — ({vbb len 2b Yes 20.3 1503.08089
LRSM W, — tb leu 2b,0-1j  Yes 20.3 1410.4103
LRSM W, — tb Oep 21b1J - 20.3 1408.0886
° ° _ Clqgqqq - 2j - 17.3 1504.00357
Plethora of SM precision s TN
Cl uutt 2e,u(SS) 21b>1j Yes 203 ICuul=1 1504.04605
=  EFT D5 operator (Dirac) Oeu >1j Yes 203 at 90% CL for m(y) < 100 GeV 1502.01518
Q EFT D9 operator (Dirac) Oe,u 1J4,<1]  Yes 20.3 at 90% CL for m(y) < 100 GeV 1309.4017
measurement g =i TR
3 ScalarLQ2™ gen 2u >2]j - 20.3 p=1 Preliminary
Scalar LQ 3" gen lep 21b,23] Yes 203 B=0 Preliminary
VLQTT - Ht + X lepu 22b2>3j Yes 203 Tin (T,B) doublet 1505.04306
§*‘¢<: VLQ YY - Wh + X lep >1Db>3j Yes 203 Y in (B,Y) doublet 1505.04306
3 S VLQBB - Hb+X e 22b23j Yes 203 isospin singlet 1505.04306
L4 T & VIQBB - Zb+X 2/>23e,u  >2/>1b - 20.3 Bin (B,Y) doublet 1409.5500
O ln S O al eaJS no Ton = W te 21b25] Yes 208 1503.05425
& @ Excitedquarkg* > qy 1y 1j - 20.3 only u” and d*, A = m(q") 1309.3230
o S Excited quark ¢* — qg - 2j - 20.3 only u* and d*, A = m(q") 1407.1376
L4 L4 ﬁ g E Excited quark b* —» Wt 1or2e,u1b,2jorlj Yes 4.7 b* mass 870 GeV left-handed coupling 1301.1583
Slg I I 1 C a’ I I t) wj j_; Excited lepton ¢* — {y 2e,u,1y - - 13.0 AN=22TeV 1308.1364
Excited lepton v* — (W, vZ 3eput - - 20.3 A=16TeV 1411.2921
LSTC ar » Wy Teu 1y - Yes 20.3 1407.8150
LRSM Majorana v 2ep 2j - 20.3 m(Wg) = 2.4 TeV, no mixing 1506.06020
- Higgs triplet H** — €€ 2e,u(SS) - - 20.3 DY production, BR(H;* — ¢)=1 1412.0237
2 Higgs triplet H** — (7 3eut - - 20.3 DY production, BR(H;* — (7)=1 1411.2921
‘O" Monotop (non-res prod) Teu 1b Yes 20.3 Anon-res = 0.2 1410.5404
Multi-charged particles - - - 20.3 DY production, |g| = 5e 1504.04188
Magnetic monopoles - - - 7.0 DY production, |g| = 1gp, spin 1/2 Preliminary

| 1 1 MR R A | 1 1 MR R R | 1 1 L
10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
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Hail to Run?d

- Substantial increase in energy for the world’s highest energy collider

- Largest jump in sensitivity to BSM

.+ 201l @8TeV —> 100 fb'! @13/14 TeV

- Will not happen again for another 2+ decades!!!

- New territory explored essentially for all BSM searches with 0.1-10.0 fb-1 (2015)

H (ggF)
H (VBF)
t (t-channel)
tt

‘_ 2.6

——— 2.6

ttH |

stop pair (0.7 TeV)
stop pair (0.9 TeV)
gluino pair (1.5 TeV)
gluino pair (2.5 TeV)

Z' SSM g
i
QBH TS Fel)_

1

And: pp — H*500) + X: 14

WJS2013

7 v 1 y T AL T
[ ratios of LHC parton luminosities: 13 TeV /8 TeV

/
S 2.8 o —g9 /
= [ ----X2qq ’
B ©
3.9 ; - qg Strong interaction ,/
4.7 = 10 3 dominated processes ‘,;’
] g ’
1 (for 13 TevV/ 8 TeV: 8.4) g
|3 16 (for13Tev/8Tev: 12)
l |
7% (for 13TeV/8TeV:46) Electroweak processes MSTW2008NLD
l P | M | 1 1
1 100 1000 4TeV
M, (GeV)
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HH—>bbyy (ATLAS)

Standard H->yy sel. + 2 b-jets
— |myy-mH|<2om & 95<m;j<135 GeV

— |myybb-MX|< optimized cut, MX dependent
« Counting experiment
— Background estimated from myy sideband
and events with <2 b-jets

o, x BR(X—hh) [pb]

JII I|IIII|IIII|IIII|IIII

TA T,

T T T |
ATLAS

det =20fb"at {s =8 TeV

—a— Observed 95% CL Limit

2 Expected Limit +1o

- Expected Limit +20
---------------------- Type | 2HDM:
tanp=1, cos(p-a)=-0.05

Il | Il
400

] | ] ] ] ]
450 500
m, [GeV]

ATLAS: arxiv. 1406.5053
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Events / 5 GeV

10"

1072

b -
=
>
7

Signal Region _
f Ldt=20fb", (s=8 Tev —+— Data 5
l l l Control Region Fit .

-------- Single Higgs Boson
—— m,=300 GeV, 6,xBR,,=1 pb

10

Events / 20 GeV

—
IIIIII|

< 2 b-Tag Control Region

200
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—— Data
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http://arxiv.org/abs/1406.5053

All leptonic final states

- Advantages:
- Low backgrounds, high purity
- Disadvantages:
- Low branching fraction
- Kinematic reconstruction with at least one
neutrino 4
< 3 leptons
W Y |
ETmISS
...... WZz->1llv
g m (I1,l2) ~ mz
Z < i (la.v) ~ M - Analysis Strategy:
¢ - Select three leptons
> AL I L L L L B L B Lr , ] , |19,5fb1(,8Te\;)|
S - ATLAS Data  — W(600 GeV) - 10° € serve 5 o
§ 103§_\‘s=8 TeV, JLdt=20.3 o sz —w’;1ooo Ge\)l) E 4E CMS égig/Zy d ] ComPUte MWZ from MET and
- Momerbig —waamocen | > ' F = els W masss constraint
i 102? [ osoorm. E G 10° EW'Z(LOTeV) - )
- SR, All channels combined ] 8 - — W'(1.5TeV) 3 i Sea,PCh for bump 11N MWZ
10 = ~ 10° E- E
I : spectrum
L= = GCJ 10? EE
S :
107 - ]
2 35; ...................... e . : 77777777777777777777777777777777777777777777777777777777777777777777777777 :
3 2-2;::::::::::::::::::::::::::::::::::'::Jr' """"" T ¥ go i . ! H - ,
0.8/ L S T —
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All leptonic final states

Advantages:

- Low backgrounds, high purity
Disadvantages:

- Low branching fraction

« Kinematic reconstruction with more than one
neutrino /

3 leptons
W < T WZ->1llv
ETmISS
------ ;M) - me * Interpretations:
Z < mr (I,V) ~ Mw «  Sequential SM W’
CMS: arxiv:1407.3476 ( :
_ - Heavy vector triplet
| JOSHTETY) — ATLA§ ar X'V|14964456| - (weakly coupled
3 CMS _ sescs ;:l 1022— ATLAS —_ Eecod o CLtmit S resonance and composite
B &Exzectej 951% ] % u \s=8 TeV,det=20.3 fb” 95% CL + 26 . nggS)
xpected= To X 10 —— Observed Limit = .
L] Erpocid=2o @ 2 EGM W 5 « Technicolor
3 " = < b ———— HVT A(gv=1) ]
Orc T 1NN N HVT A(gv=3) —
g - <=+ HVT B(gy=3) £
SR E o B NG, |
........................ 10-1 §_ - _§
| | 10-2|_...|...|...|..."'|...|...|..~I‘i:.'.:',‘|...|
0 o0 002000 200 400 600 800 1000 1200 1400 1600 1800 2000
My b (GeV) 26 m [GeV]


http://lanl.arxiv.org/abs/1407.3476
http://arxiv.org/abs/1406.4456

Standard Model inclusive and differential

cross sections are measured

Here focus on non-SM part of the analysis
First Vy seach at LHC

Selection

Wy
* Pt (e,y) >25 GeV

Technicolor models give ar = Wy and

wr 2y
T I T T T I T T T I T T T
%) 1 05 —@— Data 2012
Q) ATLAS [ Wev)+
Q 10 . I Z(c"e)+ets
m fL dt=20.3fb , @ =8 TeV - W(ev)+jets
\ .
n 10° B +jets
I I Other Backgrounds
Q 10° ] m(a,) =600 GeV x 10
LL e Background Fit = 10

10
1 -
1o I e . L e

Q) I I I i I

] —

% |
I8! L] i
E P [N S N SN N TN S TN AN TN TN S N TN N TN NN SN TN TN NN TN SO TN SN RO SR B |_

®)) 2000 400 600 800 1000 1200 1400 1600
w

m:" [GeV]

x ETMiss 535 GeV
*x P1(y) >40 GeV
* Mt(W) >40 GeV

2y

* Pt (e,p) >25 GeV
*x Pt (y) >40 GeV

* IMy-Mz| > 15 GeV

>105 S DL AL L =
(()) —@— Data 2012 .
(g 104 ATLAS [ 2oy =
© f Ldt=20310",s=8TeV [l zice")ets _;
) - Other Backgrounds 3
CIC) 102 [ ] m(;)=500GeVx10 3
> ............. E
W40

0)10';_,_,,_,,'111111.. = . _
S - N
c 1= - =
CU 0 |

8 -1-—’-"-. E
= - N
E '2_. I S AT ST ST SN NS ST SN AT ST S SR AN ST ST SN NN S ST S NS S R
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(0))
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2y, Wy

10

6, x BR(X— W(Iv) v) [fb]

RIS S I N N
400 600 800

AT NN N TR NN AN SN TR AN N SN RN R
1000 1200 1400 1600
m, [GeV]

)
f Ldt=20.31", s=8 TeV =
pp — bvy t
- X 1
- C
- m
B X
o
i 510"
— ——— Observed 95% CL upper limit
EIRGEGEEE Expected 95% CL upper limit
— [ ] Expected =10
~ [ ] Expected =20 1 0-2
B ar = Wi(v)y
| |

ATLAS

f Ldt=203f" Vs=8 TeV
pp — I'Ty

—— Observed 95% CL upper limit
------- Expected 95% CL upper limit
[ ] Expected =10

| [ Expected 2 ¢
w; = Z(I'M) y

e e b b Ly
800 1000 1200 1400 1600
m,_[GeV]

.
200 400 600

* data well described by SM backgrounds

* Exclude: m(wt) < 900 GeV
* Exclude: m(at) < 1000 GeV
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3.

Boosted boson tagging

Boson jets

- T'wo narrow regions with
high energy for each
quark

- Each of the quark carries 1

comparable fraction of the
boson momentum in the
lab frame

Fat jet: large distance parameter to
pick up all the radiation from the
original decay

Groominsg:

- ———

Signal: take out jet constituents that

/

Mass-drop tagger (MDT, aka BDRS)

don’t belong to the signal decay

Background -Preserve background
characteristics in the jet

Tagging:

Use differences in Signal and
Background jet characteristics to
reject background jets

29
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QCD jets

« Narrow region with
high energy density

-

-

Trimming

&

Pruning

&

Recluster

on scale Reup

jet mass/p:
sets Rprune

Recluster

decluster &

discard soft junk

momentum of the jet

©

©

s (9

4 & gt *~, * High energy density /. . )
# . / region has most ofthe ., - /

~--—

% discard subjets
>

---~

-——’

_ > @
Wlth < Z;;u‘l p:

discard large-angle

soft clusterings

repeat until

find hard struct



JetMass grooming

Mass drop/filtering (http://arxiv.org/abs/0802.2470)

Splitting:
Filtering:

use substructure of jet: v ys and mass drop
remove soft radiation
De-clustering AR, .y
N
e%

vy = Pripz) X AR/ My, . ‘,Apl :
W = max(Ms), M) / Mg p@ Pa— é'.“-.ﬂ
@ Keep | [ W 11\!'/ )
@ Discard O d

Cah %:

: At each step:

opl o*
0. .pe ‘_. @jl
P2s -

.W

)} If \y, < y,,., continue to next step.
If p > Y.y CONtinue to next step.
Else, keep the constituents of j1 and stop.

p2

— ' oil
b1 s :G
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JetMass grooming

- Trimming (http://arxiv.org/abs/0912.1342)

- Removes soft constituents from pile-up, ISR and multiple parton interaction
by comparing the pT of each constituents to the jet pT: plr/per < fous

''''''
- ‘__\
~

~
-~ -
-----

Initial jet O [)"T/[I'Tel < feut Trimmed jet
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JetMass grooming

Pruning http://arxiv.org/abs/0912.0033

For each jet in reclustering, remove softer constituent from jet if wide-
angled: Riz > Reut - @m/pr or

soft: min(pr1,Pr.2)/Pr1+PT,2< ZCut

Pruning ‘ il
I s z = pr(i) / pr (i)
m ) pr(i) < pr(i)
“an re
oc/)m';o/.oc/
“Ste,,
At each step: : N

If AR;<d.4,OR z> z,
continue to next step.
Otherwise, discard object i.
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Definition of substructure variables

o Splitting scale Phys. Rev. D65 (2002) 096014

e k: distance between the two proto-jets of the final clustering step:

V4 d12 = min(prl, pTz) X AR12
o Hardest proto-jets are combined in last step of reclustering for k: algorithm
o Symmetric energy distribution for W-jets, asymmetric for QCD jets

o Momentum balance Phys. Rev. Lett. 100 (2008) 24200
N min(pri,P12) o AR,

mz2

@ N-subjettiness JHEP 03 (2011) 015

e Describes how likely it is that a jet is composed out of N subjets:
kP, k(min(ARy Ry iy sRi k)P

o >k pr(Ro)?

o Powerful discrimination using the ratio: 7/7

TN

Run2: Energy correlator functions (http://arxiv.org/abs/1305.0007)
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http://arxiv.org/abs/1305.0007

VV->qqqq (ATLAS)

Table 4: Summary of the systematic uncertainties affecting the shape of the signal dijet mass distribution and their
corresponding models. G(x|u, o) in the table denotes a Gaussian distribution for the variable x with mean u and
standard deviation o.

Fraction of jets / 5.0 GeV

o

TIiT[T
I>I:

TT

-—

IIIqJ.LL'lll]IIIIIIIIIIIIIIII]IIIIIIIII
"

Source | Uncertainty Constraining pdf
Jet pt scale 2% G(apr|1,0.02)
Jet pr resolution 20% G(o|0,0.05 x V1.22 — 12)
Jet mass scale 3% G(am|1,0.03)

AR 80'35—""'""""""""""‘ ....... . e 0.25 -
TLAS Simulation B s > Wi = 1T 5 S _[ATLAS Simulation EGMW >WZ(m -18Tev)] @& [ ATLASSimulation EGMW > WZ (m_- 18TeV) |
s=8TeV bulk Gy —2Z (m_=18TeV) 3 o 03Ms=8Tev " 1 5 gof's=8TeV ]

G - o = ] © 0.2 =

......... Pythia QCD dijet =5 S 0.251 seeeeeees Pythia QCD dijet 4 & - <seeeeees Pythia QCD dijet -

= S : 1 @ 0.15— -

Ay | <1.2 E S 0.2 Ay | < 1.2 - w UYL Ay | <1.2 B

ml<2 = i : l<2 . C Ml<2 3

1.62 <m <1.98 TeV N 0.15F i 162 <m, < 1.98 TeV . 0.1 162 <m, <1.98 TeV 3

\y >0.45 4 - 60 <m < 110 GeV : - 60 <m < 110 GeV :

£ 0.1 = i \y >0.45 ]

H - - 0.05 —

. 0.05(— 3 - -

""""""" N 0Ei . ol L e e . 1 y
005 01 015 02 025 03 _ 035 0 01 02 03 04 05 06 07 08 09 1 0 20 40 60 80 100 120

m; [TeV] Jet\y Jet ungroomed n



VV->qqqq (ATLAS)

Table 5: Summary of the systematic uncertainties affecting the signal normalisation and their impact on the signal.

Fraction of jets / 5.0 GeV

o

LD B
I>I:

TT

-—

lIIqJ.LL']II]IlllllllllllllllllllllIIII

Source | Uncertainty
Efficiency of the track-multiplicity cut 20.0%
Jet mass scale 5.0%
Jet mass resolution 5.5%
Subjet momentum-balance scale 3.5%
Subjet momentum-balance resolution 2.0%
Parton shower model 5.0%
Parton distribution functions 3.5%
Luminosity 2.8%
SRR 0 0.35 : ey ey 025 e
TLAS Simulation bulk Gz — WW (m, = 1.8 TeV) _E g - ATLAS Simulation EGM W — WZ (m._ = 1.8 TeV) 3 P - ATLAS Simulation EGMW' — WZ (m._ = 1.8 TeV) :
s=8TeV bulk Gog — 2Z (m_=1.8TeV) 3 2 03\s=8Tev " E ;°°:’- o[ \s=8TeV v B
......... Pythia QCD dijet _ 5 0.25 _ seesseese Pythia QCD dijet —f § - <seeseeee Pythia QCD dijet
Ay | < 1.2 E = 025_ 3 S 0150 2
s 3 g 0.2 Ay | <1.2 {1 « N Ay, | < 1.2 ]
mi<2 = n : l<2 . C nl'<2
1.62 <m, <1.98 TeV E VR L] 162 <m; < 1.98 TeV E 0.1 162 <m, <1.98 TeV 3
\y >0.45 H : 60 <m < 110 GeV E C 60 <m < 110 GeV ]
5 0.1 ] r \y >0.45 ]
i : 1 oosf .
i s E ;
....... '.-"":.::-:":.-:'""'""""""“"E 0:. ) Y TR PHRTE NPT WY WP Vi 1T B 0~ L L T [ PP T
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0O 01 02 03 04 05 06 07 08 09 1 0 20 40 60 80 100 120
m; [TeV] Jet\y Jet ungroomed n



Track jet double ratio method

In situ method using track jets in dijet sample: JetMassScaleUncertaintyGuide

o Ratio of calorimeter and track jet mass:

Firack jet — pdata/MC
track jet

d MC
m,data/MC __ mj;ta/ J

o |f detector effects are well modeled in simulation, the ratios in data and MC
should be in decent agreement

o Data/MC comparison:

rm,data
m . track jet
track jet — ,mMC J

track jet

@ The comparison of data and MC as a function of kinematic jet variables
provides an estimation of the calibration uncertainty

@ The jet mass calibration is probed in different kinemetic regions (7, pr)
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Technicolor Models, Heavy Vector Triplet

« Technicolor (TC): effective theories with a new strong force dynamics to provide mechanism for
EWSB

- Composite Higgs state for EWSB, no hierarchy problem

- Explorable at LHC: Minimal Walking Technicolor (MWT)

- Search for narrow resonances in dilepton, diboson final states or WH/ZH associate production
- HVT:

« not sensitive to details of underlying model

- A simplified Lagrangian can be used, limits derived on o x BR can then be translated into any
specific model

&) L@

Theory ———» Lg —— Data

N

« Works for on shell resonances, it doesn’t include off-shell effects!

« Two benchmark models
- Model A —> weakly coupled vector resonances from extension of the gauge group

« Model B —> HVT are produced in a strong scenario e.g. composite higgs model
37
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Heavy vector triplet

* New heavy vector boson triplet V7 (a = 1,2,3) and the simplest Lagrangian

1

Ve [[JVI/] 772‘%/" _Vyayra
__D[F ]D T

Ly = 5

- 2
+igvegVeH D H + %ch#“Jf, “

gv a aNs a a g / a C
+5evvy €abeV AV plryvle 4 grevvuuV,AVF *HTH — 501*’1*’1'1"€abc""'m vay by

where g\ represent the “typical” strenght of V' interactions (“weekly
coupled” gy =~ 1, “strongly coupled” gy =~ 47) and the parameters ¢
(cH, cr, cq, c3) define deviation from “typical” size

* This L is the most general compatible with SM gauge invariance and CP
symmetry for operators of energy dimension < 4

* This is justified if the effect of higher dimensional operators is negligible
(especially for the strong coupling case) and this is the case if £ = v?/f? is
small (EWPT demands ¢ < 0.2)

* Production is mainly Drell-Yan while VBF could be interesting at LHC run-2
for a scenario with suppressed coupling to fermions ...

o1 T T T ) T T T T T —

W W

/' Mcdd A

—

500 1000 1500 2000 2500 3000 3500 4000
M; |GeV)

BRIV®=2X)
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