Jet reconstruction (experimental)
Part 2




Reminder from last lecture

@ Experimentally, jet reconstruction is mostly about dealing with the detector

1.
2.
3.
4.

Devising robust input objects that exploit both trackers and calorimeters (PFlow)
Mitigating pileup effects, both before (CHS) and after (JVT/fJVT) jet reconstruction
Calibrating reconstructed jets back to the truth jet scale, thus reducing detector effects

Comparing jets between data and MC, to correct for detector simulation imperfections

@ On Tuesday, we went into these topics in detail for R = 0.4 anti-k; jets

@ You then looked at pileup and detector response plots in the exercise

@ Today, we will switch focus to large-R jets and identifying the origin of such jets
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Large-R jets overview DE GENEVE

1. Boosted jets and jet definitions

e Collimation, grooming, constituent modifiers, and more

2. Jet mass scale and resolution

o Calibrating a more complex quantity than the energy

3. Hadronic decay tagging and efficiencies

o ldentifying jets containing the decay products of a parent particle
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Boosted jets and jet definitions

Boosted jets and jet definitions
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Boosted objects and collimation DE GENEVE

o Particles always decay back-to-back in _
their own reference frame Particle X reference frame

o pf =pB~m*/2
T=hPT
@ However, particles are typically moving @ < >

in the laboratory (detector) frame

o p} #0, thus there is a “boost” Large particle py in the
@ Decay products A and B may be detector reference frame
collimated in the detector frame
o ARng ~ X% Detector reference frame

fA(l fA)
o fo = fractlon of p¥ carried by A /
>mi_ 1
0 — ARAB = p>T< 1/2)-(1/2)
X

° :>ARABZ2F%
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Boosted jets and jet definitions

Collimation in practice DE GENEVE
g 4_ | |ATL;tllS éimullation| | 200
o Thisis AR for W — qq C 35 Pythia Z'  f, t — Wb 180
oV < A 160
o ARy 2 “w is pretty accurate 140
@ Note that this is for a two-body decay 120
o Complex decays like t — Wb — qgb 100
will not follow this as a whole 80
o Individual steps (t — Wb, W — qq) 60
will follow this, although the W mass 40
complicates the process until pf > mwy 20

Pl [GeV]
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Boosted jets and collimation DE GENEVE

@ What if A and B are quarks or gluons?

Resolved decay

e Same equations hold at parton level
o However, the quarks/gluons hadronize
@ Result: overlapping showers if p)T( > my
o At some point, R = 0.4 jets no longer
represent a single quark
@ Instead, switch to a larger radius and
capture all particle decay products
o ATLAS: R=1.0,CMS: R=0.8
o Then "tag" the jet to determine
whether it is consistent with originating

from a massive particle decay [later]
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Boosted jets and jet definitions

. UNIVERSITE
Jet mass and hadronic decays DE GENEVE
2 FrorrrrT L R B S T
. . . . . - S Data 2015+2016 —
o If the entire decay is inside the jet, then 0100001 FTLES s gtﬁ(&) ]
. . ~ [ Trimmed anti-k, R=1.0 jets tt 7
we have an expectation for the jet mass 2 s000l AR (arge R jot be) 10 I (other) N
[} [ [ Single Top (W) i
. . . . o [ Py>200Gev I Single Top (other) ]
o Mass is a boost-invariant quantity r LW +ets ]
. 6000— Bl V. Z + jets, multijet —|
o Should correspond to parent particle r Lol umcert
) r —— tf modelling uncert.
o If we select a sample of hadronic decays 4000

of W bosons, we should get the W mass 2000

o Indeed, we see the W peak!
o Furthermore, data and MC agree . 1sf E

@ However, large-R jets are complex

Data/Pred
=

o |t took work to get here, as we will see

60 80 100 120 140 160 180 200 220 240
Leading large-R jet m*®™ [GeV]
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Boosted jets and jet definitions

- UNIVERSITE
Jet mass and grooming DE GENEVE
@ The jet mass is a complex quantity 300
2 32 =12 > :ATI‘.A‘S S‘irrlulz‘alio‘n‘ T ‘-O‘-L'V-i‘e«s‘u;gr;on:ed‘ Y ‘:
e m = (Z E’) - (Z p’) 8 7E—8Tev Slope=1.9 GeV/vertex b
H = [ —e— Multijets (leading jet) Ungroomed |
o Involves the energy and location of < 250:mmm‘<1_2 S ]
every object the jet is built from 350 <p™" < 500 GeV e .
. L. 200 [anti-k, R=1.0 jets --A-- Multijets (leading jet) Groomed |
@ Jet mass is very sensitive to the rimmed (<R <0z Sope-00Gevverex i
underlying event (UE) and pileup (Npy) 150
@ Jet mass before grooming: 100
o UE: mw is wrong, and mqcp =~ mw R EERER R R SRR AR S S
. e A ” - e SR SR
o Significant pileup dependence 1 R T S ey
@ Jet mass after grooming: b 1

coov b b e b by g
S 90 15 20 25 30

o YE: myy is correct, and mqcp # mw
Q Number of Reconstructed Primary Vertices

o No pileup dependence
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A reminder of a grooming algorithm: trimming DE GENEVE

Initial jet [ ] p’AT/p'.Ft < feut Trimmed jet

@ You already discussed grooming quite a bit with Gavin, so just a brief reminder
@ Trimming is currently the ATLAS default grooming algorithm
1. Reconstruct the R = 1.0 anti-k; jet as usual
2. Build R = 0.2 k; sub-jets out of the objects (the clusters) that went into a given R = 1.0 jet
3. For any subjet where p-|’3:°'2/p-|’3:1'0 < 5%, remove that sub-jet and its clusters
4. Rebuild the R = 1.0 jet from the clusters that survived step 3
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Boosted jets and jet definitions
UNIVERSITE

Different grooming algorithms DE GENEVE

@ There are many grooming algorithms

ATLAS Simulation Preliminary  Anti-k, R=1.0 jets, LCW, no JES or JMS calibration applied

o Each algorithm also has parameters 3 T e T

& SoftDrop o7 0.04 008 08 ¢

@ Need to study the different options % e T, E
o This is the pileup dependence of the W % e C E \ EE: :E Z: :
mass for many grooming options s - o - . 8

o ATLAS default trimming is in a box g:g:;",;;;;‘ B SO Iy ?%

o Trimming is very strict against pileup ™= e T

. b

@ However, there are also other columns s ] . o 08 %
o “Constituent-level pileup mitigation” ( Umodhed GeisK ek £

. g . Modifications to LCW clusters
e Significantly reduces pileup dependence
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Boosted jets and jet definitions

Constituent-level pileup mitigation

UNIVERSITE
DE GENEVE

@ Recall from the first lesson that pileup has a big impact on R = 0.4 jets
@ The impact on large-R jets is much more significant for several reasons
o Larger jet size = larger amount of pileup in the jet, (R = 1.0/R = 0.4)> = 6.25

o ATLAS doesn't use PFlow yet for large-R jets, so no Charged Hadron Subtraction
o Large-R jets use variables sensitive to both energy and location (such as the mass)

@ Pileup is low in pr, but can be at any angle, and thus can have a big impact

o In contrast, R = 0.4 jets focus on pt where the angle is ~irrelevant

@ |t is thus important to have more ways to remove individual objects from large-R jets
e This includes neutral particles, not only charged particles!

@ This is the domain of constituent-level pileup mitigation
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Boosted jets and jet definitions

. - 25 UNIVERSITE
Voronoi Subtraction (VS) % DE GENEVE

1. Calculate the pileup energy density, p

B o Yk 12
e Same as for R = 0.4 jet calibration : '::'g‘é‘g?‘. O .
2. Define an “area” for every object %,;.\Xﬁg:% & .
o Uses voronoi diagrams: split based on VA’.{ é
half-way points between objects ° %:
3. Subtract energy from each object based 4%
on its area, p°" = p-orbj — pA°bI ?
4. Remove resulting negative objects °
5. Run jet reconstruction on what survived B
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Boosted jets and jet definitions

Constituent Subtraction (CS) DE GENEVE
1. Calculate the pileup energy density, p
e Same as for R = 0.4 jet calibration —HS
2. Fill the detector with fake “ghosts” N\ —pileup
o Uniform distribution over i and ¢ p ——ghosts
° pif-hOSt = pAghost | Aghost is the inverse T
of the number density of the ghosts
3. Build jets as usual, including the ghosts
4. Subtract the ghosts from nearby (AR)
clusters/etc in each resulting jet
o If a given cluster has a p; below the ?
nearby ghost p; density, it is removed y

5. Remove any remaining ghosts
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SoftKiller (SK) DE GENEVE

@ Another approach is to define a dynamic p; cut using SoftKiller
1. Group energy deposits in the calorimeter into blocks, such as 0.6 x 0.6 in 77 X ¢
2. Determine the object p; cut that will make half of the grid spaces empty
3. Apply that cut, removing everything in any grid space which was below that threshold

@ Benefits of SK alone are generally small, but pairs very well with CS and VS

Original event After SoftKiller
M Hard W Hard
M Pileup M Pileup
cut
empty empty empty - empty - empty
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Boosted jets and jet def

The impact of constituent-level pileup mitigation

Original event

ATLAS  Simulation Preliminary
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Boosted jets and jet definitions
UNIVERSITE

Revisiting the mass pileup dependence DE GENEVE

@ Now you know the different columns
e CS+SK and VS+SK both help a lot

ATLAS Simulation Preliminary  Anti-k, R=1.0 jets, LCW, no JES or JMS calibration applied

V5= 13TeV, W jets 300 GeV < p'™* < 500 GeV,| 1" | < 12
1 g f 0.05 1 0.06 s
o Recall that grooming suppresses both B 2 e w §
H H Q 0.06 0.09 >
pileup and underlying event 2 w6 £
. . . c 045 007 005 P
o By reducing pileup, grooming can focus 523%73: e o o : s
on UE, the original intent for grooming & o .
% zcowston-s [DIDe@I 0] oon 09 g
. P . . - ottom-uy 022 0.03 0.04 ‘g
o Constituent mitigation techniques ooy 0z oz §
oss 8
“ " e o4 g
support the use of “loose” groomers B e =
o None of these algorithms is perfect e mcra— o oo §
o All choices will result in some loss of Unmodifed —— GS+SK == <

. Modifications to LCW clusters
desired hard scatter energy

o Looser combinations can mitigate this
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Boosted jets and jet definitions

Why would we want looser groomers?

o We will talk about taggers later

o For now: the larger the number, the
better we can identify W bosons

@ Default ATLAS trimming is very strict

o Result is pileup robust (last slide)
o However, also reduces the W-boson

identification potential

@ Combining constituent mitigation with

SoftDrop , o4 p.

Recursive
Soft Drop

Jet Grooming Method

Bottom-up
Soft Drop

Pruning

Trimming '

looser grooming can be beneficial
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Anti-k, R=1.0 jets, LOW, no JES or JMS calibration applied

V5 = 13 TeV, 68% mass window + D, W tagger 300 GeV < p!" < 500 GeV, [7"*| < 1.2

70

60

50

40

30

2 - w©
32 42 a“ =
» a 0
2 R s | —
35 44 44 ]
31 43 42 B —
37 39 38 1
37 44 44 B ]
31 43 42 B
I 2 ® |
38 45 45 =
B “ a3
D s |
T TmT T T T T T ER

25 2 s |
) I 3 3

L L
Unmodified CS+SK VS+SK

Modifications to LCW clusters
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Boosted jets and jet definitions

Another usage of tracks for jet reconstruction DE GENEVE

@ As we discussed, tracks have a bad energy scale at high p; and are thus not typically used
o Related to it being hard to measure the curvature of a nearly-straight line
o In contrast, the calorimeter works better at high p, so we use it more

@ However, there is one very important reason to use tracks at high p;
o At very high pr, the entire boosted jet may be a single cluster!
e Tracks have a very precise spatial resolution and can identify the number of charged particles
e Tracks can thus be used to “split” calorimeter clusters; ATLAS calls this “TCC"

<
> <

\ ]

| X i |
Topo-clusters (EM or LC) Particle Flow Objects (PFOs) | Track-CaloClusters (TCCs)
[Most ATLAS results] 1 [Not yet used for R=1.0 jets] 1 [Used in some high py R=1.0 results]
1 1
W seedcells  |E[>40 | N l / I 1 | N l / I
B growth cells [E|>20 1 [\\H I I .y I I F\H I I .y I
[ boundary cells I Low py: High py: I Low py: High py:
| Use track 4-vector Use cluster 4-vector | Use cluster 4-vector Split cluster using tracks
[ final topoclusters | Subtract track from cluster Ignore tracks | Ignore track Use track angles
7 X ¢ = dynamic Remove if consistent with 0 | Use cluster energy
|
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Tracks for high p; large-R jets

@ The ability to “split” high p; calorimeter clusters using tracks is very important
o Provides enormous improvements when trying to identify W bosons at very high p;

@ Not used by most groups in ATLAS as it's only needed for the highest p; regime

UNIVERSITE
DE GENEVE

a5

ATLAS  Simulation Preliminary Anti-k, R=1.0 jets, no JES or JMS calibration applied
Vs = 13 TeV, 68% mass window + D, W tagger 1000 GeV < p‘T"‘E < 1500 GeV, [7'™| < 1.2
B SoftDrop Ze T T 5099 5092 T 4968 T 4929 — 110
< Zon
2 —100
o &
£ o —9% 8
£ 2= 3
G Recursive
‘39 Soft Drop ;™" 0 ®
- 3
) e~
- —70 =
5
k]
Zon= —60 ¢
Bottom-up 8
Soft Drop ™" _ g » 7 3
z X . —50 o
Pruning E:" - ¥ ry
f w0 - 0 @
Trimming :cu. : vﬂsufg; 5
=5%. R, =0. :
!m %, 5‘:_:02_ - 49.47 68.84 71.67 71.71 67.16 74.76 1 93.30 1 72.44 30
Unmodified ~ CS+SK VS+SK | Unmodified  CS+SK VS+SK PUPPI ' Unmodified  CS+SK VS+SK
LCTopo PFlow TCC
Jet Constituent Type
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UNIVERSITE

Large-R jet definitions DE GENEVE

@ Large-R jets are almost exclusively used for boosted hadronic decays

o Allows for reconstructing all of the decay products in a single object
e The resulting jet has a well-defined mass expectation

@ Large-R jets are very sensitive to pileup due to their size and use of individual angles

o Grooming does reduce dependence on pileup and also the underlying event
o Constituent-level pileup mitigation is another powerful approach
e A combination of the two approaches is usually the best strategy

@ Tracks can be useful at very high p, but not for their energy measurement

o Instead, the spatial resolution of tracks can help to “split” calorimeter energy deposits
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Jet mass scale and resolution

Jet mass scale and resolution
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Calibrating the jet mass % DE GENEVE

Forward

- folding
[\ (o | 3 In situ p+ . Fully
calibrated ITIE JD:S calibration ::Z;Igilnr:tai]zi calibrated
R=1.0 jet calioration (two inputs) . R=1.0 jet

track

o Large-R jet calibrations generally follow what was done for R = 0.4 jets
e The MC JES and in situ calibrations are derived in nearly the same way
@ However, there are additional specific calibrations for the jet mass

o They are derived and applied after the respective JES calibrations
e MC JMS is MC only, forward folding and R, are data/MC comparisons
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UNIVERSITE

Mass scale and resolution DE GENEVE

e Exactly the same as for the JES/JER

o Calculate the mass response
o JMS = the mean of the Gaussian

o JMR = the width of the Gaussian
JMR

@ Mass response can be less Gaussian

IMR

o Treating it as a Gaussian is usually still

Fraction of events

a good approximation for the scale

o However, the resolution is increasingly C—1

reco
m

Response = T

being handled as a non-Gaussian
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Jet mass scale and resolution

MC JES and JMS

@ The JES and JMS are linked:

are related to the overall scale of the jet

@ However, there are important differences

related to detector geometry

o JES is defined by the centroid of the
jet and the surrounding detectors
o JMS is defined by the width and 0.5
angular profile of the shower
@ Example: 7 = 1.3 results in a large JES

o Quark jet: concentrated at p =~ 1.3 0.85

e Two quarks from a W jet:

UNIVERSITE
DE GENEVE
they both
g Ll )
5 r ATLAS Simulation O Eun =200 GeV
3 105 Vs = 13 TeV, Pythia dijets O Egyp = 400 GV ]|
L ru —
Z YL Trimmed anti-k, R = 1.0, LCW _ g
5 r t A& Eyyp = 800 GeV
o C 0 Eyyp = 1500 GeV
2 - @ Eyup = 2000 GeV
S [
L % ;
e o %
E oo, 1
0.9 gg § —
L © © ]
I R R P R BRI PR
=2 -15 -1 -05 0.5 1 15 2

likely on

either side, at n =1.0 and n = 1.6
o QCD and W jets JMS can be different
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Jet mass scale and resolution

MC JMS

UNIVERSITE
DE GENEVE

@ The same JES is applied to all jets, then the JMS differs based on jet angular properties
o Shown for W-mass jets (left) and top-mass jets (right), clear difference in required JMS

@ ATLAS actually uses QCD jets for all of this and checks that it applies to real W /top later
o Calorimeter responds the same to QCD and W/top, it just cares about the shower “width”

g 27\\\\‘\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\\7 @ l.87¥\\\‘\\\\‘\\\\‘\\\\\\\\‘\\\\‘\\\\‘\\\V7

5 r ATLAS Simulation o pvmh—goo GeV s r ATLAS Simulation o p:uth—zoo GeV

@ 18] Vs =13TeV, Pythia dijets o pvum_ 400 GeV — @ 16 Vs =13TeV, Pythia dijets O pih = 400 GeV ]
= r i : — = r : : — T

2 F Trimmed anti-k, R =1.0,LCW plrmh =800 Gev 2 F Trimmed anti-k, R =1.0,LCW pit = 800 GeV 1

g 16 Muuy=80.4Gev o p““h = 1500 Gev g 14 Mpy=172.5GeV o pruth = 1500 Gev-

§ r & p"“‘h—2000 GeV - § r & p"”"‘—ZOOO GeV A

14— PRI o h}q} N j 12— 5T, o PR f

L & a‘} ¢ E B 0%@%0% ﬁﬁ‘ﬁ‘%{bq}q}» 4}4},4}4}»“\?4} MOMMMP hy

ALy y Oty (0> ADANLAA A e

1.2 077 000&%&3*%}4}4}@@@%@@%3@%0”00 9007 1MDEH3ADDDDAAA R DDD[ ADMDD

Laspptstetoss 00 petsten, nonl L OOQOOOOOOOOOOOOOOOOOOOOO 7

1 h it 3 0.8 go 500000 OOOOOOC;@

ogb b e e L ] oLl b b e e e L]
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Jet mass scale and resolution

o R, is the MC JMS Y MC syst. error

2001

- UNIVERSITE
Forward folding DE GENEVE
H H H > T L L A R
1. Obtain a pure sample of high-mass jets 3 [ atas o - l<20
. . - 10 [ Vs=13TeV,36.2fb" N\ 350 GeV <p_ <1000 GeV |
e Here, we have used semi-leptonic tt % 800 Tommed R 210 antik, \ h—jett:g:ARp(Tb;jet)<1 ¢ ]
S [ LCW+IES+IMS q i
H H . = L 3 4
2. Fit the MC to the data using: R o + ata ]
° mfold :S.mreco+(mreco _ mtruth . ’Rm)(r—s) i Etstingle top 1
. . 400— W+jets —
e s is the JMS, ris the JMR A I Other ]

@ This specifies how to modify MC to 25
match data, both JMS and JMR

o No assumption of a Gaussian JMR!

Data / MC
-
= o
W%

. . 0 S0 TT00 TS0 200250 300 350
o Can also anti-smear MC if needed Calorimeter jet mass [GeV]
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Jet mass scale and resolution
Rirk

e Forward folding requires a peak to fit
o What about masses other than W /top?
o Not enough stats to fit Higgs yet, but
we do look for H — bb in a single jet
o Need another method for such masses
@ Ry provides a rough fix

o Use all tracks matched to the jet as an
independent measurement of the scale
_ mcalo track _ ,MC/ data
O fy =M /m ' Rtfk = ok /rtrk
o Propagate track uncertainties to m©'°

@ Only works if the jet mass is built using
only the calorimeter

o Otherwise not an independent measure

Steven Schramm (Université de Genéve)
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Calorimeter-to-track response, R

MC / Data
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3 . T
[ATLAS ¢+ Data ]
2al s =13 TeV, 36.2 fb™, dijets —=— Pythia B
"L Trimmed antik, R = 1.0 (LCW+JES+IMS) —s— Sherpa 2.1 -
[, |<20,p >200Gev —+— Herwig? ]
2.Gj Tracking unc. |
24 Y S
|- —_—
L ——— 1
22— 5 e —
= P— ]
T ]
B ]
o ]
%
e i :
98— —— iy
i v
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Jet mass scale and resolution

In situ JMS combination

UNIVERSITE
DE GENEVE

@ The forward folding and Rk JMS are combined similar to what is done for the JES
o Excellent control where forward folding is possible, larger uncertainties when only Ry«

@ Derived after the MC JMS and in situ JES: the in situ JMS is consistent with 1!

ATLAS
Vs =13 TeV, 36.2 tb*

Trimmed R = 1.0 anti-k, (LCW+JES+IMS)

120 <m™® < 300 GeV

[ |

l t

— Total uncertainty

" Ry
Il Statistical component s Forward Folding

o 1.25¢ : —— ] : = 01.25¢
E ATLAS E =

24 = = 14 E
~, 125 5=13Tev, 362 1b* ] S L.2F
5 1.15F Trimmed R = 1.0 anti-k, (LCW+JES+JMS) =5  gllsp
m_ 11; 50 < me < 120 GeV é 'I_ 11;
o = o =
® 1.05F = ® 1.05
3 1= =4 % 1e
[ E 3 c E
2 0.95F 4 8 095F
8 ook EI =
= 0.9 - = 0.9
% C ! % E
s 0.85F ) — s 0.85F
= E — Total uncertainty " Ry E = E
0.8 £ [l Statistical component s Forward Folding E 0.8 E
0.75E L L L L Lo | | 0.75E

3x10?
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Large-R JMS calibrations DE GENEVE

@ Large-R jets have similar JES calibrations as what we discussed for R = 0.4 jets
@ They follow this up with dedicated mass calibrations

e Important as the shower angular profile in the detector influences the calorimeter response

@ Both MC-based and data/MC JMS calibrations are performed
e Forward folding extracts the JMS and JMR, but is limited in range

@ Ry is used to extend coverage to other mass ranges, but with larger uncertainties
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Hadronic decay tagging
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Hadronic decay tagging DE GENEVE

@ Hadronic decays of massive particles can 43
come from many sources
e Main examples: W — qq’, Z — qq,
— bb, top — bW — bqq’
+2

@ We already saw the jet mass

@ There are other jet substructure
variables which quantify the energy and
angular correlations within the jet

gluon

_l‘quark (not top)

? 8|0 9|1 1%5 1?5

o Together with the mass, these can be

Expected number of decay axes

used to identify jets of interest

1 1 1 1
Expected jet mass [GeV]
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Designing W/Z /top taggers DE GENEVE

@ To first order, designing a tagger is as straightforward as the previous slide
o Cut on the jet mass and other substructure variable(s) correlated to the number of decay axes
e Common variables: Dgﬂzl) for two-body decays (W/Z), 755 ™ for three-body decays (top)
e You will use fastjet to calculate these variables in today’s exercise

@ Such a simple two-variable cut-based tagger provides a powerful starting reference
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A brief aside: defining the tagger target DE GENEVE

@ Just like for jet calibration, we need to define our target when designing a tagger
o W/Z jet: jet is matched to a truth W/Z boson and both quark decay products (g1&:9)
o Top jet: jet is matched to a truth top quark and all three quark decay products (b&q1&q>)

@ We typically optimize with respect to these “contained” truth labels, vs QCD background
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Tagging terminology DE GENEVE

@ Jet tagging has a few key words that are important to know

o Tagging: identifying a jet as likely originating from a given type of particle

@ Signal: the type of jet you want to keep, usually W/Z/H/top

@ Background: the type of jet you want to get rid of, typically QCD

@ Rejection of X: 1/X events survives the tagger (typically used for background)

e Efficiency of Y%: Y% of events pass the tagger (used for signal, sometimes background)
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Simple two-variable taggers DE GENEVE

@ As mentioned earlier, two-variable taggers are already quite powerful
o W-tagging: mass+D, has ~ 60x background rejection (1/60 = 1.7%), 50% signal efficiency
o Top-tagging: mass+73; (among others) has ~ 5x background rejection for 80% signal eff.
@ However, we can definitely improve upon these simple taggers
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Hadronic decay tagging

Moving towards machine learning

UNIVERSITE
DE GENEVE

@ Jet tagging is a very active domain for machine learning, which you saw earlier from Kyle

@ Trained BDTs and DNNs for W/top-tagging with O(10) jet substructure variables
e Small gain for W-tagging: 60x — 80x QCD rejection for 50% signal eff (~ 30% gain)
o Large gain for top-tagging: 5x — 12x QCD rejection for 80% signal eff (~ 240% gain)

@ Performance limited by amount of unique info: substructure variables are highly correlated
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Hadronic decay tagging

Going deeper into machine learning

@ Studied DNN with topocluster inputs,
not substructure variables (TopoDNN)

e Trained specifically for high p;

UNIVERSITE
DE GENEVE

10— g
F — DNN top ATLAS Simulation E
[ BDT top s =13 TeV ]
- Shower Trimmed anti-k, R = 1.0 jets

Deconstruction

tagger
-- TopoDNN

e 2-var optimised p‘T'“e =[1500, 2000] GeV

I < 2.0

Top tagging

o Better than BDT,DNN in this regime

@ Still, could be improved

o Tagging power depends on jet inputs

o Use of more precise inputs to DNN
should provide further gains

o Note: no b-tagging used so far
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Controlling tagger performance in data and MC DE GENEVE

@ Everything so far has been done based on MC optimization

o No guarantee that it works the same in data, especially for complex ML taggers
o We need a way to compare data and MC, like we had for in situ JES and JMS calibrations

o For taggers, this is done by considering tagging efficiency

e Study the fraction of events that pass or fail a tagger, in both data and MC
e This has to be done separately for both signal and background jets

@ Studying background efficiency is pretty straightforward, as QCD events are numerous
e Studying signal efficiency is harder, as we only have a few relevant processes

o We will often need to study one kinematic regime and extrapolate to another regime
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Deriving tagging efficiency signal scale factors DE GENEVE

@ Semi-leptonic tt events are very pure in hadronic W and top jets
o We can use these events to derive the tagging efficiency in data and compare to simulation

200 GeV < py¥ < 500 GeV 350 GeV < pi® < 1000 GeV
ttbar events Probe ttbar events

W-jet

Ve, U
~Yer P
So [ransverse

b-jet

Leptonic top-tag Leptonic top-tag b-jet
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Hadronic decay tagging

Scale factor extraction regions

@ The selected W- and top-candidate pre-tag mass distributions show high signal purity
o Fit three templates: tf signal process, tt background processes, and non-tt backgrounds
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Extracting the efficiency DE GENEVE

@ Define templates from the shapes in MC, but allow their normalizations to float

o Fit them to the pass and fail distributions to extract the number of signal events in data
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Hadronic decay tagging

Resulting signal scale factors (p; sliced)

UNIVERSITE
DE GENEVE

@ Data and simulation agree within data statistical uncertainties, even for complex taggers

Signal efficiency (L)

Data/Pred.

Steven Schramm (Université de Genéve)

e Shown for the W-tagging DNN and the top-tagging topocluster-based DNN

o Agreement also stable against large range of pileup (not shown here, but important to check)
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Hadronic decay tagging

. . e UNIVERSITE
A different way to extract W/Z signal efficiency DE GENEVE
@ V+jets events can also be used to evaluate the tagger efficiency

@ Extends measurement to higher pr, but much harder as background dominates signal
o Need to be careful: breaks down if signal and background peak at the same mass
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Hadronic decay tagging

A challenge of ML taggers

@ Machine learning is great, but it can
learn the expected jet mass shape
o Improves tagging performance
o However, this results in QCD and
signal have the same mass spectrum

@ This breaks the V+jet signal efficiency

extraction approach

o QCD is much more common and has
the same shape, so can't fit W/Z peak
o tt approach still works (signal-pure)

@ It is possible to get around this by
telling ML not to learn the mass shape

UNIVERSITE
DE GENEVE
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Hadronic decay tagging

2 UNIVERSITE

Extracting background scale factors % DE GENEVE
@ Much simpler than for the signal efficiency, as the sample is ~ 99% pure in background
background __ NE:EEe?ound signal __ Ntt:%ﬁe?ound __background ; background
€data - Nltzgf:ilzvound7 Mmc - Nlt::::iiround’ scale faCtor - Gdata EMC

@ Study performance of taggers in background samples: QCD multijets and v+jet
o Allows for studying modelling differences between gluons (QCD) and light quarks (y+jet)
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Resulting background scale factors DE GENEVE

@ As before, these are for the W-tagging DNN and the top-tagging topocluster-based DNN
o Multijet (below): W- and top-tagging both agree with Pythia8, disagree with Herwig++
o y+jet (backup): W-tagging agrees with Sherpa not Pythia8, top-tagging agrees with both
@ The observed differences between generators are taken as an uncertainty
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Designing taggers and extracting scale factors DE GENEVE

@ Jet substructure is a powerful tool for identifying hadronically decaying massive particles
@ Jet taggers continue to improve dramatically

e Started out as simple but powerful two-variable taggers (mass and another variable)

e Increasingly the playground of advanced machine learning techniques
o Tagging efficiency can be compared between data and MC in well-identified scenarios

o Works well for some kinematic regimes for W, top, and Z

o Other particles and kinematic regimes require extrapolations and larger uncertainties
@ Jet taggers can be very sensitive to the jet definition

e Grooming strategy, constituent-level pileup mitigation, and jet inputs all matter

o Important to keep the full picture in mind when deciding on a jet definition and tagger
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Summary DE GENEVE

o Large-R jets are an increasingly important topic and use case

o At the LHC, W/Z/H bosons and top quarks often have enough p; to end up in a single jet
@ There are three main experimental aspects to working with large-R jets

1. Identifying an optimal jet definition: grooming, constituent-modifiers, and jet inputs

2. Calibrating the mass scale and resolution of the large-R jet

3. Designing advanced taggers to identify W/Z/H/top decays, and then evaluating the tagger

efficiency for both signal and background in data and MC

@ Today's exercise will look at large-R jets in more detail

e You will be building, grooming, and calculating substructure variables for large-R jets

e This will allow you to understand how jet definitions impact key large-R jet observables

@ Large-R jet reconstruction and tagging is rapidly evolving, and is increasingly using ML
e This is only the start - there are lots of open opportunities to develop new ideas!
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