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» Methodology

» Diboson resonances

» tb and tt resonances

» Dark matter (MET+X)

» Vector-like quarks
» SUSY
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% This talk:
new resonances W', Z’

'Adish Vartak]

Aurelio Juste]

Brian Petersen, Yu Higuchi]

Emphasis on new results, not complete selection
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Disclaimer: focus on simple interpretations in benchmark
models, more complete interpretations possible and available
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qq/gg Resonances
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qq/gg Resonances - A
q
| [UA2, Z. Phys.C 49, 17 (1991)]
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qq/gg Resonances - A
q
[UA2, Z. Phys. C 49, 17 (1991)]
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pp—>X—*WW—jets

/(N

Boost!

Mx ~ 2 Mw
ptWsmall,y =5

aj

4 jet final state

combinatorics, background!
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Boost!

Mx ~ 2 Mw 4 jet final state
ptWsmall,y =5

pp—>X—*WW—jets 1 "Jl> P P

/ W év
A/W $ Mx > 2 Mw Dijet final state

ptVW large, Y » 5

aj

combinatorics, background!
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q
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Jet Substructure

Identification of W/Z/H/¢t & Hadrons

» Collimation depends on pt

2M
AR ~ — (rule of thumb)

pPT

» Ensure high signal efficiency:
Jet distance parameter of

e R = |.0 (ATLAS)
e R =0.8 (CMS)

AR(qq)

| Wy — o )
Percentiles for p, > 20 GeV: i
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W/Z/H Boson-Tagging |

Separation of QCD branching and 2-prong structure

o

1) Jetmass I/, = (Z pz')

jet
Subject to many systematic sources (rad, had, UE, PU...) ‘\\"
.‘%A.
4
oMyg/pu X prR
0.3 —
S - ATLAS Simulation Preliminary 13
corrections through dedicated 3 - Vs=13TeV, WZ — qaqq 15
I ‘thms % 0_25__511_nt|-kt F;=(f1.01e0tso,5InIR<2.002) — g
Il =  Trimme ot =005, R =0. ]
algo % [ LCW + JES + JMS calibrated i CZ)
» PF+PUPPI (cal, PU, CMS) E o2 07
2 ps 1
» Track-assisted jet mass (cal, ATLAS) @& . 153 ------------------------ o o
o . - o F 1
» Soft-drop (UE/had, CMS) 5§ ¢ 18
LL e _
» Trimming (PU/UE/had, ATLAS) 0.1 —gzzii'::ste;t:la;sas —
E ---------- Combined mass E
|0-15% misidentification at 0.05 535" 1000 1500 2000 2500
70-80% signal efficiency | Truth jet p_ [GeV]
[talk by C. Delitzsch]
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W/Z/H Boson-Tagging 2

2) Substructure

250 < pt <260 GeV 250 < pt <260 GeV [Luke de Oliveira et al.,
65 < Mjec < 95 GeV 65 < Mjec < 95 GeV JHEPOQ7, 069 (2016)]
S [ S I 0 =
o T o 10° %
B | o | R
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3 5 00 9
£ 0 E o 10° O-
3 3
-0.5 -0.5 10°
: [ 10°
' I 107
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Exploit characteristic radiation pattern

» N-subjettiness ratios T2/T| (CMYS) o . .
|-5% misidentification at

» Energy correlation ratios D, (ATLAS) 50-60% s'gnal efﬁciency
- o SI

» Subjet b-tagging for H—bb (ATLAS/CMS)
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QCD multijet efficiency

Top Quark Tagging

[CMS, DP-17-049] (13 TeV)
1
CMS soft drop mass,
. . . " T3, subjet b
Simulation Preliminary 1 [CMS-PAS-IME-15-002]
1000 < p_ < 1400 GeV, | < 1.5
10—1 T - ' /._/ s
TOp vs QCD multuet "/C,,’ - todayas Standal"d
'”'281 E‘g"l)l)b'tag) 1 2-3% misidentification at
-t u . o7 .- .
102 DNN (Particle kinematics) _ 70% Slgnal efﬁaency
— DNN (Particle full) : .
1 A prime example for
{ machine learning
-3 —] .
10 1™ gain from a BDT
gain from a deep
. 4 neural network
1075 0.2 0.4 0.6 0.8 1

Top efficiency (e aiso ATL-PHYS-PUB-2017-004]
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Events

DATA/MC

Top Quark Tagging - Calibration

600CSeliinary 35.9 fb" (13 TeV) - ————
L A R R 1A o 2500 o pata 201542016 ATLAS Preliminary | 2
i ;Data ] 1 = e - %Z?ﬁvp)) ls=13Tev,36.1fb" 1 r—
500 Merged top tt -4 9 ~ - : AR(large jet, b-jet) <1.0 - O
- ) - 0w 2 [ 7 (other) ’ —
' W vergeawi 4 O 2 000 [ Single Top () Jet p_> 350 GeV 10
400 T Bl Merged QB tt a1 S _ [ Single Top (other) SD (&4 = 80%) 1 Z
- I Not merged tt 1 N L - [ W+ets Top tag pass 1
B T 15 1500~ mmm vv, Z+jets, QCD 18
i 1N - Total uncert. 4 =
300 - Single t 1 .o — [ Stat. uncert. 1
- I DY -Jets : 1000/— — tt modelling uncert. _ g
200 B aco - N 1.9
N AK8 PUPPI ] N -
E T4/ T, < 0.54 E N 5
e S S | 1
5 + R + : I
1R g ASPOR TEV SN Ac TSN AR VI R os et R34S
Eaa M# : : 0 -
0.5 :_| cotlb v v v bvv v b v vy b |L e |_: - 05:_1 ---------- Il
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250

Soft drop mass [GeV] Trimmed large-R jet combined mass [GeV]

Shower deconstruction

N-subjettiness based tagger
T32 < 0.54

[D. Soper, M. Spannowsky, PRD 87 054012 (2013)] [ATL-CONF-2014-003]
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Identifying Boosted H—bb

Subjet b tagging (ATLAYS) Double-b tagger (CMS)
Leading track jets with R=0.2 BDT based on track, SV,

inside a large jet with R=1.0 substructure inputs
o [ATL-CONF-201 6-039; CMS Simulation 13 TeV, 2016
._§ ? | | _ | _ | _ _l | | | ? %\ e - Subjet CSVv2, minimum among two subjets 5l ﬁ
S ~ ATLAS Simulation Preliminary ] = . AK8 jet CSVv2 _,.-__‘,.. K<
[ 10° = p, > 1000 GeV, No m* selection 3 > dAgjbilet_ bCSVVZ AR(AKA jot, AKB je)<04 .27 3% 7
© - Double b-tag : é T © ”‘.‘::‘ —
E 10 Asymm. b-tag (70% wp) —- 210 e %
) - — — Single b-tag - E - 5 —
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10° E S =
. e . > 102k S
o e \ — _ - = :a‘o ©
1P T 5 [ ©
E TN 7] E _:. S
N | -U
10 T~ J 50 < m < 200 GeV S
- \\ : 10° =3 1200 <p <1800 GeV | O
63T 0 0 06 07 08 09 0 02 04 06 08 12—
Higgs-jet efficiency Tagging efficiency (H—bb)
Discrimination against boosted Improvement at high pr,
t— bW with double b-tag discrimination against g—bb

[talk by ]. Dolen]
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Boosted H—bb Candidate

[CMS, DP-17-032]
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/ - /2/ 0 2 D) A 6
CMS Experlment at LHC, CERN \

Data recorded: FriAug 5 02:45:18 2016 CEST

Run/Event: 278239/ 427634
Lumi section: 287
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Double-b Tagger at Work

% Jet | q
; | Jet 2 q 0 Jet 2

Q)

- et 1 > gooor LT T T T g =
S 4800 o - CMS 450 <p_<1000 GeV -~ W - 9
Q . UA2 N~ 7000 double-b tagger Z —H »n
“% 4400 ) B - passing region ::;:;[\t/lultijet . ;
= 4000 W/Z PrOdUCtlon qc_) 6000:_ & Total background ERLE
= . > nl I H(bb) BN
£ Lol with 4.20 [ 5000 + Data 13
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5 40001 E=
« 3200 C 71 @
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Amusing fact: signal resolution of gl el
, a 40 60 80 100 120 140 160 180 200
~|0 GeV in both measurements Mgy (GeV)
U+| . oY
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Background

Multi-jet background

A curse

» many orders of magnitude
larger than any signal

Evénts / 7 GeV
| S
3

» modelling very difficult, 3000
large uncertainties 2000

and a blessing 1000

» jet mass: opportunity
for dedicated control
and validation regions

Data — multijet — tt
O-Da'(a

» precise predictions from
data possible with in-situ validations

Numerous methods

Estimates

35.9fb" (13 TeV)
T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T —r
CMS 450 <p_<1000 GeV  ---- w
double-b tagger 77 Z,
N ot
passing region Multijet
e Total background
Il H(bb)

¢ Data

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
[(8107) 708120 ‘071 T4d ‘SWDI

IIII|IIII|IIII|III| V,"II|IIII|III |IIII|I

20 60 80 100 120 140 160 180 200

mg, (GeV)

» ABCD extrapolations, Ry, decorrelated taggers, transfer factors...
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Diboson Resonances

CMS, /|
. = "
Roman Kogler |5 Searches With Jet Substructure ATLAS 2\

EEEEEEEEEE




Diboson-tagged dijet event, Mj; = 5.0 TeV

M(JJ)=5.0 TeV

o ATLAS
Event: 2054422947

2016-09-01 16:52:46 CEST EXPERIMENT
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VV Resonances (J))

x10° 35.9 fb™ (13 TeV)

Lo T T TT | LI | IIIIIIIIIIII | LI | LI | LU | LI | T 1T 1]
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0
S 10*
2 10°
()]
>
L

Data-Fit

—
o
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—_k
o

S'd'data

o N

Vjet

[CMS, PRD 97, 072006 (2018)’
359 fo” (13 TeV
L T ]

N

(A

CMS | —+— CMS data

= 2 par. background fit

----- G(2 TeV)=WW (o = 0.02 pb)
WW, high-purity

Inl < 2.5, p, >200 GeV

m; > 1050 GeV, IAnjjI <1.3

LIIIIIIIl | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII|

1500 2000 5500
Dijet invariant mass (GeV)
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New 80for! VV Resonances (]))

Improved jet substructure resolution

with tracking information (TCCs):
50% improvement at high pr

Optimal S/B with pt dependent
mass and D> selections

>104"|'"'|""|""|""|""|""|""|
©  10° ATLAS Preliminary ¢ Data
- Vs=13TeV, 79.8 fb — Fit
e --- Fit + HVT model A m=2.0 TeV
*UE) -.- Fit + HVT model A m=3.5 TeV
2
L .
T R i

1 _1 \\

0 WW+WZ SR

1072 &= ¥¥/DOF = 4.5[7

10_3 | | | | T | | I R S A |

Significance

[talk by ]. Love]

a(pp — V) x B(V’ = WW+W2) [fb]

Vjet

[ATLAS-CONF-2018-016]

——— Observed 95% CL upper limit
------- Expected 95% CL upper limit
[ Expected limit =+ 1o
[ ] Expected limit + 20
- --- HVT model A, gv=1
—— HVT model B, 9, = 3

—
o
N

= ATLAS Preliminary
s=13TeV, 79.8 fb’

—h
o
w
BRI

—h
o
N
AR

—
o
T

~
SE:
~
~
bl

—

-
~
-

--.___...

107"

10—2IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
1.5 2 2.5 3 3.5 4 4.5 )
m(V’) [TeV]

50% improvement w.r.t. expected

sensitivity based on 2016 data!
Extension to 4- and 5-prongs: [CMS, arXiv:1806.01058]
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VW Resonances (L))

> € P

P
Simultaneous fit to jet mass and resonance mass spectra:

—

P(X — WV) — P(mjet,mwv\mx,é’)

non-
resonant

SM bkgd: resonant non-resonant

35.9fb" (13 TeV 35.9fb™ (13 TeV

~
~

> TTTTTTT rrrrTrTrr T e TTTT [rrrrrrrTrT T T TT T T [rrrrrprTr T T
8 600 CMS muon, high-purity CMS muon, high-purity 3
o~ { Data { Data .
; 500 I W+Vit [ ] W+ets 7
= [ | W+jets I W+Vit E
G>J 400 ’ Bkg. shape unc. 7 Bkg.shapeunc. 1
LI e 1 — G, (2 TeV)=WW —— Gy (2 TeV)»WW 7
% - — W'2TeV)>WZ — W'(2TeV)>WZ 3

(o x B=0.5 pb) (o x B =0.05 pb)

L H
hi N 1
| I
1 1 1 1
T T m
Jomds PAL) S QL) TITJ T i el Vst L L LT
9 TeTITLE TR I m 1 i HHH it i it i i

o | | ki il . 5
1000 1500 2000 2500 3000 3500 4000 4500

My (GeV)

Data/fit

Data/fit

20 60 80 100 1 740 160 180 200
mjet (GeV)

Signal: resonant in mjec and mwy

Vj et "/j C

[CMS, JHEP 05, 088 (2018)]

[see also ATLAS, JHEP 03,042 (2018)]
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https://arxiv.org/abs/1710.07235

VH Resonances 8

WZ /
p >« p
Analysis in 6 categories: H
H.
(vvbb, £vbb, £2bb) x (resolved H, merged H) '
Very different background compositions in each
category, relies on modelling of SM backgrounds [ATLAS, JHEP 03, 174 (2018)]
> T ' ' oL S I I I L I R I UL
S 10°k ATLAS ; :'a;?r Y MV x 10 = ATLAS 95% CL limit ]
2 F (s=13TeV,36.1 b 4 single top U . Observed (CLs) -
L%J 10 if,:_, > 1ala;g;-: ij:ets =;V-:g:)b;)bc,ct;) |_.8“ 15, \s =13 TeV, 36.1 fb — — Expected (CLs) _E
O sGevem <usGey  EAZelble),zs i [0 Expected st °
o, . [ ] Expected =20 i
=107 E =13
S ---- HVT Model A, g =1 -
A B —— HVT Model B, gv=3 i
51 2 = =
70 - -
g T .
100 7
Q 1' 10—4_||||||||||IIII|IIII|IIII|IIII|II~I~I~LI II|IIII_
Z 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
g 05k my, [GeV]
© 300 400 1000 2000 3000 GeV
My [GEV] [see also CMS-PAS-17-004]
@S, ]
Roman Kogler 20 Searches With Jet Substructure ATLAS o




Diboson Summary

L W’

10 Moriond 2018 35.9 b (13 TeV)
E HVT model B _ZHezqz‘c (BZG_‘I?_OOG) E g 10 T | T T 11 | T T 11 | T T 11 | T T 171 | T T 11 | LI | T T 11 | T T 11 | LI | I;
- 95% CL upper limits — ZH—2q2b (B2G-17-002) -+ = ATLAS Preliminary 95% C.L. exclusion limits J
~ — Observed ZH—21/2v2b (B2G-17-004) g \s=13 TeV, 36.1 fb =
1 & -.--Median expected — WW—4q (B2G-17-001) 3 s (H)\é;rem%%e' Bg=38 —
- WW-—2qlv (B2G-16-029) 1 | EWl\c-. oo Expected 3
— . 1 = FW\ 4999 .
2 I 1 2 W I ’
'9‘_\0 1 0_1 g_ <o) _§ E 107" = \‘,‘\ . *e V(\:I/gq =
S AL NI 1 L F B ]
B ARG e — Qo - 7
10—2 E_ S\ e\l @) 10—2 E_ _E
- e —— - e -
. CMS N, i [ i ]
1073 = Preliminary < 10— ] |
:| RN R N N U TN N T T T A TN T T N N N T A D S N M RN |: |:| Lo oo v v bv v I ‘ . i ™o oo b | |:|
1 1.5 2 2.5 3 3.5 4 4.5 0.5 1 1.5 2 2.5 |

m,. [TeV] e V]

Complementary search channels, new 80 fb-! result

important to look at all of them! —— T
UH s, |
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HH — 4b

Resonant (BSM) and non-resonant (SM and BSM) P ,

» combination of resolved and fully-merged

» 3 orthogonal signal categories,

based on N(b-jets)

> [T T | T T T | T T T | T T T T | T T T T T—]
o _ —
S 0.35 ~ ATLAS Simulation —e— 2b-tagged track-jets E
S UL Gy kM =1,Vs=13TeV —a i E-tagge: tracllz-jets =
= - Boosted —*— 4 b-tagged track-jets ]
w 0.3 - —¥— All of above ]
x — ]
(] C .
o - —
Q 0.25 n .
3 = ]
Q - ]
o 0.2 =
o _ —
O C .
< 0.15F E
0.1+ E
0.05— -

0 K _

Non-resonant production larger

than 13 x SM excluded @ 95% CL

[see also CMS, PLB 781,244 (2018),
CMS-PAS-HIG-17-009]

Hjet

[ATLAS, arXiv:1804.06 | 74]

2 - ATLAS 4 b 3
— 3| Vs=13TeV, 36.1fb" [ ] Multijet =
A 10 = Boosted Signal Region, 3-tag ] ﬁu J =
S , T Scalar (2 TeV) -
= 10°g - -~ G (2 TeV kMy=1) x 30 3
£ s N\ Stat+Syst Uncertainties
) _ - =
S 10k =
L - ]
b =- K -
E % -1 i N \ §
10" § R N
5 15— : IT Ih R
2 e \‘k ij N \\ \\*
T AR NN \
= o0st k | v [1' NN
= ~0 0.5 1 1.5 2 2.5 3 3.5
< m,, [TeV]

Boosted analysis extends mass range

Roman Kogler
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NEW HH — 4b N A

So far uncovered: semi-resolved

» resolved + merged final state

» orthogonal to fully-merged analysis [cMs,PLB 781,244 (2018)]

35.9 b (13 TeV)
= ' | ' ' ! ' | ' ' ' I
5 eoL vl 0.0-1.0 E
> - CMS -
= - —+— Data _
S  50H Preliminary Estimated background i
AT . 777 Background stat. uncertainty -
tt _
405 ——— Bulk graviton 800 GeV e
- —— Non-resonant Benchmark 2 ]
30 o(pp — X — HH — bbbb) = 50 fb—
20— + + =
“B A"m’r—iﬁ_ -
O: ' : : e ——y I
| 1 e S — R ]
O 2r N
o r .
sEal o
O
) 1000 1500 2000

bx/_Y
J b
H
p >, € p
’H

Hjet 4b

[CMS-PAS-B2G-17-019]

» improves limits on resonant
production up to 55%

— for radion with m = 0.75 - 1.6 TeV

— above [.6 - 2 TeV: sensitivity from
fully merged analysis
» non-resonant production:
better by factors of 2-3 for
some benchmarks
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NEW YH Resonances

""""" Hjet
F [BA Dobrescu, P| Fox, ] Kearney

z ! EPJC77,704 (2017)]

Y [CMS-PAS-EXO-17-019]
~“Untagged category 35.9 b (13 TeV)
. > s -
[ATLAS, al"XIV. I 805.0 I 908] 8 E CMS Preliminary —e— Data
% 2 | o ' e Data \1025— — Fit function
o 107 Background Fit = 10 3 n F — Signal m=850 GeV
g CoSY aeeeaas my=1TeV (6 B=135fb) 3 -E - Signal m=1 TeV
- RS s My=2 TeV (o B=20 fb) _ O 10 Signal m=1.45 TeV
2 10 ] >  F —— Signal m=2.05 TeV
© C = W F
> — -
Yoo 3
1= -
- 107"
10_1‘_ ATLAS o5 B
= Vs=13TeV,36.11b" : = 10-2E
- qg — X — Hy, Spin(X)=1_ R - L
o I o S VRS ' — 8 e I P TIPS Y AP 1 O IR B
e 2—II ---------------------------------------------------------------------------------------------------- — 1000 1500 2000 2500 3000
S O;f'ﬁ..l_l__l__-J [ k m,, (GeV)
= B N ,
oS ) EE oSO _ - T
cT)2—.|....|....|....|....|.—. S U U SR I A
1 1.5 2 2.5 3 T b 1 1 L
m, [TeV] Rt +]L++ i RAGRRAE
Soo T + ...................................
0 1000 1500 2000 2500 3000
U-l-l oY
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NEW YH Resonances

P E( P
/H
hO
""""" Hjet
F [BA Dobrescu, P| Fox, ] Kearney
Y EPJC77,704 (2017)]
Y [CMS-PAS-EXO-17-019]
Very similar sensitivity up to 1.5 TeV  [ATLAS arXiv:1805.01508]
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tb and tt Resonances
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Shower deconstruction used
for the first time in an analysis

Multi-jet backgrounds: sidebands

Events / 100 GeV

75%
multi-jet
bkgd

W’ = tb ()

Large-R jet top candidate
i oose but no
top-tagged tight top-tagged top-tagged

Small-R jet b-candidate

tight t tag, 2b tags
4 __I T T T | T T T T | T T T T | T T T T | T T T I__
19°E" ATLAS ¢ Data
N _ -1 == multi-jet + W/Z+jets
's =13 TeV, 36.1 fb — allhed &

@D non all-had tt
W\ uncertainty

w pre-fit
===3TeVW

I’IIIIl ] IIIIIII| ] IIIIIII| ] IIIIIII|

N

P
5 ﬁ D
[ATLAS, PLB 781,327 (2018)]
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NEW

Many improvements since last result

» improved PU mitigation, b-tagging

» BDT for W+jet suppression

» CRs to constrain backgrounds

IAyl < 1.0; 2 b tag

36 fb' (13 TeV)

. CMS LN :
Preliminary e -
...... Z' 4.0 TeV, 1% width ]

2 t tags, 2b tags _

2
C
> 10°
- :
103§
107 ¢
25% /
muIti-jet1o_1 :
bkgd 45
— 2—
> o
2
4

3

.

Z — tt (LL,L),)))

|0-40% )
] jet
Improvement
[CMS-PAS-17-017]
36 b (13 TeV)
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;.-104 E CMS -------- Expected
:’F 5 = Preliminary [ ] +=10Exp.
%10 E [ ] =2 0o Exp.
x ——— Z'1% Width (NLO)
10 3 Combination (0 + 11 + 21)
S 10
E
-l = M
3 3.8 TeV exclusion
<>\u,‘:10‘1§F
10'2;?
10_3% ' [ 1

2 3 4 5
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[see also ATLAS, arXiv:1804.10823] [talk by M.Aoki]
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THE USUAL

suspicls (narrow resonances)

Dijet bump hunts with jet tagging

Improvements on methods and
reconstruction essential
to achieve ultimate sensitivity

Phase transition in searches:
target large widths, contact
interactions, cascade decays

Exciting times ahead!

Candidate Z jet

Anti-kr R=0.8 jet

pr 1374 GeV
1 0.79
¢ 0.43
sp 94.8
21 0.29
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Additional Material
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New 80fb"! VV Resonances (}))

\'A% tagger: mass cuts

\'A% tagger: Dz cuts

EEEEEEEEEE
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New 80fb! VV Resonances (}))

Vjet

WV tagger: signal efficiency measurement of D> cut
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ATLAS Preliminary
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[ATLAS-CONF-2018-016]
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New 80for! VV Resonances (]))

Vjet

Validating the background model
[ATLAS-CONF-2018-016]
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EW

HH — 4b

Background estimation through Rp/s
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