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Mx generally > 1 TeV

W/Z/H,W/Z/H

1. Boosted AKS8 jet final states

grooming + substructure, boosted b-tagging

Thea K. Aarrestad 2 Searches for new physics with boosted W, Z and H bosons



Lepton isolation cones
Mx generally > 1 TeV

W/zZ .. W/Z

2. Boosted leptonic final states



Lepton isolation cones
Mx generally > 1 TeV

W/zZ .. W/Z

dedicated methods to handle lepton overlap



7 ID seeding cone

Mx generally > 1 TeV

1. Boosted AK8 jet final states

grooming + substructure,

2. Boosted leptonic final states

dedicated methods to handle lepton overlap

3. Boosted tau final states
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7 ID seeding cone

Mx generally > 1 TeV

1. Boosted AK8 jet final states

grooming + substructure,

2. Boosted leptonic final states

dedicated methods to handle lepton overlap

3. Boosted tau final states

~all of the above!

Thea K. Aarrestad 2 Searches for new physics with boosted W, Z and H bosons



General search strategy

1. Reconstruct hadronically/leptonically ? V/H M V/H ?
decaying bosons ?:><'"" x""'<:?
- Diboson: hadronic, leptonic and semi-
leptonic VV, VH and HH (V= W/Z)
- Single boson: gV, AV
2. Bump hunt in invariant mass spectrum
Disclaimer:
Many more interesting CMS analyses with
Smooth SM background boosted bosons than shown here,
selected a few which highlight boosted
reconstruction

New resonance,
typically narrow

Dijet invariant mass (GeV)



All hadronic final states

X—VV, VH or HH decaying hadronically

The pros:

- Largest branching fraction (good at high
mx where background is low)

- simple and robust: background (QCD)
estimated from fit to data with smoothly
falling function

B l- | T T | T T T | ]
>
O 404 L —+— Data (2823 events) —
107 B
‘é = CMS —— Bkg.fit(2par)  :
A w W mass, high purity, loosebtag =~~~ Bkg. fit (3 par.) _
:/ al™ n']v. = 2000 GeV ]
2 10°E HVT model B (g =3) =
S ~ v =
> — . .
w - DOI:10.1140/epjc/s10052-01/-5192-2 -
10 =
1= $

10—1 T l 35: 1 I I 1
© 4 j j 3
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V/H V/H
€----Mx....p

All hadronic final states

X—VV, VH or HH decaying hadronically

The pros:

- Largest branching fraction (good at high

mx where background is low) 8.9 fb” (13 TeV)

—
N

5‘ - C'MS | DoubIeVJtag | -

- simple and robust: background (QCD) o [ PO < Mg < 105GV -
estimated from fit to data with smoothly = Ir e A T ]
falling function LL I t . ]
L x + _

The cons: 0.6 N
B 23 " —— All triggers ]

- tri 1Mmi i . >99%: m, > 1049 GeV ]
trigger limited (need smoothly falling mj) 0.al o baoed tigoors -
e - ~99%: m, > 1076 GeV -

- % a —A— Substructure triggers B

O 2 __ L >99%: mjj > 1095 GeV __

I ]

ok | | | . |

1000 1500 2000

Dijet invariant mass (GeV)



V/H V/H
€----Mx....p

All hadronic final states

X—VV, VH or HH decaying hadronically

The pros:

- Largest branching fraction (good at high

mx where background is low) |
36 fo'' (13 TeV)

. < rrrprrerpr e e e [rrrrprrr e
- simple and robust: background (QCD) S 10°ky, CMS Dt _
estimated from fit to data with smoothly O ¥ aCD M

falling function 3 10°E m<25 =
- |Anl < 1.3 ]
10t m; > 1246 GeV

The cons: :
10° =

- trigger limited (need smoothly falling mj) B
10 = =

- less sensitive in high-mass tail due to -
10 -

parametric fit
arxiv:1806.00843

- overwhelming multijet background

2000 3000 4000 5000 6000 7000
Dijet mass [GeV]



VS.

Boson reconstruction My

>0 GeV

1. Get rid of pile-up

- PileUp Per Particle Identification (PUPPI) CMS  Simuiation Preliminary 13 Tev
(CMS “default” for AK8 (A._Beneckes talk) ?1 AL 65 GeV <M, < 105 GeV oy 10 pAS A 6003
© [ / 65GeV<Mgy. <105GeV
-fé 1.2 ® 65GeV<MS™ <105 GeV + 1, < 0.45
[ [ * 65GeV<Murr <105GeV +1,=0.4
1 v 65GeV <M, <105 GeV + 10P" < 0.52 &
0.8
0.6+
@
0.4 '
| W-jet, AK R =0.8 / Py
0.2 p,>200 GeVv CHS +
[l =24 GeV
oL | | | |
0 10 20 30 40

Number of PVs
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https://indico.cern.ch/event/649482/contributions/2993204/
https://indico.cern.ch/event/649482/contributions/2993204/

VS.

Boson reconstruction My

>0 GeV

1. Get rid of pile-up

- PileUp Per Particle Identification (PUPPI)
(CMS “default” for AK8 (A. Beneckes talk’

%108 X — VH — qgbb 35.9fb™" (13 TeV)

E B C|{I|S | ¢ Data | | L Il.%ackgrolund | |

o 100— Preliminary —— H(bb), mx=1200 GeV === H(bb), mX=4OOO GeV —

2. Reconstruct mass (smeared by radiation © [ W(qq), m,,=1200 GeV - W(q), m,,=4000 GeV

an d U E) ..g { —— Z(qQ), mZ,=1200 GeV === Z(q9), mZI=4OOO GeV
' L%) 80:_ » W+ Z 1 Higgs

- modified Mass Drop Tagger sol]
(softdrop =0, z=0.1) (C. Suarez talk) :

40

20

-
..~
~
~
~
~

i L P | i (RTI R r ' .
0 20 40 60 80 100 120 14 160 180 2
soft drop jet mass (GeV

00
)

| Orthogonal mass windows
Important for combining results, mass
resolution is key for choice of groomer
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VS.

Boson reconstruction My

>0 GeV

1. Get rid of pile-up

- PileUp Per Particle Identification (PUPPI)
(CMS “default” for AK8 (A. Beneckes talk)

108 X — VH — qgbb 35.9 fb™! (13 TeV)

-'(L) soil T | T T | T T T 1T | T T | T T | : | T T | T T | T I:

S m CMS ¢ Dati Bacljground .

Lﬁ ~  Preliminary —— H(bb), mX=1200 GeV ===-- H(bb), mX=4OOO GeV .

2. Reconstruct mass (smeared by radiation - Wiga), m, =1200 GeV -+ W(ga), m, =4000 GV
- — Z(qQq), mz,=1200 GeV ==--- Z(qq), mZ.=4OOO GeV H

and U.E) 6O . =
- igh purity : low purity _

, s V/H: = QCD:

- modified Mass Drop Tagger ")-prong 1-prong -
(softdrop =0, z=0.1) (C. Suarez talk) *F like E
30 R =

3. Tag by resolving jet substructure 20 E
10— —

- n-subjetiness ratio t21 (C._Suarez talk) i’ 7 e e

0 61 02 03 04 05 06 07 08 09 1
N-subjettiness T,

| Two 721 categories:
high-purity: best S/B
low-purity: high efficiency
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VS.

Boson reconstruction My

>0 GeV

1. Get rid of pile-up

- PileUp Per Particle Identification (PUPPI)

(CMS “default” for AKS (A Beneckes talk) = . x wiogme S50 (13Toy

% 80:— Cl{ns | +| Data | | | — IBackgrolund | —:

Lﬁ E Preliminary —— H(bb), mX=1200 GeV =---- H(bb), mX=4OOO GeV E

2. Reconstruct mass (smeared by radiation " W(ga), m,, =1200 GeV -~~~ W(qa), m, =4000 GeV™
d U E) 60:_ — Z(qQq), mZ,=1200 GeV === Z(qq), mz'=4000 GeV_:
an ’ - high purity 5 low purity ]
. sof- V/H: = QCD: 3

- modified Mass Drop Tagger - 1-prong 2
(softdrop =0, z=0.1) (C. Suarez talk) *F ke
30 —

3. Tag by resolving jet substructure 20 E
10— -

- n-subjetiness ratio 721 (C. Suarez talk)

y 7Y
oy

1 1 —=
||||||||||||||||||||||||||||||||||

N-subjettiness T,

3. After PUPPI + softdrop + 21 | Two 701 cateqories:

high-purity: best S/B
low-purity: high efficiency

- at pt~500 GeV: ~55% es at ~2% es



https://doi.org/10.1007/JHEP10(2014)059
https://indico.cern.ch/event/649482/contributions/2993203/
https://indico.cern.ch/event/649482/contributions/2993204/
https://indico.cern.ch/event/649482/contributions/2993204/

Boson reconstruction

1. Get rid of pile-up

- PileUp Per Particle Identification (PUPPI)

(CMS “default” for AK8 (A_Beneckes talk) .« ns s 35917 (13 TeV)
How does this differ from ATLAS?
2. Reconstruct mass (smeared by radiation (A. Soogards talk)

and U.E)

Track-assisted jet mass (new)

- modified Mass Drop Tagger

D2 energy correlation function ratio
(softdrop =0, z=0.1) (C. Suarez talk)

at pt~500 GeV: ~30% es at ~1% es
3. Tag by resolving jet substructure ATLAS-CONF-2018-016
oCendle™

0 01 02 03 04 05 06 07 O 0.9 1
N-subjettiness T,

- n-subjetiness ratio 721 (C. Suarez talk)

3. After PUPPI + softdrop + 21 | Two 701 cateqories:

high-purity: best S/B
low-purity: high efficiency

- at pt~500 GeV: ~55% es at ~2% es
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https://indico.cern.ch/event/649482/contributions/2993203/
https://indico.cern.ch/event/649482/contributions/2993204/
https://indico.cern.ch/event/649482/contributions/2993204/
https://indico.cern.ch/event/649482/contributions/3007433/
https://cds.cern.ch/record/2621302/files/ATLAS-CONF-2018-016.pdf

Higgs reconstruction

On top of mass and substructure, take

) . : MH __.
advantage of b-tagging. Two methods: 195 GV

Thea K. Aarrestad 6 Searches for new physics with boosted W, Z and H bosons



Higgs reconstruction

On top of mass and substructure, take
advantage of b-tagging. Two methods:

- tag softdrop subjets (R=0.2) with CSV

b-tag

My __.
125 GeV

Thea K. Aarrestad

Searches for new physics with boosted W, Z and H bosons



Higgs reconstruction b-tag

On top of mass and substructure, take

) . : MH __.
advantage of b-tagging. Two methods: 195 GV

- tag softdrop subjets (R=0.2) with CSV

- If boost is high, subjets overlap. Track-
sharing leads to performance drop

MH __.
125 GeV

Thea K. Aarrestad 6 Searches for new physics with boosted W, Z and H bosons



Higgs reconstruction

On top of mass and substructure, take
advantage of b-tagging. Two methods:

- tag softdrop subjets (R=0.2) with CSV

- If boost is high, subjets overlap. Track-
sharing leads to performance drop

- Enter: double-b MVA tagger not relying on
subjets

b-tag

My __.
125 GeV

MH __.
125 GeV

125 GeV

Thea K. Aarrestad §

Searches for new physics with boosted W, Z and H bosons



Higgs reconstruction b-tag

On top of mass and substructure, take
advantage of b-tagging. Two methods: 13 TeV. 2016

. ) :E: E'- - Subjgt CSVv2, minimum among two subjets -
- tag softdrop subjets (R=0.2) with CSV B[ BRI s
E - ===double- SRR >
- If boost is high, subjets overlap. Track- gL b te
sharing leads to performance drop =
- Enter: double-b MVA tagger not relying on T ot BETTER
subjets = J \
3 AKS jet
50 < m < 200 GeV
,' 1200 <p._ < 1800 GeV

Tagging efficiency (H—bb)

125 GeV




Higgs reconstruction b-tag

On top of mass and substructure, take
advantage of b-tagging. Two methods: 13 TeV. 2016

- tag softdrop subjets (R=0.2) with CSV

= - = Subjet CSVv2, minimum among two subjets
- o AK8 jet CSVv2 o’ .
AK4 jet CSVv2, AR(AK4 jet, AK8 jet)<0.4 .«

= —double-tb__t

- If boost is high, subjets overlap. Track-
sharing leads to performance drop

Misid. probability (multijet)

by
.
L9
.
R

- Enter: double-b MVA tagger not relying on
subjets

je
AKS jet
50 <m < 200 GeV

1200 < p. < 1800 GeV

Additional difference: background! £ DS G SO e SR

Tagging efficiency (H—bb)

- if QCD dominant, double-b best
performance

- if tt dominant, subjet b-tagging slightly
better performance (double-b tagger not mu ___
trained agains tt) 125 GeV




Higgs reconstruction

On top of mass and substructure, take
advantage of b-tagging. Two methods:

- tag softdrop subjets (R=0.2) with CSV

- If boost is high, subjets overlap. Track-
sharing leads to performance drop

- Enter: double-b MVA tagger not relying on
subjets

Additional difference: background!

- if QCD dominant, double-b best
performance

- if tt dominant, subjet b-tagging slightly
better performance (double-b tagger not
trained agains tt)

b-tag

How does this differ from ATLAS?
( A. Soogards talk)

Subjet b-tagging on trimmed subjets
(leading track jets) of size R=0.2 within
R=1.0 jet. New: switch to variable R tagging
and dedicated double-b tagger
(S. Gangulys talk)

ATLAS-CONF-2016-039

Tagging efficiency (H—bb)



https://indico.cern.ch/event/649482/contributions/3007433/
https://cds.cern.ch/record/2206038/files/ATLAS-CONF-2016-039.pdf

All-hadronic triggers

Grooming algorithms at HLT lowers m;;
trigger thresholds

- cut on jet trimmed mass (slightly less
aggressive than mMDT used offline)
of 30/50 GeV

Efficiency

- fully efficient at offline softdrop mass
of ~50 GeV

As of 2018, new double-b tag +
trimmed mass trigger further lowering
thresholds!

—
N

—h

0.8

0.6

0.4

0.2

8.9fb' (13 TeV)

I | I I I

= Double V 1[ag -
i CMS 65 < Mgy 12 < 105 GeV ]
Sy . ._._._
e _
s :
B - _
] b o L
R ]
- & T —e— All triggers ]
- >99%: m. > 1049 GeV| ]
- —#— H -based triggers _|
. * >99%: m. > 1076 GeV |
- 2 oa —4— Substructure triggers T
I ! >99%: m; > 1095 GeV |
— ‘ —
[ | | . |

1000 1500 2000

Dijet invariant mass (GeV)



Double-tag

Vv Vv

Single-tag

VV/qV fully-hadronic

B2G-1/-001

Categorisation (10 in total)

- WW/W2Z/ZZ and qW/qZ

- 721 high-purity / low-purity

* |
(LP 20% improvement at high mx) Only g*—qV CMS search!

%10° 35.9 b (13 TeV)
> ™ T T T T I T T T T T T T T I T IC IS T I T T T T I T T T T
) - —— CMS Data 7
¢ 180 — CMS, —— Gg,, (2.0 TeV) - WW (MADGRAPH) -
o — Preliminary .. q* (1.8 TeV) — qW (pythia8) -
s 160 L g* (1.8 TeV) — qZ (pythias) —
o} - —— — Z' (1.8 TeV) - WW (MADGRAPH) ]
— 140 Z' (4.5 TeV) - WW (MADGRAPH) —]
2 - NP B W+jets -
S 120 W i /Z. QCD Pythias ]
— 1 - -4 -- QCD Herwig++ —
Lﬁ 100 — Irnl i%'z’SpT g ?OO Ge}/ : w4 QCD Madgraph+Pythia8 —
M >1080 Gey, lan 1k 13] _.,a'*"".‘."_ e E
80 — 1 1 .;p'&‘ Ve —
— 1 1 f e —
= e e —
60 = 1 ﬁ* 1 :.'_i. _]
:I: 1 |"F 1 I"ll_:;_, _]
40 &~ R "o, =
= S ey -
20 5~ =B tae —
E ST ad R -
"_'..,.“.EI.._L — [ PR S P S
©
m|g

0 o 55 300
PUPPI + softdrop mass (GeV)


http://dx.doi.org/10.1103/PhysRevD.97.072006

VV/qV fully-hadronic

B2G-1/-001

Categorisation (10 in total)
- WW/WZ/ZZ and gW/qZ
- 721 high-purity / low-purity
(LP 20% improvement at high my)

W-tag efficiency scalefactors, jet mass
scale+res. estimated in tt (~200 GeV)

- pr-dependence is difference in
tagging efficiency in HERWIG++ and
Pythia8 signal MC

CMS Preliminary

35.8 ' (13 TeV)

2 [ Puppit21<0.35
5 "°°F CMS DP-2017/026, i

PE ewiagfrom

soofGaussian compy

- of total fit

400 —

soof—

2003—

1003—

[l Diboson

Bl WJets
[ ]SingleT
B tt

e data
— fignadata
- fsignallvIC

fbackgrouncf:Iata

o fbackgrounc,\/IC
- ftOt data

_- ftOt MC

ttttt

100 110 12 130
Puppi SD mass [GeV]

0.2—

T,, Uncertainty

0.1

ASW—tag(HW++, P8)

— HP
—LP

Il Il I Il Il Il
500
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1000
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http://dx.doi.org/10.1103/PhysRevD.97.072006

VV/qV fully-hadronic

B2G-17-001 1

S

Categorisation (10 in total) S0
£10°

- WW/WZ/Z7Z and gW/qZ u“>j102

- 721 high-purity / low-purity 10
(LP 20% improvement at high mx) 1

3591 (13 Te
CMS  —+cusdaa
= 2 par. background fit
----- G(2 TeV)=WW (o = 0.02 pb)
WW, high-purity
nl < 2.5, p, > 200 GeV
m; > 1050 GeV, IAnjjI <13

IIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| L 11N~

Hllllll T IIIIIII| T IIIIIII| TTT

m

0}10.1103/PhysReiD 97,072406

i g2

W-tag efficiency scalefactors, jet mass T T, o . S S RS
. .= o Y A S S ’

scaletres. estimated in tt (~200 GeV) : 7560 200 7500
Dijet invariant mass (GeV)
- pT-de.penden.ce S d|fference in v 3 106?6"\',"5""-'-;;C;“-A-é;;t;-'----'----'-'-§
tagging efficiency in HERWIG++ and Or‘i 10 > B 5 par background it 3
- : arameters |- ,s, * -~ - _
Pythia8 signal MC P ~ 10°8 i Tev)realt fo = 0.01p0) 5
@ E W, high-puri 3
neided é 104:5 :]I 52.3, p$>2tgo GeV 3
W. en Yok m; > 1050 GeV, IAn|=1.3 ]
Background fit with parametric function ?rt]itr':;?: 3 ]
in signal region (weakness: large o ?
. . . 2 =
uncertainty in tail of spectrum) £ i :
D01:10.1103/PhysReyD,97,472006, g
ol I R .
K T AP R P——
Ql -2 . | | ]

2000 3000 4000 5000

Dijet invariant mass (GeV)


http://dx.doi.org/10.1103/PhysRevD.97.072006

Fully-merged

HH fully hadronic

B2G-1/-019, B2G-16-026

Two complementary searches

- fully-merged: tag two AK8 with double-b

- partially-merged: tag one AK8 with double-
b, tag two AK4 with CSV

35.9 fb' (13 TeV)
Background shape 5 eof oyg  AM00-10° =
: R %) - —+— D -
Background normalisation: 2 o Preliminary e ated background 3
L1>J Eackground stat. uncertainty .
. . 40 Bulk graviton 800 GeV =
Addlng pafthlly—merged result 20F- e o e 2 50 13
improves limits by up to 55% ! : :
20_— ]
10 =
O: . | == = == =8 . . o ! | =
<l PR SO oA
g £ e —

Qle 1000 1500 2000
A o [GeV]

8-10% improvement on HH mass resolution


http://cds.cern.ch/record/2621541?ln=en
https://doi.org/10.1016/j.physletb.2018.03.084

»
>

e AT
HH fully hadronic H| IS
82 G_7 7_07 9 BQG_7 6_026 = Conversion factor) Conversion factor)
A
Two complementary searches < --------- =S
- fully-merged: tag two AK8 with double-b soromo |
(used to extract i J/ANTITAG REGION (used to extract
Conversion factor) Conversion factor)
- partially-merged: tag one AK8 with double- |
b, tag two AK4 with CSV " v A J

J

\

jet mass

N

N
/ mass window requirement 35 O fb'1 (1 3 TeV
L

Background shape 5 eol CMS lAnl 0.0-1.0° E
Background normalisation: £ ol Prelimifary —— Eetmated background E
LI>J 4 (7727] Background stat. uncertainty E
it ]
40r — Bulk graviton 800 GeV 3
Adding partially-merged result “oF I Al
improves limits by up to 55% ! : :
20_— ]
3 :
O: i 1 = — == S8 I . o . | =
ol,: ST OSEST ]
SIS -
g £ e — ]

Qe 1000 1500 /rﬁ 2000

Fit reduced mass myjjred = Myjj = (My = Mu) = (M;i(j1, j2) - MH)

8-10% improvement on HH mass resolution
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Fully-merged

HH fully hadronic

B2G-1/-019, B2G-16-026

Two complementary searches

- fully-merged: tag two AK8 with double-b

- partially-merged: tag one AK8 with double-
b, tag two AK4 with CSV

35.9 fb' (13 TeV)
Background shape 5 eof oyg  AM00-10° =
: R %) - —+— D -
Background normalisation: 2 o Preliminary e ated background 3
L1>J Eackground stat. uncertainty .
. . 40 Bulk graviton 800 GeV =
Addlng pafthlly—merged result 20F- e o e 2 50 13
improves limits by up to 55% ! : :
20_— ]
10 =
O: . | == = == =8 . . o ! | =
<l PR SO oA
g £ e —

Qle 1000 1500 2000
A o [GeV]

8-10% improvement on HH mass resolution
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Semi-leptonic final states

X—VV or VH where one V decays
leptonically (22/2v/vv)

The pros:

- can trigger on lepton, lower thresholds, solat
while retaining good signal efficiency soAaRlonchne
through hadronic leg =V ~

........
.........

- |eSS background (mOSt Sens'tlve a-t |OW S S hlgh bQOSt

mx) and background well-modelled in B Sl
simulation (unlike QCD) |

~~~~~~

With standard reconstruction,
leptons would be rejected due to

- leptons can overlap, hard to reconstruct non-isolation

The cons:

- leptons required to be isolated from
hadronic activity within isolation cone.
Need to avoid overlap



Muon 1: Global muon

Boosted lepton reconstruction (tracker+muon chambers)

For muons close in AR, “global muon” )
efficiency drops when same muon track / \

segments are used to seed algorithm, only
one muon left after cleaning

Muon 2: Tracker muon-

- allow one muon to be identified in tracker  (tracker only, MIP) ~ {_Zg#
only. Efficiency increase of 4-18%

Leptons required to be isolated from other
hadronic activity in event



Muon 1: Global muon

Boosted lepton reconstruction (tracker+muon chambers)

For muons close in AR, “global muon” S
efficiency drops when same muon track S =/
segments are used to seed algorithm, only /

one muon left after cleaning

Muon 2: Tracker muon-

- allow one muon to be identified in tracker  (tracker only, MIP) ~ {_Zg#
only. Efficiency increase of 4-18%

Leptons required to be isolated from other
hadronic activity in event

- require lepton energy >> surrounding £11S0: PThad/ PT21< 10%
hadronic activity (> pt of charged particles
within cone)

/e high boos

..............

i PPN «
1 .- .o
‘......‘-.—..’ ......................... - - o o
3 S - .
: " -

S -

Y
- Y
“o

Requirement fails if second
high-pt lepton enters conel!



Muon 1: Global muon

Boosted lepton reconstruction (tracker+muon chambers)

For muons close in AR, “global muon” S
efficiency drops when same muon track S =/
segments are used to seed algorithm, only /

one muon left after cleaning

Muon 2: Tracker muon-

- allow one muon to be identified in tracker  (tracker only, MIP) ~ {_Zg#
only. Efficiency increase of 4-18%

Leptons required to be isolated from other
hadronic activity in event

- require lepton energy >> surrounding £11s0: (PThad - PT.22) / p121< 10%
hadronic activity (>pr of charged particles
within cone)
RS

- to retain efficiency at high boost, remove
all other PF electrons and muons before
computing isolation




VH semi-leptonic

B2G-1/-004

3 final states; H—bb with V—2¢/8v/vv
(orthogonal 0,1,2 lepton categories)

R.o.l: myyT for vv, myy for £2/8v

2 b-tag categories based on number of
subjet b-tags:

- 2 b-tagged subjets: dominate at low mx
— £5 29-19% (degrade with mx)
— 5 ~0.5%

- 1 b-tagged subjet: dominate at high mx
— £513-24% — €8 ~3%

Events /(100 GeV )
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H
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VH semi-leptonic =@,
B2G-17-004 oIvIviE

3 final states: H—bb with V—28/8v/vv e mew'gemey

. N T
(orthogonal 0,1,2 lepton categories) CcMS + Data ]
0l, 2 b tag Z(vv),W(lv)+jets
tt, t+X =
[ NAA

e Bkg_ unc.
Pre-fit

> ’

R.o.l: myyT for vv, myy for £2/8v

Events /(100 GeV )
o

—_
o

"III| I II@III' LY

HVT model B g =3=
........... my = 2000 GeV
Z'-2HDM
m,=300 GeV
my = 1400 GeV 3
- =.3000 GeV 1

2 b-tag categories based on number of
subjet b-tags: 1

e {
+ Th&*
Ee
£

- 2 b-tagged subjets: dominate at low mx

. 107 LI T R
— €5 29-19% (degrade with mx) S 4F - - 7
— SB NOS% z%»zl _§§++;+'+$;LL;; """""""" / --------------------- -:-;
. . . T " ioo0 180 2000 2f06 3000 3800
- 1 b-tagged subjet: dominate at high mx / m, (GeV)

— £513-24% — €8 ~3%

For the first time, also set limits on dark
matter where vv = yy

- most stringent limits on model to date!
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Boosted 1 final states

X—VH—qgzt or X=*HH—bbzt

The pros:
- high branching fraction

- with one 1 decaying leptonically, low
background and possibility to trigger on
lepton+MET

The cons:

- extremely challenging to reconstruct
H—7t as T decay products overlap

Trigger and tag
using lepton and MET\

W S

SV v u
CMS Simulation Preliminary Vs=8TeV
/C})\ | T T T T | T T T T | T T T T T | T T T T L
= - :
5 9251 —Rad (1.0 TeV)
I . —Rad (1.5 TeV) -
g 0.2 —Rad (2.0 TeV) —
S - Rad (2.5 TeV) -
© 0.15F -
C —

= -

i - 1
0.1— -
- EXO-15-002 -
0.05— -
0: J.rTIJI [ P - e 3 |:
0 0.5 1 1.5 2 2.5 3
AR(tx)
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Boosted 7 reconstruction

Standard t reconstruction algorithms
attempt to identify t by reconstructing
7 decay products (I19,M1+/-)

- look within AK4 jet cone

For boosted 7t final states, AK4 cones
overlap and efficiency drops

- Rather "seed” reconstruction using AK8
softdrop subjets R=0.2 — subjet t-tagging

Huge gain in efficiency using dedicated
reconstruction!

Reconstruct t
within AK4 cone

Standard reconstruction

My ___
125 GeV

Boosted reconstruction

My _ ..
125 GeV

Reconstruct
within subjet(R=0.2) cone

Thea K. Aarrestad 14

Searches for new physics with boosted W, Z and H bosons



Boosted 7 reconstruction

Standard t reconstruction algorithms

, , , CMS Simulation Preliminary (2016, 13 TeV)
attempt to identify T by reconstructing > [
7 decay products (M9,M1+-) S1.4 1 ¢ channel
o [ .
- look within AK4jet cone 51.2__ Boosted reconstruction
- Standard reconstruction
1—
For boosted 77 final states, AK4 cones - CERN-CMS.DP-2016.038
overlap and efficiency drops 08l — -
- Rather “seed” reconstruction using AK8 0_6:_
softdrop subjets R=0.2 = subjet t-tagging [
0.4
Huge gain in efficiency using dedicated i
reconstruction! 0'2:_
O_II|IIII|IIII|IIII|IIII|IIII|IIII|

400 500 600 700 800 900 1000
Higgs P [GeV]




VH/HH to trqq /tTbb

B2G-17-006 T
3 orthogonal searches: WH/ZH/HH T
T

Combine subjet b-tagging, boosted V
reconstruction and boosted 7 tagging

- both fully-hadronic and semi-leptonic tt
final states using boosted reconstruction

X — VH — qqut 35.9fb" (13 TeV) x VH - qq1:1: 35.9fb" (13 TeV)
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Going multidimensional
JHEP 05 (2018) 088 v

Take advantage of signal peaking in both jet
mass and invariant mass and search for

X—=VW in Mgyaks-m lane
tv,AK8-MAKs P P tjets (Mwv, Mjer) = Pwv (mwy [mjet, 1) Pj(1mjet|02)

35.9 b (13 TeV) 35.9 b (13 TeV)
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Outlook: 2D—3D

For all-hadronic, extend this to 3D scan of
Mv1-Mv2 - Myy

- use full jet mass line shape, can
incorporate all VV searches in one
common framework

No signs of new physics in diboson
searches

- 3D fit easily extendable to scan jet mass
in search for non-SM bosons

- cascade decay signatures, scan different
T ratios. Ideal for searches a la CWolLa
(no signal prior) R

W/Z
mass
window

65

Events /5 GeV

Data{Prediction
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Outlook: 2D—3D

For all-hadronic, extend this to 3D scan of
Mv1-Mv2 - Myy

- use full jet mass line shape, can
incorporate all VV searches in one
common framework

No signs of new physics in diboson
searches

- 3D fit easily extendable to scan jet mass
in search for non-SM bosons

- cascade decay signatures, scan different
T ratios. Ideal for searches a la CWolLa
(no signal prior)

Dijet invariant mass (GeV)

Case Il

(2 — 3TeV)

Vg (or V') ’

(a few
hundred GeV)




Summary

13 TeV, 2016

£ --sul ubjet CSVv2, minimum among two subjets
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¥+W/Z/H resonance search
EXO-17/-079

CMS first search in y+W/Z/H final state

Two categories
- b-tagged Higgs jet (double-b tagger)
- non b-tagged (gain at low background)

Background estimate from fit to data
(similar to VV and VH all-hadronic)

Mx ~_~ A~ A~

untagged category 35.9 fb" (13 TeV)

1025—

Events / GeV

; CMS Freliminary —e— Data

— Fit function

—— Signal m=850 GeV
Signal m=1 TeV
Signal m=1.45 TeV

—— Signal m=2.05 TeV

m,, (GeV)

- 2
c . T
SN ¢ H
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¥+W/Z/H resonance search
EXO-17/-079

CMS first search in y+W/Z/H final state

Two categories

untagged category 35.9 fb" (13 TeV)
> E
_ _ . . _ ()] E CMS Preliminary —e— Dat
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b -t d ' .t | b k d -'(L) B Signal m=1 TeV
- NOoN D-tagge (galn al [OW DackKgroun ) GCJ 10L Signal m=1.45 TeV
= Sicnalea=n 05 TeV
CMS Preliminary 35.9fb™ (13 TeV)
| e | 103 - T T | T T | T TT | T TT T TT T 1T | T T | T TT | T TT L= g | I I I | I I I I | I I I I | I I I I | I I I I | I I ]
O - - — L . :
packaroul & arias —omews 1 F | e
B ----EXpectie edian ..
(Slml ar to 2 {02k Vs =13TeV,36.1 o .Eercted o - S TR Expected limit .
8 5 4 X > Hy, Spin(x)=1 |_|Expected =2 o E é ol I Expected I!m!t 68°A> CL
= - ’ ] c °F [ ] Expected limit 95% CL X
2 10 : E
(;2 - 2 C\g I ] 3000
;8 L = i (GeV)
1 =
E E 1:— [ I OSSR
- - E Large galn |n sens E ......................
10_1 £ E i a't hi h m due to B N
- arxiv:805.01 908 ] - A tg a t :
. T N N T T i - NON D- ed cateqgor ] 3000
{1 1271471618 2 22242628 3 "1'306' '1'5?)(?9"2006' "zs%é'yéo'oé"
m [TeV] Resonance mass (GeV)
X



https://cds.cern.ch/record/2621548

B2G-17-001

. 35.9fb" (13 TeV) . 35.9fb" (13 TeV)
S 10 g e g S 1P g e g
K F CMS —4- CMS data E & F CMS —$- CMS data E
8 104 3 = 2 par. background fit = 8 10%E = 2 par. background fit =
Ay Ee e G(2 TeV)>WW (0 = 0.02 pb) 3 g B, @ G(2 TeV)—>WW (o = 0.02 pb) J
(] iah- i (] [ - i ]
2 103 - WW, high-purity = 2 103 L WW, low-purity -
<|>J 2 nl <2.5, p, > 200 GeV 3 g E nl <2.5, p, > 200 GeV 3
w r < 7 w r ) < 7
102k m; > 1050 GeV, IAn| < 1.3 . 1L m; > 1050 GeV, IAn| < 1.3 N
) _ 10E - L .
. 35.9 o (13 TeV) . 35.9 b (13 TeV) g E 10¢ E
> T T T T > L S e B R F 7 F 3
8 BE CMS —— CMS data 8 GE CMS —4— CMS data 3 1 : 1 J
= 10 E = 3 par. background fit = 10 B = 3 par. background fit 3 = ‘r-" E E H L E
Tk (4 TeV)—qW (o = 0.01 pb) Tk e q*(4 TeV)—qW (o = 0.01 pb) = o2 . i
*2 E qW, high-purity ,2 E qW, low-purity 3 }IE-O%O PSR S A S - . L-“_o%o.._ P PP S S o
g 10'E i < 2.5, p, >200 GeV g 10°E Il <25, p_> 200 GeV Alo [ : " Qlo_p[ e ’ '
w m; > 1050 GeV, lAn | < 1.3 w L m; > 1050 GeV, lAn | < 1.3 1500 2000 2500 1500 2000 2500 3000 3500
Dijet invariant mass (GeV) Dijet invariant mass (GeV)
35.9fb" (13 TeV) 35.9fb" (13 TeV)
>105:“\“‘\“‘“‘\‘“\“‘\“‘\“‘\“‘\“‘i >105:“‘\‘“‘\““\““\““\““\‘:
& FCcMms —4- CMS data E & LcMms —4- CMS data E
?H\HH\HH\HH AT A I SO 8104;7 55 2 par. background fit é 8104; 55 2 par. background fit é
i s2r . . 8 i = * .. ] Ay E e W/(2 TeV)—>WZ (o = 0.01 pb) = ExN W'(2 TeV)—WZ (o = 0.01 pb) 3
o© . . N . o © Ll © . o o ®e6 . iahe . - -
%'c: Uy et e e g-q PP . v = .. *2103; W2, high-purity = *2103§ W2, low-purity E
Qv ol $ e, | ale o o, o .o . ¢ - 0>J F Inl <2.5, p, > 200 GeV B g E Inl <2.5, p,> 200 GeV 3
2000 3000 4000 5000 2000 83000 4000 5000 6000 w 102 L m; > 1050 GeV, lan | <13 | w @ r m; > 1050 GeV, IAn < 1.3 ]
Dijet invariant mass (GeV) Dijet invariant mass (GeV) E 3 1 E E
i e, ] i 1
R R 10 e = E —
. 35.9 fb' (13 TeV) . 35.9 fb' (13 TeV) g it E 10¢ E
> T T T T T T T e e e > R B e e AR F 7 F 3
8 65 CMS —4- CMS data 8 65 CMS —4- CMS data E . .
8 10 ? = 3 par. background fit 8 10 B = 3 par. background fit é ‘ x-": ‘ E =
TN e q*(4 TeV)~qZ (o = 0.01 pb) Tk q*(4 TeV)—~gZ (o = 0.01 pb) - L . . T 22
% qZ, high-purity % E qZ, low-purity 3 &,_o.%o . P L LN &,_03“50 SO e i
o Il < 2.5, p_>200 GeV o 10' e i <25 p >200GeV F 8 ¢, £ N Brgueare® 3 4, L §ree®
i} m; > 1050 GeV, IAnﬂI <13 L 10°L m; > 1050 GeV, |A71H| <13 3 1500 2000 2500 3000 - 2000 3000 4000
E 3 Dijet invariant mass (GeV) Dijet invariant mass (GeV)
E 10? E =
L L 3 35.9 b’ (13 TeV 35.9 fb” (13 TeV
E . 10; E >1o5§“mWWH‘mWWHMHWW(H_H‘E) >1o5§u‘_‘H"H‘“HWHH‘HH_(H“HE)
++ L B 8 E CMS —4- CMS data 3 3 F CMS —$- CMS data 3
T R \4"\“\.‘\ L "‘%‘r.x ; - E 8 10t E I 2 par. background fit E 8 10* B I 2 par. background fit E
T s2[ . . . . B T s2r, e B g E e G(2 TeV)—ZZ (6 =0.01 pb) 7 g o Fx e G(2 TeV)—ZZ (0 = 0.01 pb) 7
EIE-O'UO'-' L '._ .' ST é_;o - LS . . %1035 ZZ, high-purity 3 4"&.’10 E ZZ, low-purity E
8 G _p[aETE ST S B f e T i o F i < 2.5, p >200 GeV 3 9102; Il < 2.5, p, >200 GeV i
2000 3000 4000 5000 2000 3000 4000 5000 6000 w102 E m; > 1050 GeV, IAnHI <13 3 L E m; > 1050 GeV, IAnHI <13 3
Dijet invariant mass (GeV) Dijet invariant mass (GeV) F 3 10E ]
10 L E g E
C | 1?
1= E E
i 107 E
10_1?\”‘HH-HHHH‘H".‘. I A S
i g2Le : v & g2k — .
o] it e - ° . @l ° P . . PR
*a o 0 o o N « N . ‘a T 0 ®aey -' . . .
[m] w_2 a UJ_2
1500 2000 2500 3000 2000 3000 4000

Dijet invariant mass (GeV) Dijet invariant mass (GeV)



B2G-17-001

Uncertainty (%)

Source Relevant quantity Double-tag Single-tag
HP+HP HP+LP HP+ LP+

Jet energy scale Resonance shape 2 2 2 2

Jet energy resolution Resonance shape 6 7 4 3

PDF Resonance shape 5 7 13 8

Jet energy scale Signal yield <1 <1

Jet energy resolution Signal yield <1 <1

Jet mass scale Signal yield <2 <1

Jet mass resolution Signal yield <6 <8

Pileup Signal yield 2

PDF (acceptance) Signal yield 2

Integrated luminosity Signal yield 2.5

Jet mass scale Migration <36 <10

Jet mass resolution Migration <25 <7

V tagging 1o Migration 22 33 11 22

V tagging pr-dependence Migration 19-40 1429  9-23 4-11

PDF and scales (W’ and Z’) Theory 2-18

PDF and scales (Gpyjk) Theory 8-78

PDF and scales (q*) Theory 1-61

o x B(W' — WZ) (pb)
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shape V+jets tt, t+X VV, Vh Signal
Bkg. normalization —  2-15% — — —
Top quark bkg. scale factors — — 2-17% — —
Jet energy scale v — — 3% 1%
Jet energy resolution v — — <1% <1%
Jet mass scale — — — 6% 1%
Jet mass resolution — — — 6% 11%
Electron identification, isolation — — 1-3% 1-4%
Muon identification, isolation — — 1-3% 1-5%
Lepton scale and resolution — — — 1-5%
Hadronic T veto — — — 3% (04)
paiss gcale and resolution — — — 1% 1%
Electron, muon, p7'** trigger — — — 3—4%
b tagging — 3% (04,14) 4% (1b) 2-5% (1b)

2-5%1 5% (2b) 3-7% (2b)
Higgs boson jet — — — — 6%
Top quark pr — — 6-14% % — —
Pileup — — <1% <1% <1%
Factorization and — — 2%t 19%  3-28%*
renormalization scales

PDF normalization — — 5% 1 5% 8-36% t
PDF acceptance — — 2% t <2% <1%
Luminosity — — — 2.5% 2.5%

W'—= Wh — Ivbb
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Source Uncertainty (%)
Signal yield

Trigger efficiency 1-15

H jet energy scale and resolution 1-3

H jet mass scale and resolution 2

H jet 11 selection 14-30

H tagging correction factor 5-20

b tagging selection 2-9

Pileup modelling 1-2

PDF and scales 0.1-3

Luminosity 2.5

Background yield

QCD background Ry, ¢ fit 2-10

tt +jets cross section 5
359" (13TeV) 35.9 fb” (13 TeV)
L D L N
10° = CMS ——— Observed 95% upper limit E 10° = CMS ——— Observed 95% upper limit E
: E Preliminary ----- Expected 95% upper limit E : E Preliminary ----- Expected 95% upper limit E
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Ogs0, X BR(X — HH)(pb)

107"

1072

1073

shape V+jets tt, t+X Signal

a-function v v - -

Bkg. normalization 11-60% 2-38% -

Top scale factors - 5-14% -

jet energy scale v - - v

jet energy resolution v - - v

jet mass scale - - 1%

jet mass resolution - - 8%

V tagging - - 6%(HP)-11%(LP)

V tagging extr. - - 8%—18%(HP), 2%—-8%(LP)

b-tagging - - 3-7% (1b), 3.7-5.4% (2b)

b-tagged jet veto - 3% 1%

trigger - - 2%

leptons Id, Iso - - 2%

Tld - - 6-8% (¢13,), 10-13% (13, 73,)

T Id pt extr. v - - 0.5-18% (¢13,), 0.2-30% (7, T3,)

T energy scale v - - 1% (¢13,), 5 — 3% (T3,)

pile-up - - 0.5%

QCD scalest - - 2.5%~-12.5%, 10%-19%

PDF scalet - - 6%-37% ,10%—64%

PDF acceptance - - 0.5%—-2%

luminosity - - 2.6%
CMS Preliminary 35.9 fb™' (13 TeV) 0 CMS Preiiminary 35.9 fb™' (13 TeV)
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