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Boosted Higgs and jet substructure

 Recently discovered boson with m=125 GeV consistent with g 1N5
predictions for the Standard Model Higgs boson g |
« Dominant decay mode H—bb (Br(H— bb)=57% [1]) E pon
i

« Since the BDRS paper (arXiv:0802.2470) proposing to use
boosted H—bb decays, various jet substructure tools and
techniques have been proposed (see Part 1)

102E

LHC HIGGS XS WG 2010

/5N 100

mass drop filter

2.2

« Two-prong decay, in many respects similar to
boosted hadronically decaying W/Z bosons
— Canrely on well established 2-prong
tagging algorithms to tag boosted H—bb
decays

°

1.2

- AL

[1] https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR?2

i
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http://arxiv.org/abs/0802.2470
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageBR2

Boosted Higgs and jet substructure (cont'd)

» Distinct feature in this case is b hadrons and their long lifetime
— Displaced tracks and secondary vertices

* More traditional 2-prong tagging algorithms do not explicitly

Displaced
cks

Secondary
Vertex

exploit this information ,
 Example of top tagging algorithms: o Wt
8 TeV Vertex ;

T T T I T T T T
.o'L CMS ?

- Simulation Preliminary

s HEP Top Tagger C/A15 Jdet

= HEP + T /1,

|||||||||||||||||||||||||||||||||||||||||||||||||||||||

R R o e Fully merge
hadronic top jet

Mistag Rate

— CMS TOD Tagger CIAS
CMS Top Tagger + 1,/1,

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

>

10_3 - / o e S g
#" Matched BATION o | s O A e errraersne
p_ > 800 GeV/c 1 |i=.=.= = Shower Deconstruction GA8 + subjet b-tag
f i T o
-4 [ :: /}‘ 1 | 1 1 1 | 1 1 1
10% 0.2 0.4 0.6

Top Tag Efficiency
* btagging, being largely complementary to 2-prong tagging, could significantly improve
the sensitivity of a dedicated Higgs tagging algorithm
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General b-tagging workflow

Tracks

Tracks

______________

4 | CMS: fixed-size association !

Jet "f‘* A | cone AR(trackjet)<0.3 | Jet |
|[4) i ATLAS: shrinking-cone '
||/ i association
PV
Jet-track .
TraCk seleCtlon --------------------- L]
Combined tagging
CMS Simulation, \'s = 7 TeV algorithms :
B‘ 1 E""i:llll‘lll\:tllll TTTT TTT1T TTTT .\..l. .. 2 [ '
% L .= TCHE R = Tracks » . A___
E | -aTCHP i Y
0 .~ SSVHE R4 ',j
’5_101 = - SSVHP LT 3 Jet !
S - P £ § Secondary vertex
B | +JEP 3 i ; reconstruction
é - CSV LY '
- 102 : % = : SV
) B ] h
. r X ] PV
(@)] I o
2] | ,v" N
T,
S510°% 4 : = I — e
F o 1 iOperating points for CMS taggers:
L& at (@) ] i . R T N
i - 1 iL=loose (x10% light-flavor mistag rate ' "
—4 11l .‘fl‘; II;% 1111 1111 1111 1111 1111 1111 E -( 0 g . . g ) E y SV-based :
19°070.10270.30405060.70809 1 ;M=medium (=1% light-flavor mistag rate); itagging algorithms:

b-jet efficiency T = tight (=0.1% light-flavor mistag rate)
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Boosted b tagging

* Possible b-tagging strategies:
* Fatjet b tagging
* Subjet b tagging

e btagging of standard (R=0.4) jets and matching them
to fat jets (using some AR requirement)

* btagging of smaller-size jets and matching them to fat
jets and/or subjets

November 5, 2014 BSM Higgs Workshop @ LPC 6



Boosted b tagging: CMS

» Using Combined Secondary Vertex (CSV) algorithm

* b-tagging scenarios considered:

Subjet b tagging

e Standard CSV applied to pruned subjets of Higgs
candidate fat jets

» Standard jet-track association AR<0.3

* No dedicated algorithm retraining performed
Fat jet b tagging

« Standard CSV applied to Higgs candidate fat jets

» Extended jet-track association AR<R, (0.8 or 1.2)

* No dedicated algorithm retraining performed

For more information: CMS-PAS-BTV-13-001
https://twiki.cern.ch/twiki/bin/view/CMSPublic/BoostedBTaggingPlots2014

November 5, 2014 BSM Higgs Workshop @ LPC 7



https://cds.cern.ch/record/1581306
https://twiki.cern.ch/twiki/bin/view/CMSPublic/BoostedBTaggingPlots2014
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Subjet b tagging

« Boosted H—bb (simulation)

FatJet2 FatJet2
CMS./! et =430.77 C 1 et =430.77
§ eta = -0.352 : eta = -0.352
X1 phi = 0.823 - N i phi = 0.823
4 3 pruned mass = 111.9 H pruned mass = 111.9
N \ L X \
A\ W \
oo Sl T SubJett
et=216.16 : et=216.16
iz = L2 eta=-0.172
phi = 1.003 phi = 1.003
/ * . SubJet2
SubJet2 o0, SecondaryVertex1 et = 194.54
et =194.54 eta= -0.530
eta = -0.530 . phi = 0.662
/ phi = 0.662 e
FatJet1 SecondaryVertex2
atJe
et =491.32
eta = 1.553
phi = -2.592 o
[ ]
e
eta = 1.553
phi = -2.592
CMS Experiment at LHC, CERN CMS Experiment at LHC, CERN
Data recorded: Wed Dec 31 19:00:00 1969 EDT Data recorded: Wed Dec 31 19:00:00 1969 EDT
Run/Event: 1 /363 Run/Event: 1/ 363
Lumi section: 2 Lumi section: 2
Orbit/Crossing: -1/ -1 Orbit/Crossing: -1/ -1
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Boosted H—bb (inclusive QCD as background)

Misid.

probability (Inclusive QCD)

—
Q

—_—
Q
n

1030

] CMS simulation Preliminary

(8 TeV)
\lllll‘\\l\:llrit,\

jI\I\‘\Il\il\l\|I\\\‘\III‘\\\\|I\I
- AK R=1.2, 200<p_ <400 GeV/c
- 75<m,, <135 GeV/c?

" — Fat jet IVFCSV
_----Subjet IVFCSV

. Fat jet CSV (*)

- .-.SubjetCSV () L

: *BTV-13-001 CA12
0 01020304050.60.70809 1
Tagging efficiency (H—bb)

] CMS simulation Preliminary (8 TeV)

— j| TT 1 ‘ TIrTT i TTTT | TTTT ‘ TTTT ‘ TT 1T | TTTT | TTTT ‘ TT 1T : T I'F

8 - AK R=0.8, 300<p_ <500 GeV/c

e - 75<m,, <135 GeV/c?

o) _ _

> — Fat jet IVFCSV

%’10-1 - Subjet IVFCSV _

I . Fat jet CSV (*) ]

£ - -.--Subjet CSV (*) .

= .

oy N

-'c?sm'2 E

QO ]

e} .

S

Q ]

0 *BTV-13-001 CA8

2 '3 !-"I 1 i L1l E L1l i | i Ll i L1 i | i Ll i L1l E Ll
10 0 0102030405060.70.80.9 1

Tagging efficiency (H—bb)

Misid.

probability (Inclusive QCD)

-
o

—_—
o
N

1073 Lk

] CMS Simulation Preliminary

-1]_---- Subjet IVFCSV

j| TTT ‘ T i TTTT ‘ TTTT ‘ TTTT | TTTT ‘ TTT
- AK R=0.8, pT>700 GeV/c
- 75<m,, .o<135 GeV/c?

- — Fat jet IVFCSV

. Fat jet CSV (*)
- ----Subjet CSV (*)

*BTV-13-001 CAS8
0 010.2030.40506070.809 1
Tagging efficiency (H—bb)

[ Subjet tagging efficiency refers to tagging both subjets ]

AKR=0.8 or 1.2 (depending on the p, range) fat jets and pruned subjets (z_ =0.1 and
R..=0.5), IVFCSV includes Run 2 developments (see backup)

Improved CSV algorithm with IVF vertices performs better than the older generation CSV

 Older CSV algorithm applied to CA jets but the choice of the clustering algorithm found to have
negligible impact on the b-tagging performance

Subjet and fat jet performance curves cross each other with fat jet b tagging performing
better at high tagging efficiencies

November 5, 2014
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Boosted H—bb (different backgrounds)

CMS S.rmulat.'on Pre.’fm.rnary (8 TeV) CMS S.rmulat.'on Pre.’fmmary (8 TeV) CMS S.rmu.’at.'on Pre.’.'m.rnary

— 1 T o~ 1p RN RARRN RRRRN RARR® — 1r RRRARRNRARRIN
8 AK R=0. 8 300<p <500 GeVic % 0 97 AK R=0. 8 300<p <500 GeVic e g’o 97 AK R=0. 8 300<p <500 GeVic /
G [ 75<Myye<135 GeVie? o 75<Myye<135 GeVic® ; E 7 75<m,,,.<135 GeVic’ .
[0} ~— 0.8 s 0 0.8 =
> " —Fat jet IVFCSV 1 > _F—FatjetIvFcsv e I.‘g - — Fat jet IVFCSV ]
] ; = 0.7 i - 0.7.. -
3 1 0-1 : Sub!et IVFCS*V v - 5 - Subjet IVFCSV ‘:. E Ko s --Subjet IVFCSV E
3] .. Fat jet CSV () ] © 060 E ']‘ 0.6 E
£ [ - subjetcsv() 1 8¢ 1 o ¢ ;
..2‘ ] B_ 0.5 o E :'?0.5: -
= S 0.4 4 B0.4f -
0 = C ] E
©10° = = 03_1 = _803:, =
_8 E s U - . 9 s .
o1 ] 0.2 4 So02- =
o ! 1 Boqr e
‘0 *BTV-13-001 CA8 0'1; ] 0 0'1; g ]
2 1 0'3 i L E Ll E | i 1 1 i Ll L] i Ll E L) | } Ll 0 - li1l L Lalabal E-I-&-\ ‘.\- Ll i Ll E 1l L1l 2 0 (i L E Ll E | i 1 1 i Ll L] E Ll E L L1
0010203040506070809 1 0 0.10.20.3 040506070809 1 0.10.203 040506070809 1
Tagging efficiency (H—bb) Tagging efficiency (H—bb) Tagging efficiency (H—bb)

* Some level of complementarity between fat jet and subjet b tagging present
(depends on the background composition)

* Dedicated re-training expected to improve the performance

November 5, 2014 BSM Higgs Workshop @ LPC 10



Boosted b tagging: ATLAS

» Just like CMS, using b-tagging algorithms that combine displaced track and
secondary vertex information

* b-tagging scenarios considered:
b tagging standard (R=0.4) jets

* Performance of the standard MV 1 algorithm
degrades in dense environments

L~ 71T T 7 T T T
1.4~ ATLAS Simulation Preliminary -
- Anti-k, R=0.4 Jets wg= 25GeV < jet P, < 75 GeV

1.2 Vs=8TeV : -
C MV170% —8— 75 GeV <jet p_< 200 GeV ]

1= —— jetp_>200 GeV —

b-tagging efficiency

* MV1 extended (by incorporating additional 08, e
more robust variables) and retrained (MVb ¥as e
and MVbCharm) ) S e
AR™(q,b-jet)

* b tagging smaller-size track jets
* Using standard MV1 applied to smaller-size track jets

* Track jets associated to fat jet and/or subjets using “ghost” clustering
procedure

* No dedicated algorithm retraining performed

For more information: ATL-PHYS-PUB-2014-014
ATL-PHYS-PUB-2014-013

November 5, 2014 BSM Higgs Workshop @ LPC 11



http://cds.cern.ch/record/1750682
http://cds.cern.ch/record/1750681

b tagging of standard (R=0.4) jets

e T e e T T T e e T T T3 8y 4E ATLAS Simulation Preliminary E
© C ATLAS Simulation Preliminary © C ATLAS Simulation Preliminary] o © Anti-k, R=0.4 Jets . V1 ]
S 10%n Anti-k, R=0.4 Jets - S 10%= Anti-k, R=0.4Jets = § 12 (s=8TeV -
= e p. > 25 GeV 1 £ p. > 25 GeV SR STy - :::Charm 3
g ) < 2.5, s=8 TeV s ! <25, js=8Tev 1 § T ® ;
= 10°¢ SM tt 7 = 10°EN, 9, —thm, =25TeV= 2 osf E
> £ ] > e, ™ KK ] r = ——
= 2 = 10 - AEr——a— =
= E = E 3 —— e .
© o i 0.2 =
=4 [ —mvb = L —MVb i T
10§ —— MVA 10§ —— MV - 0 0.1 0.2 0.3 0.4 0.5
- - JetFitterCombNN - JetFitterCombNN N AR (abie
1€ ... MvbCharm 1£.... MvbCharm e S
7I 111 ‘ L1 1 1 | | I | 111 | 1111 L1 1 I7 7\ 111 | | I | | 111 | L1 11 | 11| \7 E Dedlcated and re-tralned
z 2 102 - algorithm perform better
E E . than the standard one |
- B . (improvement up to 160%) |

0.8

b-tagging efficiency b-tagging efficiency
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b tagging of smaller-size track jets

g 1 04 E T T 1 | T 17T | T T T | T 17T | T 1T | T 1T T IE S‘ 0.4 _I | T T T T | T T T T |
S - ATLAS Simulation Preliminary ] S - ATLAS Simulation Preliminary
Q : (& = 8 TeV, kM.=1.0 Track Jets (R=0.4) : O 0.35 E™ \E=8TeV, kM = 1.0 Track jets (R=0.2) ]
o antl-k, track jets = B antik, track jets —a— Track jets (R=0.3) ]
16 1 03 — kocalosubjets 77T Track Jets (R=0.3) : L 0.3 [k, calo subjets Calo subjets (R=0.3) _]|
% B Track Jets (R=0.2) 3 - —e— Track jets (R=0.4) .
= s Calo SubJets (R=0.3) - 0.25F P b
= - - alo SubJets ( ) ] - >}G* H/AE .
o 20 R h r s ]
= 10 = e E 0.2__ H= 5]
E e 3 C P Yb’
i 0.15F ]
10F ) > S 0_12_ E
i >}G* H,—A B ; -
] 0.05F =
H z ] -
15 | | | P| l T"ﬂ — 0 :I [ PR L | P |:
0.5 055 0.6 0.65 0.7 0.75 0.8 0.85 1000 1500 2000 2500

b-jet efficiency Graviton Mass [GeV]

* b-tagged jets defined independently of calorimeter objects

* Very flexible, can be associated to any calorimeter-based object (only one
data/MC calibration needed)

* (Can better resolve individual subjets than standard (R=0.4) jets

November 5, 2014 BSM Higgs Workshop @ LPC 13



Calibration

* Simulation does not perfectly reproduce b-tagging performance in data — Scale factors
derived and applied to simulated events

SF =

EDATA

EMC
» Subjet b-tagging efficiency measured in a sample enriched in gluon splitting jets, likely to
contain two b hadrons inside a single fat jet

CMS Preliminary, 19.8 b’ at {s = 8 TeV
e e B :

—

> 17 7 CMS Preliminary, 19.8 f" at ys =8 TeV
Q - 7 = 03 . 1 . . L I |
8 0.0 E = F —e— Data (AKS jets)
E 9= E g 0.25 — —&— MC (AKS jets)
5 s . g o l® —=— Data (CA8 subjets)
o U.of 2= .
~.§ -8~ Data AKS5 jets ~ - = &— MC (CA8 subjets)
& 070 -=- Sim. AK5 jets I i S 015 = e ¢ .
Tk 4 Data CAS8 subjets 1 ] m = o -0 8 9O O
E - Sim. CA8 subjets 7 = 01 i% &i)im—o——'——.——.- ———9- _— ~emy -
0.6 -=- Data CAS8 subjets + companion tag ~ —] b= = :/m:a—_:ﬂj::&
C -5 Sim. CAS subjets + companion tag ] 8 0.05 E—
— ) ) ) ) | ) ) ) ) ) s . —
0535560 00 200 300 400 = | | . | |
Jet p_[GeVic] 200 400 600 800 1000
Jetp, [Ge\:‘fcﬁa
o 1.3CMS Preliminary, 198 fb"at s=8Tev CMS Preliminary, 19.8 fb" at s =8 TeV
75 F -8~ AK5 jets B 1.6 — L L -
% 1.2F —h— gﬁ: su:jets - cuﬁ 4 C 3
bl E - subjets + companion tag 1 A4 ]
Qg4 [JFit (AKS jets) = 5 A SRy Y e
E € [ G 12  pedee® PR . 8. Boccsasaminasasnnasnanfanearadhos =
@ 1 — E ettt ‘+‘
o} E O 1= —
S 0.9 = = aE —o— AKS jets =
0.8 = 8 oe E_ —— Fit (AK5 _iets} _E
0.7 ‘ E o Uk —=— CAS8 subjets -
/7750 60 100 200 300 430t — 0.4C . . r . —
et p, [GeVic 200 400 800 800 1000
Jet P, [Ge\uﬂf{:(’iCI
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Calibration (cont'd)

« Scale factors measured on subjets in good agreement with those measured on
the standard (R=0.5) jets

* Benefiting from the fact that the same setup is being used for both subjets and
standard jets

* Even though not fully optimal, using the same setup facilitated commissioning
studies and early adoption in physics analyses

* CMS analyses recommended to use the same scale factors for the standard jets
and subjets

« Caveat: When subjets get close to each other (AR<0.4), analyses recommended to
switch to standard b-tagging applied to fat jets (to avoid dealing with correlated
subjet tags caused by shared tracks) — Addressed by Run 2 developments (see
backup)

 ATLAS working on calibrating both of their boosted b tagging approaches using
Run 1 data

November 5, 2014 BSM Higgs Workshop @ LPC 15



Putting it all together: Higgs tagger

« Example of CMS Run 1 Higgs tagger:

2-prong tagger
(e.g. pruned jet mass

Subjet b tagging

+
N-subjettiness)

W tagger data/MC scale
Factors (from semileptonic FERN :
tt events) : R R :
+ e e i Standardb-tag
b vs light quark 5 i data/MCscale Factors i

fragmentation uncertainty """"""""""""""""""
(Ffrom Pythia6/Herwig++

: differences) 5 Example CMS analyses: CMS-PAS-B2G-14-001
-------------------------------------------- CMS-PAS-B2G-14-002
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https://cds.cern.ch/record/1752557
http://cds.cern.ch/record/1706121

Run 2 challenges

« More energy — More high-p_ jets

* Dense environment in the core of high-
p, jet leads to overlapping tracks and

merged pixel clusters — Challenge for

track reconstruction

 ATLAS and CMS have developed cluster
splitting algorithms — Improved jet
substructure and b tagging at high p.

* Higher pileup

* Performance stable up to ~50 PU events

CMS simulation Preliminary (8 TeV)
5 1 _| LN, ) O A S ) A O L O A RSN B
o n ]
Q2 I = H-sbb ]
E “““““““““ R Timieg o g s spllitting |
o Hadronic Z
o e p Gt -=-Hadronic top
c 101k * - * : -=:Hadronic W _
% E -+ udsg jets
|C_U [
- - Froooo .
I r.-.:a.r...
1072 frmrrmpemntin e T =
- AKR=0.8 7
~ T5<M,10eg<135 GeV/c?, Subjet IVFCSVL ]
Lo b b b v by v e b
0 10 20 30 40 50
PV multiplicity

CMS Simulation
. = =
Q 1 s L
c L L] 4
@ - s ]
2 0.95¢ S .
o L -
) r . ]
(@) [ 7
C 0.9 ok i & Pythia multijet, 600<ﬁ‘r<300 i
x C p <10cm ]
[ Li# prod ]
® 0.85r Pl > 450 GeV, P > 2 GeV - —
-+ |- -
0.8 i ]
E + Standard Tracking E
0- 75 L } + Jet core tracking with MC truth splitting -
r Jet core tracking and splitting 7
C t 1

0.7 O O O O O IR Y
10% 10" 1

TWiki: CMSPublic/HighPtTrackingDP A R(jet,track)

B-layer Measurements=

ed

Data/MC <Shar

0.35F ATLAS \'s=7 TeV 3
iy =
0.3 @ Data, NN Clustering =
0.25C- “Th MC, NN Clustering =
TE O Data, CCA Clustering 3
0.2— e MC, CCA Clustering =
0.15 ie. =
0.1R = =
0.055 =
= -

0= =
121 =
= E

o
o

0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
JINST 9 (2014) P090Q9  ARtrack, jet
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/HighPtTrackingDP
http://dx.doi.org/10.1088/1748-0221/9/09/P09009

Summary and outlook

* Several complementary strategies for b tagging in boosted '
topologies studied in Run 1

* Subjet b tagging successfully commissioned and being applied
in Run 1 analyses

* Further performance improvements possible from dedicated
algorithm developments and re-training

» Strategies to deal with Run 2 challenges being developed

* Higgs tagging firmly established and
added to our jet toolbox

* Looking forward to Run 2 data
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Boosted H—bb decays

CMS Simulation Preliminary, \s =8 TeV

—— 5_'I.I-II}\IIIII\IllIIII}III\IIIII}IIIIIIIII|I\II}IIII

|-Q [ : : — E
TR EANILI ELRT;
3410
= |
05; : H ; : H 4 . -!. 5
O:Illli\lllil\lIiIIIliIII\ilIllillllillllil\llillll_
0 100 200 300 400 509 600 700 800 900 1000
Higgs true P, [GeV/c]
— 2m
AR(b,b) 2 —
pT
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CMS b-tagging algorithms

: . : . Supported | Supported
Tagging Algorithm Operating points at 7 Tev at 8 TeV
v X

Track Counting High Efficiency

Track Counting High Purity

Jet Probability

Jet B Probability

Simple Secondary Vertex High Efficiency

Simple Secondary Vertex High Purity

Combined Secondary Vertex

TCHEL
TCHEM v X
TCHET X X
TCHPL X X
TCHPM v X
TCHPT v v
JPL v v
JPM v v
JPT v v
JBPL v X
JBPM v X
JBPT v X
SSVHEM v b 4
SSVHET X X
SSVHPT v X
CSVL v v
CSVM v v
CSVT v v

—

—
Q

udsg-jet misid. probability

5 - CSV
10 =
0% »° -
10_4'|||ij'f.|.|‘grl1lI.IllillllillllillIIiIIIIillllillll

0 0.10.2030405060.7080.9 1
b-jet efficiency

| From JINST 8 (2013) P04013 |

Tagger operating points:

L = loose (=10% light-flavor mistag rate)

M = medium (1% light-flavor mistag rate)
T =tight (=0.1% light-flavor mistag rate)
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http://iopscience.iop.org/1748-0221/8/04/P04013/

CMS b-tagging algorithms (cont'd)

CMS Simulation, \'s = 7 TeV

L ! [ I | | I | E 1 I..J..l..}.J...l..L..l..I..L..l..l..L..E..l..L..I..I..1..I..I..I..I..|..I..I..I..I... w

—

—
=

c-jet misid. probability

—r
=
P

iIIIIIIIIIEIIIlillllillllilIII

040506070809 1
b-jet efficiency

| From JINST 8 (2013) P04013 |
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CSV algorithms

vertexEnergyRatio

flightDistance2dSig

Legacy CSV: CSVv2:
* Likelihood-ratio-based discriminator »  MLP-based discriminator
e Based on the variables listed below e Based on the variables listed below
Vertex category Vertex category
Variable Variable
RecoVertex PseudoVertex NoVertex RecoVertex PseudoVertex NoVertex
trackSip3dSig trackSip3dSig
trackSip2dSigAboveCharm v v X trackSip2dSigAboveCharm v v v
trackEtaRel jetNTracks
vertexMass trackEtaRel
vertexNTracks vertexmMass
vertexNTracks

vertexEnergyRatio
vertexJetDeltaR
flightDistance2dSig

jetNSecondaryVertices
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ATLAS shrinking-cone jet-track association

“« ATLAS uses a shrinking cone jet-track association with built-in
association ambiguity resolution (tracks associated to the
closest jet)

AR

0.5 \\
0.4:

0.3-

021

" AR(pr) = 0.239 4 ¢~ (1:2240.0164p1/GeV) i
0.1 ]

L I I I | I | I | I I I il
% 50 100 150 200 250 300 350 _ 400
P, [GeV]
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Limitations of CMS Run 1 b-tagging setup

* Current boosted b-tagging setup based on the software framework and tagging
algorithms designed for R=0.5 jets

* Facilitated commissioning studies and early adoption in physics analyses

e Certain aspects suboptimal for boosted topologies

« Jet-track association: ety SIS
* Based on a fixed-size cone Tracks  y.-e P { racks
- (Canlead to double-counting of tracks at high p; and subjettag ~ { > X\&7acld//Y/" ,,
correlations (problematic for the application of data/MC scale
factors)
» Default cone size also not optimal for fat jet b tagging
« Jet flavor assignment:
« Also based on a fixed-size cone (AR<0.3) s‘{tfj.e-t-l---.:~'~1"'-~§9.bfft2
e Can lead to subjet flavor ambiguities \<’ \:
« Secondary vertex reconstruction: parton
* Using tracks associated to jets (not optimal when the fraction of h I

shared tracks becomes significant)

* Using a fixed-size cone for SV-jet matching (AR<0.5)
November 5, 2014 BSM Higgs Workshop @ LPC 25




CMS Run 2 developments

Improved (sub)jet flavor definition

Jet Constituents

S

Py
wh=
-
v

* Using b and c hadrons instead of b and c quarks

. .
R A S N R U\,

* Based on clustering “ghost” hadrons/partons instead of
AR matching — Subjet flavor ambiguities eliminated

1
nadron
1

“ghost” hadron S\

Explicit jet-track association

Subjets

» Uses tracks linked to charged constituents of particle-
fFlow jets

* Eliminates the problem of shared tracks

Inclusive Vertex Finder (IVF) secondary vertices

* Does notrequire jets and instead uses all tracks to reconstruct
secondary vertices — By construction independent of the jet
size and reduces track sharing \ sy

» Jet clustering used to assign SV's to (sub)jets \ SV flight direction
Improved CSV algorithm (CSVv2) "
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Inclusive Vertex Finder SV reconstruction

1.

Coarse track pre-clustering around displaced seed tracks
* Based on track distances and angles

Vertex reconstruction/fitting from the track clusters obtained in step 1 (using
“adaptive vertex fit")

. Vertex merging

» Check vertices for shared tracks
 Remove vertex if shared fraction >0.7 and distance significance <2
Track-vertex arbitration

* Trade off tracks between PV and SV based on their compatibility with vertices

* Refit vertices with new track selection

. Vertex merging

* Same as step 3 with max. shared fraction of 0.2 and min. distance significance of 10

__Algorithm employed in JHEP 03 (2011) 136
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http://link.springer.com/article/10.1007/JHEP03(2011)136

Jet flavor

e Jet flavor tools:

* Problem: Written specifically for Pythia6 — Not fully
compatible with newer MC event generators. AR<0.3
cone used for matching generator partons and
reconstructed jets — Not optimal for jets of different
sizes and can lead to flavor ambiguities for nearby
subjets

Jet Constituents Jet

- -~

e Solution: Use b and c hadrons instead of partons and
assign jet flavor using jet clustering instead of simple
AR matching

“ghost” hadron K

* Rescale the hadron momenta to make them extremely
soft (turn them into “ghosts”) and then recluster

“ghost” hadrons and reqular jet constituents SUbJ'ftS

* “Ghost” hadrons clustered inside a fat jet later assigned
to the closest subjet

* More information available in a dedicated TWiki [1]

hadron S\

| [1] https://twiki.cern.ch/twiki/bin/view/CMSPublic/SWGuideBTagMCTools |
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/SWGuideBTagMCTools

Subjet flavor

« Subjet flavor definition:

* "“Ghost” hadrons/partons clustered inside a fat jet later assigned to the closest subjet in rapidity-
based AR

Fat jet Subjets

Constituents

Sa

— In order to assign subjet flavor, need external fat jet collections (to avoid flavor inconsistencies
between subjets and fat jets)

Fat jets

Groomed/ i i

top-tagged
fat jets

\
sujets | | | | | | [ [ L L]
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Boosted H—bb (simulation
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2.5 —
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15 et=194.54 15 =
. eta=-0.530 Y o
SecondaryVertex1 phi = 0.662 3
1.0 1.0 -
FatJet1 3
et = 491.32 =
eta = 1.553 I
05 phi = -2.592 SecondaryVertex2 05 3
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PrimaryVertex 3
CMS Experiment at LHC, CERN 3
Data recorded: Wed Dec 31 19:00:00 1969 EDT o
Run/Event: 1 /363
Lumi section: 2
-1.0 -0.5 0 0.5 1.0 Orifit/Crossideg@-1/-1 2.5 3.0

III|IIIIIIIII|IIIIIIIIIIIIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIIIIIII|IIIIIIIII|II
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Boosted H—bb (b jets as background)

CMS simulation Preliminary (8 TeV) CMS simulation Preliminary (8 TeV) CMS Simulation Preliminary (8 TeV)
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~— 0.8 1 ~0.8 H — 0.8 .
> L — Fat jet IVFCSV ] > L — Fat jet IVFCSV ] > L — Fat jet IVFCSV ]
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S aF = TP = 1 8 Af -
'8 0.6F _f '8 0.6F _f '8 0.6f E
5_0.5; E 5_05:* E 5_0.5:* —
S 0.4f 4 S o04f 4 B o04f =
2 - 1 @ - ] 24 -
= 0.3 El= 0.3 = s 0.3 -
0.2 - 0.2 - 0.2 =
0.1} - 0.1} - 0.1} 3
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0 0.10.2030405060.70.809 1 0 0.10.2030405060.70.809 1 0 0.10.2030405060.70.809 1
Tagging efficiency (H—bb) Tagging efficiency (H—bb) Tagging efficiency (H—bb)

« Subjet b tagging generaly outperforms fat jet b tagging except at high tagging
efficiencies for lower p.

November 5, 2014 BSM Higgs Workshop @ LPC 31



Boosted H—bb (Gluon splitting as background)

] CMS simulation Preliminary (8 TeV) CMS simulation Preliminary (8 TeV) CMS Simulation Preliminary (8 TeV)
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 Subjet b tagging outperforms fat jet b tagging in the entire p, range considered
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Boosted H—bb (udsg jets as background)
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] CMS simulation Preliminary
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] CMS simulation Preliminary

(8 TeV)
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----Subjet IVFCSV

b A b b
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—
o

—_—
Q
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—
=
w
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] CMS Simulation Preliminary

1\ Fat jet IVFCSV

:III\‘\\IIII\I\‘\I\\‘\\Illl\\\‘\III\
- AKR=0.8, p_>700 GeV/c
- 75<m,,.q<135 GeV/c?

" ---.Subjet IVFCSV

Tagging efficiency (H—bb)

Fat jet b tagging generally outperforms subjet b tagging in the entire p. range considered,
expect at low tagging efficiencies

November 5, 2014

BSM Higgs Workshop @ LPC

33



Boosted H—bb (Hadronic top as background)
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Subjet b tagging outperforms both fat jet b tagging and matched b-tagged AK4 jets in the

entire p, range considered
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p. and pileup dependence
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b tagging of standard (R=0.4) jets (cont'd)
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b tagging of standard (R=0.4) jets (cont'd)
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b tagging of smaller-size track jets
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