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LHC performance impressive

Run 1 : 5 fb-1 delivered @ 7 TeV in 2011, and 20 fb-' @ 8 TeV in 2012
Run 2 @ 13 TeV started in 2015 with 3 fb-1, and already > 40 fb-1 this year

Tracey Berry, RHUL, 28th October 2016, HEFT, Copenhagen
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2015 Atlas event with
17 reconstructed vertices
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high number of collisions per crossing
(despite switch to 25 ns for run 2)

Challenge for Jets (energy scale,

resolution) and Missing Et

Simulated in MC

Tracey Berry, RHUL, 28th October 2016, HEFT, Copenhagen



Overview:
Exotics Diboson Searches
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Reconstruct decay product of resonance X
for a peak on a smooth background.

e Benchmark models
e Spin-0 : Heavy scalars in extended Higgs sector
e Spin-1 : Extended gauge models

W’, Z'in SSM/ Heavy Vector Triplet models:

e Model A : stronger constraints from leptonic searches
e Model B : enhanced couplings to dibosons

e Spin-2 : Randall-Sundrum Gravitons (RS G)

Events
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Excitement from Run-1 searches in AT | COVAL
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VV— JJ channels 0900
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Reminder of Run 1 excesses in diboson searches

e ATLAS : 2.50 excess (MV'= 2 TeV) for fully hadronic W' = WZ [arXiv:1506.00962]

e significance decreases in combination with semileptonic channels [arXiv:1512.05099]
e CMS : 1.90 excess (MV'=1.8 TeV) for W' = WH — Ivbb [arXiv:1601.0643]

e ATLAS : no excess in W' = WH — Ivbb [arXiv:1503.08089]

e Less sensitive to high mass resonances with resolved jet analysis

e For Run 2: Use boosted jet selection (large-R jets)

10y v "

. - - — - T
Cl - Data 5 C
L ATLAS  Backasund ods | ATLAS EGM W', ¢ = 1, Leading Order
= -0Te¥. 030 v ]02»_
S 0 15 ToVEGMW, ¢« 1 , - s=8TeV — — Ex
oA nad ! pecied Upper Limit
- 20TeVEGMW, ¢« 1 { - Ldtw203f0"'
Qg ‘ Yu}l Lf'.v ﬂ cel l ——t—  Observed Upper Limit
5 10 Spvicance (sta) ‘ ‘O - -
. B Sipvicance (st « syst) ! - to
W2 Seloc ton ' +2 0

Channels Combined: IvIT + ¥gq « Ivqq « WJ

107"

TITmE T T

102

olpp — W) x BR(IW — WZ) [pb]

L IY"{

103

Sgrelcance
- DN

500 1000 1500 2000 2500
m, [TeV) m,, [GeV]



Di-boson FinalStates HOLLOWAY

Diboson searches in this talk: many final states
e VV — gqqq

o VV — vwqq, Ivqq, llqq

e VH — vvbb, Ivbb, lIbb

e HH — bbbb

® vy

>
Boosted jets: Increasing transverse momentum

Wide range of boson py’s leading to distinct topologies for their hadronic decays:

Resolved: 2 small R jets (jj) for boson prup to a few hundred GeV
= Boosted: single large R jets (J) for higher boson p;

(Notation: “}” for akt4 jets, “J” for akt10 jets)

Tracey Berry, RHUL, 28th October 2016, HEFT, Copenhagen



Jet Cleaning
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Get rid of softer
components in a jet
from UE or pileup and
leave constituents from
the hard scatter behind

CMS

Better mass

resolution expected
after grooming

Specially important in
high pileup
environment

Initsal jet

“Trimming” http://arxiv.org/abs/0912.1342
(D. Krohn, J. Thaler, L. Wang)

* uses k; algorithm to create subjets of size Rgy, from the constituents of the large-R jet:
any subijets failing pyi / pr < f: are removed

-
’ < .

," ‘f, N
K, R=R ,l'\ ® O Tuned parameters:
— Q| — fout and Reyp
!\‘ ./ ",'
Initial jet . p‘,:';;';‘ < fou Trimmed jet

W ,‘ “Pruning” http://arxiv.org/abs/0912.0033 (S. Ellis, C. Vermilion, J. Walsh)

» Recombine jet constituents with C/A or kt while vetoing wide angle (Rgy) and softer (Zey)
constituents. Does not recreate subjets but prunes at each point in jet reconstruction
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Event Selection

HOLLOWAY

* Grooming: to minimize impact of energy
deposits from pile-up interactions

— ATLAS mainly uses “Trimming” (arXiv:0912.1342): | |
re-cluster with k, R=0.2 and remove sub-jets with
p;\lf'h-’c' /py < 0.05
 W/Z boson tagging: :amervs-pus-2015:033 G
— m, consistent with my,/m, within+15GeV G (@) veme =@ '“;1';_‘

W and Z windows overlap

— Sub-structure consistent with two-prong decay
* Most popular variable: D 2(6=1) (arXiv: 1409.6298, 1507.03018)

« Typical WP: e=50%, QCD rejection factor ~50

. nggs boson (b-) tagglngi ATL-CONF-2016-039
— Match to anti-k, R=0.2, b-tagged track-jets

Tracey Berry, RHUL, 28th October 2016, HEFT, Copenhagen



Large-R Jets - Boson Tagging

EPIC 76(3), 1-47

CMS PASIME-14-002

ATLAS CMS } ( M/S
- Anti-krR = 1.0jets - Anti-krR=0.8 !
, _ | a—
* Grooming: * Grooming:
= Trimming, re-cluster with kt Rgup=0.2 =  Pruning, re-cluster with CA
and remove sub-jets with fo,: < 0.05 algorithm, Reut < 0.5, Zeut>0.1
*  W/Z boson tagging: *  W/Z boson tagging:
" mjconsistent with my, mzwithin = 65 <my<105GeV, pruned mass
+15 GeV =  Substructure variable tn
=  Gubstructure variable D, consistent with two prong decay
consistent with two prong decay = High and Low purity (HF LP)
= High and Low purity (IB—IP LP) categories based on T
categories based on D> - Higgs boson tagging:
* Higgs boson tagging: = 110 < m; < 135 GeV, pruned
=  Match to anti-kr R=0.2 b-tagged mass
track jets b-tag pruned subjets
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CMS

P X — VV — vvqgq, lvgq, llgq

VV — vvqq, lvqq, llqq : selection

Can be:

One large-R (R = 1.0) anti-kt jet (groomed)

pT > 200 GeV
W/Z boson tagged

« 50% efficiency working point

* QCD rejection factor of 40-70 per jet

Three lepton channels -

0 lepton channel
veto on leptons
E,m™s= > 250 GeV
. ET"‘“. py™es, jet
anqgular cuts

b-jet veto

Bkgs: V+jets, tt, Diboson

I\WN, ZZ

1 lepton channel
exactly 1 lepton
E,™ss > 100 GeV

p'Y>04m,,
b-jet veto

Bkgs: W+jet, tt, Diboson
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One V decays hadronically
— Reconstructed as large-R jet, boson
tagged, p,T >200 GeV

Other V decays leptonically (either O, 1,
or 2 charged leptons).

2 lepton channel
exactly 2 leptons
p{""v>04m,,

b-jet veto

» Bkgs: Z+jets, Diboson
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h

P _P'-'.‘_D
sz

d

[l

WW, WZ WW, ZW, 27

Tracey Berry, RHUL, 28t October 2016, HEFT, Copenhagen
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. Look into a Z boson leptonic (ee, u u ) decay in association with a
hadronic vector boson (W,Z)

Dominant background: Z+jets. Contributions from diboson, top processes

CMS: Latest public results with ATLAS: 13 TeV,13.2 fb! results
13 TeV, 2.7 tb-1, boosted and Analysis includes both resolved and boosted regime,
resolved regime looking for new resonances from 500 - 5000 GeV
CMSPAS B2G-16-010 ATLAS-CONF-2016-082 ATLAS-CONF-2016-082
271" (13 TeV) 2w v ' - e
; CMS electron channel high purity g . 43’{‘?:‘:"-:"‘:-!:: ‘5 :.:-.‘7‘""“5" g ATL‘S P:Nunn&vy —o— Observed (CLs)
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HOLLOWAY

ATLAS-CONF-2016-062

Look into a W boson leptonic (e, u ) decay in 3wl T T b i
o _ ] S 1o ' ATLAS Preliminary - Wejets :
association with a hadronic vector boson (W,2) S o FouTvam ) Singie+ :
% 10° . V¥Z Signal Region (HP) s (ZJO:;OP.» 1
. . . 107 3 R ; Post-fit uncertanty
Backgrounds: W+jets, top, diboson, Z+jets 10 BT R 3
' 1
ATLAS 13 TeV,13.2 fb-1results , boosted regime o 3
10°* H Y
CMS Latest public results with 13 TeV, o No e’éc_esg , 5..... Ll o 3
. rv N e SRS OSSN TR ., :
2.2 fb-1, boosted regime OO\S/:r pere dicteada " S
CMS PAS EXO 15- 002 v 22 fb"'(13Tcy background 500 1000 1500 2000 2500 3000 3500 kbb’g’\k:qc[fg;ﬁoo
- CMS . CMS Dstapy [ ATLAS CONF- 2016 062
g Pmmry -WMZ -l! :8—. T R e -
e 10° ’ WZ D mUPMMy ‘: - ATLAS Preliminary o— Observed 95% CL upper imit
> 107 W'M,'Z' Tev g 10 K {s=13TeV, 132" Expoctod 95% CL upper limat
0 High-Purity, WZ enriched 1 'S - Expecied it (£ 10)
10 )
§ ® oY 0 ......... 3 1, 1 Expoctod it (£ 20)
- 1 ‘ ‘:’."1\ . ¢ T O(pp —» Ws WZ) HVT Model A, g_=!
10" : bt % 10 1t o(pp —+ W+ WZ) HVT Model B, g_»3
107 7 '.". -,f.:..35 ;i 102
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20k T S "hata 201518 3

(89 10._? ATLAS Preliminary -I :,iv.,ets '1!

© W Iv: Er> 100 GeV, pr(lv) >200 GeV ~ jwp oo™ =i
£ - Zsjets

- . - B ™. U S rmozotev

 V—qq with large-R jet boson-tagging > - ' ]

— large-R jet with pT>200GeV o : !

— High/low purity regions (wrt. D (=1 _cut) g" -

: . . R \:!

g " f:,,.. NS NannnRMB BTIThDnnn

< 05} 3

* Dominant bkgs: W+jets and ttbar 500700 TS50 2000 2650 3005 3500 4000 4500 5000

No excess observed in data over ™ ¥
— Estimated using control regions in data, ~_predicted background

which are included in the combined fit
« W+jets CR: m; sidebands
« Top CR: at least one b-tagged akt4 jet

ATLAS Preliminary - Obsorvec 4 95% CL upper st
s =13TeV, 132 0" Expacted 95% CL upper ma

- Expocied imt (£ W)

\ Expoctod lime (+ 20)
Olpp ~» W-s WZ) HVT Model A, g_»!
\ Olpp —» W+ WZ) HVT Model B, g »3

alpp = W' = W2) [pb)

o Discriminant: transverse mass my;

500 1000 1500 2000 2500 3000 3500 4000 450
mW") [GeV]
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Look into a Z boson
invisible ("") decayin
association with a
hadronic vector boson

(W2)
ATLAS
13 TeV,13.2 fb-1results

Boosted regime

CMS

Latest public results

in diboson context
with 7 TeV,5 fb-1

X—Z\V— vvqQq

_ATLAS-CONF-2016-082

-
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_ATLAS-CONF-2016-082
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» Slight excess @~2TeV in Run-1result... 2 | eaei, e .

i e Wuswwe ATL-CONF-2016-055

. _ . . . 'OCOE L TS ] “! ATLAS Probniry o (g 20162018 ‘

* Run-2 analysis has similar kinematic selection= A PR T

. . 6:0; ' W o Flow sah over {

but uses trimmed akt10 jets o :

— Two very high jets: py>450/200GeV = o I

1 3=1 § 3 . W

— Standard boson tagging (D,8=1) § : ™

— Number of tracks in a jet <30 ‘ sostenan

* ~30% improvement in sensitivity B
 Multijet bkg dominant (others negligible) T )
— Data-driven estimate, modeled with - B 288 (13 Tov)

L3 cms * CMS Data 3

d Ir+ED3 D3 - o ace Pty — 27 + WW (MADGRAFH :

d_'l” = pi(l - X)PTHEFs b X = ’"jj/\/s § . z:_‘:v:: . ZZIMADGRAPHY :

- - WA (2 TeV) —+ WEZ (MADGRAPHY)

. . . £ 400 c PYTHIAS 9

— Tested in several control regions in data, e.g. s | - :
. : : : D o0 CMS PASEXO-15-002 -

» Both jets in boson mass sidebands (low, high, mixed) I ~

* Only one of the two jets satisfies boson-tagging cuts s E

100 _. - ) —

= CMS 13 TeV, 2.6 fb-1 A ——
: : - 82 ¢ e
Same jet algorithm, grooming and substructure | P e s s s oo
- Pruned mass [GeV]

selection as Run-1 analysis
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ATLAS-CONF-2016-055 CMS PASEXO-15-002
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@ CMS
I - Summary of Latest VVSearches <o LR

ICHEP2016 results -superimposed (notcombined) J arXiv:1606.0483
& . ATLAS Preliminary 95% C.L. exclusion limits - 5 f TR O i
g j “Ys=13TeV, 13.2-15.5 fo '« HVT model A 91 (‘g 10° r - c.-::ea CL:I-:'m'l ------ Ex;x:wd CL.‘Inlrral 1
T 1 - ereimas (E)xpgct:: S E B Expocted + o
| h . qqqq g 10§ ) Expecied * 20 4
= k vqq € E
E llqq £ A
T10" _ '_ - vvaq g |
1 WYL >
WA ~\! - 1} ATLAS
8 \;\ " Dt E HVT, Model A, g =1
© K&\\ & 500 1000 1500 2000 2500 3000
m,, [GeV]
arXiv:1606.04833
g’ 10"“§— V5-8 :Te‘l. 203"’ E=13Tev, 321" _:
% E — Observed CL, limit —— Qbserved CL limit 3
Comparison between VV combination in Run-1 g T e 1
(ZJ 107 Expected + 20 1
(8 TeV,20.3 fb-1) and Run-2 winter (13 TeV, 3.2 fb-1) = 5} — :
o : 3 10k ;
At m = 2 TeV, even with just the winter dataset, the £ ° :
. e . = ATLAS 3
analysis had more sensitivity than the Run-1 S o= Bulk-RS, G*— WWI/ZZ, c=1.0
@ 500 1000 1500 2000 2500 3000
dataset
m,. [GeV]

Tracey Berry, RHUL, 28th October 2016, HEFT, Copenhagen
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. . iV Phys. Lett. B 748 (2015) 255
Exotic VH searches in the N arxiv:1607.05621 __ . Y CHIrE
3 : . i £ —
context of Heavy Vector -l B A St T
. . - . Wejots
Triplet models : o 1 §n; W (VeZorW)
v s
Complementary to the VV searches 1 : ’wm‘:,::m
1
Both collaborations looking into ;
boosted topologies, with merged je{s f—-f*l i LB o~ 30 g
B — My (GeV)
™G0V CMS-PAS-B2G-16-003
arXiv:1607.05621 | -
ATLAS 2 W —r— 3 pEet—— Lus
VH— #/bh Avbb,vvbb channels S ' g’ -.VZQVS;L
w -;'."‘ b e — r-‘:n:oc l:n'
13 TeV,3.2 fb-l S ] oy
CMS !
VH— #bb Abb, vvbb channels ) T T Ve ! NS e
with 13 TeV,2.17-2.52 fb ) s |
(=] )0 ’-‘rn”. lGov‘-] 1000 50 P SN0 e .\;':'.' o ;T‘J

VH— qqbb, £vbb channels with 8 TeV, 19.7, 9 fb-1



*1 boson tagged large-R jet, one Higgs tagged large-R jet

*Data-driven multijet bkg estimation from 0-b-tag sample

*ATLAS: 13 TeV,13.3 fb-1 ,

ATLAS-CONF-2016-083

- P -Q

g e ATLAS Preliminary * data 1

= OH Gatev n3m' ... HVT Model A Z" (2 TeV) x 50

'E;, 10» Multijet E

“ UEEe . B other Backgrounds 1

L

10 1
107 5
10 1'%
107 .

L SO T4 ki

3 05 'Y I { A |

S L) 2000 3000

Complementary to semi-leptonic VH searches
Benefits from W,Z — qq high BR (67%, 70%)
-Competitive at high mx, where multi-jet background diminishes

-

CMS: latest results with Run-1

JHEP 02 (2016) 145 19.7 fb ' (8 TeV)

- CMS

K

< Data

— Background fit

== W — HW (1.0, 1.5 2.0 TeV)
----- Z' - HZ (1.0, 1.5, 2.0 TeV)

< Events / GeV >
)

-4
=]
-
-

Data-Fit

s I A 25
Dijet invariant mass m; (TeV)
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Look into VH, H—=WW?™ fully hadronic decays

First application of jet substructure techniques to identify

H—WW*—qqqq decays at high Lorentz boost
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. ATLAS results

= 13 TeV,13.3 fb-"
gqbb only

. CMS results
= Run-1 combination
of qgbb and qqqq

No significant excess
above expectations
found
= biggest fluctuation
at 1.6 TeV in ATLAS

W’'—qqgbb channel

........................
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Summary of Latest VH Searches HOLLOWAY

. A” USing HVT arXiv:1607.05621
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13 TeV, 2.2-2.6 fb-1
Tracey Berry, RHUL, 28th October 2016, HEFT, Copenhagen
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HH — bbbb

HOLLOWAY
ATLAS: CMS:
= 13 TeV, 13.3 fb-1 = 8 TeV, 19.7 fb-1
= Excludes bulk RS gravitons = Excludes radions (A =1 TeV) below 1.6 TeV
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Resolved analysis also sets world’s best limit
on non-resonant HH production:

o(pp — hh — bbbb) < 330 fb

(~30x the SM cross section)
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TGC and ISR/FSR contribute
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Diphoton Search o

Simultaneous search for spin-0 and spin-2 resonances:
- spin-0 (extended Higgs sector) - 200 GeV - 2 TeV and widths up to 10% of
hypothesised my (I"/my < 0.1)

- spin-2 (Randall-Sundrum model with graviton excitation G* and dimensionless

coupling k/Mg,) - 500 GeV - 5 TeV and k/Mg, ranging from 0.01 to 0.3

ATLAS Simple selection:

1. Diphoton trigger (35/25 GeV Etthresholds)

2. Two well identified and isolated photons with |n|<2.37 (excl. crack region):
1. ET> 55 GeV for spin-2

2. Er> 0.4(0.3)*myy for spin-0 leading (subleading) y

3. tight calorimeter and track isolation criteria

3. Primary vertex selected using NN based on photon pointing

Tracey Berry, RHUL, 28th October 2016, HEFT, Copenhagen
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I 1 = Summary Jee Foltoway
W2

« LHC is providing high quality data, with impressive integrated luminosity

- No significant excesses observed in diboson searches so far with
13 fb-1 at 13 TeV ,’
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= ATLAS Online Luminosity
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* Lots of the LHC data @ 13 TeV still
to be analysed ... more results
expected soon!
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Vector-like quark pair production
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