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Analysis overview

VH(bb/cc) legacy analysis (INT note) is a combined measurement for
boosted VH(bb) and VH(cc) analysis based on MVA method.

e This talk will focus on the resolved + boosted VH(bb) measurement
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© Resolved and boosted VH(bb) split by p¥
© Resolved VH(bb) and VH(cc) split by FTAG
* Overlap between VH(cc) and boosted VH(bb) is negligible


https://cds.cern.ch/record/2743096

Previous publications

* Paper: Resolved VH(bb) analysis CONF note: resolved + boosted combination
* Paper: Boosted VH(bb) analysis (split at 400 GeV, cut-based in boosted)
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https://inspirehep.net/record/1805282
https://inspirehep.net/record/1810348
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Targeted final state
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All analyses have 3 channels depending on the number of leptons in the vector boson
(W, Z) decay final state: Z — vv (0-lepton), W — lv (1-lepton), Z — Il (2-lepton) where
l = e, u(and T4y in 1-lepton)
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Backgrounds
| viepton | 2depton
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Main backgrounds:
*  Wh+jets: W+hf (bb, cc); W+mf (bc, bl, cl); W+If (II) = OL & 1L main background
* Z+jets: Z+hf (bb, cc); Z+mf (bc, bl, cl); Z+If (Il) - OL & 2L main background
ttbar and stopWt ; split into Top(bb) and other components — OL & 1L main background

Other small backgrounds:

* stop: single-top s- and t-channel

* Diboson: VZbb/cc is also measured in the analysis to validate the analysis strategy/ prove the
robustness of the results.

* Multi-jet (only non-negligibel in 1L)



Object selection: leptons & MET

Electron and muon selection requirements:
* Event categorizations accroding to the number of VH-loose lepton (electron and muon)

Electron Selection PT n ID dy® wrt. BL |Azgsin6)| Isolation
VH-Loose >7 GeV |n| <2.47 LH Loose <5 <0.5mm Loose_VarRad
ZH-Signal >27 GeV Same as VH-Loose
WH-Signal Same as ZH-Signal LH Tight Same as ZH-Signal HighPtCaloOnly

Muon Selection PT n ID d(s]'g wrt. BL  |Azpsiné)| Isolation
VH-Loose >7 GeV |n| <2.7  Loose quality <3 <0.5mm  Loose_VarRad
ZH-Signal >27 GeV In] <2.5 Same as VH-Loose

, >25 GeV when pY > 150 GeV . . .
WH-Signal 227 GeV when p¥ < 150 GeV |n| <2.5 Medium quality <3 < 0.5mm HighPtTrackOnly

tau selection requirements:

Lepton pT n Nerk ID
tau >20GeV |n| <2.5 1lor3tracks Loose

* Switching to RNN ID for hadronic tau identification. The loose working point of RNN ID
have the same jet rejection power as BDT ID used in previous analyses, but provides
around 10% higher tau efficiency.

MET reconstructed using a track-based soft term (TST) in addition to the hard terms arising
from leptons and jets.

(In this slides, the orange color indicates the difference/improvemennt compared to the previous analysis) 6



Object selection: Small-R jets

Small-R jets: calorimeter jet collection with R=0.4

* Switched to PFlow small-R jets, previously used EMTopo jets
* 1-3% improvement on di-jet mass resolution

* Used to reconstruct the Higgs candidate for VH(cc) and resoved VH(bb), and used in the

event categorisation to improve the signal sensitivity for boosted VH(bb)

* Small-R jets selection requirements:

* Tight jet cleaning is used, loose WP used previously
* Leading signal jet pr > 45 GeV

Jet Category | Tight Jet Cleaning PT n JIVT/AIVT
Signal Jet true > 20 GeV <25 1V120.2
& ' for | <2.4, pr < 60 GeV jets
fIVT<0.5
Forward Jet true >30GeV 2.5<|n| <45 for pr < 120 GeV jets

* Loose fIVT now applied by default for pile-up rejection,

not used in previous analyses
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Object selection: Large-R jets and track-jets

Large-R jets: calorimeter jet collection with R=1.0

* Used to reconstruct the Higgs candidate for boosted VH(bb)

* Large-R jets selection requirements:

Jet Category Selection Requirements
Large-R jets trimmed AntiKt10LCTopoTrimmedPtFrac5SmallR20Jets
pt > 250 GeV
7] <2.0

e Large-R jet with in-situ calibration

Track-jets: AntiKtVR30Rmax4Rmin02Tracklets

* Used to reconstruct the b-tagged objects inside the large-R jet and in the event
categorization to construct a top enriched control region.

* Track-jets selections: pt > 10 GeV, |n| < 2.5

(The standard object overlap removal procedure is used in this analysis.) 8



Flavour tagging overview

Resolved VH(bb) and VH(cc) analysis: pseudo-continuous flavour tagging scheme (PCFT)
e b-tagging WPs: DL1r 60%, 70%
e c-tagging WPs: DL1r tight, loose WPs

S A .
§: iIs b-tagged?
g C-ﬁgh‘ Aaad S MY AL 7
ves no
20% N
efficiency’ 2y : Y/
c-loose ' /// i / e is c-tagged?
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efficiency’
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-jet un-t d
cfficiency cﬂ'f:g:‘my b'mg score - ez
Boosted VH(bb):

e b-tagging WP: DL1r 85%

* Xbb tagger shows very similar performance with DL1r

* Corss checked using the Xbb tagger calibration strategy, that the the close-by
effects of DL1r are negligible.



Event Selection

Resolved VH(bb) & VH(cc)

Boosted VH(bb)

Selection 0 lepton channel 1 lepton channel 2 lepton channel
e sub-channel l p sub-channel | e sub-channel | M sub-channel
Trigger Enis Single electron l EBE Single electron | Emis
Leptons 0 VH-loose lepton 1 WH-signal lepton > 1 ZH-signal lepton
no second VH-/oose lepton 2 VH-loose leptons
no hadronic 7

B > 250 GeV >50GeV | . -
(¥ pY > 400 GeV )
Large-R jet at least one large-R jet, pt > 250 GeV, || < 2

Track-Jets at least two track-jets, pr> 10 GeV, || < 2.5, matched to the leading large-R jet
b-jets leading two track-jets matched to the leading large-R must be b-tagged

my > 50 GeV

min Ag(ES, jets) > 30° -

A¢(E.‘r“i“,Hcand) > 120° -

mee

- 66 GeV< mee< 116 GeV

lepton flavor

- two lepton same flavour

lepton charge

- opposite sign muons

Analysis regime [ VH(— bb) | VH(— cc)
Common Selections
Jets > 2 signal jets
Candidate jets tagging 2 B-tags | > 1 T-tag“
Leading Higgs candidate jet pr > 45 GeV
Sub-leading Higgs candidate jet pr > 20 GeV
[ Mpp OF M > 50 GeV (before correction)
AR(jetl, jet2) Upper cut AR <
0 Lepton
Trigger EMSS triggers
Jets <4 jets < 3jets
[ Additional jets tagging no T-tag no B-tag”
Leptons 0 VH-loose lepton
Episs > 150 GeV
St > 120 (2 jets), >150 GeV (3p jets)
[ mY > 10 GeV (for events with at least one hadronic 7)
|minA¢(E;"iss, jet)| > 20° (2 jets), > 30°(3 jets)
[AG(EF™S, H)| > 120°
|Ap(jetl, jet2)| < 140°
1 Lepton
Trigger e channel: single electron trigger
w channel: single muon trigger (p). < 150 GeV)
and E7"° triggers (above)
Jets < 3jets
( Additional jets tagging no T-tag | no B-tag”?
( hadronic 7-veto no hadronic r
Leptons 1 WH-signal lepton
> 1 VH-loose lepton veto
Emiss > 30 GeV (e channel)
St > 120 (2 jets), >150 GeV (3 jets) (u channel with EX"trigger)
my > 20 GeV (75 < p‘T/ < 150 GeV only)
2 Lepton
Trigger e channel: single electron trigger
p channel: single muon trigger (p¥ < 250 GeV)
and E;"* triggers (above)
Additional jets tagging - | no B-tag
Leptons 2 VH-loose leptons
(= 1 ZH-signal lepton)
Same flavour®, opposite-charge for uu
my 81 < my < 101 GeV

@ Except for V + lights CRs, where exactly one L-tag jet and no T-tag jet is required.
b Except for Top BT CR, where the > 1 B-Tag jets is required
¢ Except for Top e CR, where different flavor is required

10



Event categorization: pTV & nlet

VH(bb) Resolved VH(bb)
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Event categorization: AR control region
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High AR Control Region (CRHigh):

* Designed to control Z+jets (0/2L) and Top(0L/11)
Low AR Control Region (CRLow):

e Only used in resolved VH(bb) 1L channel to

100 150 200 250 300 350 400 450 500 Constra|n W+hf
pY [GeV]
1L CRLow 1L CRHigh 2L CRHigh
3

< 5"'I"'|"'|"'|"'|"'|'E;a'm|'"\"'|"'E > 25x.1.(.).|y.,y,\...,....,....,..y.l....,....,.y.y,.‘.. > g T T T T T T
N E ATLAS Internal ;VH W > b5 (ue.00) ] 8 ATLAS Internal —e-Data & C ATLAS Internal —e-Data ]
2 [ Vs=13TeV,1401b" -vz(’_) ot (“=1'06) ] g {5 =13 TeV, 140 " =¥:p(: J bb (1=1.00) g 160 Vs =13 TeV, 140 fb"' -m H — c€ (u=1.00) -
Q | 1 lepton, 2 jets, 2 b-tag vw n =] 20 1 lepton, 2 jets, 2 b-tag Top(ba) < [ 2leptons, 2 jets, It-tag B Z+hf ]
W 10°E 75 Gev < p¥ <150 Gev Top(qq) 3 > 150 GeV < p <250 GeV [ t, s+t chan 2 10F 1s06ev < p¥ <250 GeV z+l E
[ Low ARCR [ Top(bb) 3 £ High AR CR [0 Muttijet S 120 B Z+mf =
C Top(bq) : 9 0 W+mf |_|>_| Uncertainty ]
[ t, s+t chan @ 15p — VH,H 5% x200
10* [ Multijet — — 100 —

llllll

n

S15F - - : ‘ T 5 15 F1 | : : : : : : —= 515 S LB a s SRa s ===
£ . 2 E o A —}— ,,,,,,,,,,, A
% 1 s //;;5/,,,//%% % 1 ppsrmsssssssrssssssssossssssss sy s s s g % 1 i A
g0.5 PPN PN SIS AN BN IS BT IR S B 0.5 Frovelii il il p - = T B B B B T D=
-1 -08 06-04-02 0 02 04 06 08 1 o 150 160 170 180 190 200 210 220 230 240 250 e 100 150 200 250 300 350 400 450 500
mvaCRLow pY [GeV] m,. [GeV]

12



Control regions: top control region
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sample Nominal Alternative
VH(bb) PwPy8 Powheg+Herwig7
Diboson Sh2.2.11 PwPy8
Sh2.2.1
ttbar PwPy8 Powheg+Herwig7
aMC@NLO+Pythia8(DR)
Single-top PwPy8(DS) Powheg+Herwig7
PwPy8(DR)
aMC@NLO+Pythia8(DR)
V+jets Sh2.2.11 MG FxFx

* 1L multi-jet and 2L top background are estimated by data-driven

Modelling: MC samples

14



Modelling: strategy

The modelling uncertainties are derived separately for each process and are divided into
normalisation/acceptance uncertainties and shape uncertainties.

Shape uncertainties for most sample are calculated by CARL rewighting:

reweighting: motivated by low statistics of alternative sample. Take events sampled
from the nominal and re-weight them event-by-event to make the re-weighted
distribution looks like the alternative.

CARL is a re-weighting technique based on DNN. Simultaneously reweight multiple
variables, and correlations between them are considered, important as now SRs are

fitted with BDT

VHbb_resolved - OL - WZ_2bbtag2jetOtaus_150_250ptv_SR_mva

“ A
o
o

fn(x)

Top panel: Fa(x)

*  Green: Nominal (Sh2.2.11) sample
*  Red: Alternative (Sh2.2.1) sample
*  Orange: reweighted nominal
Middle panel: ratios

*  Green (Black): ratio of alternative (Nominal * CARL) over the nominal

e Orange: ratio of Nominal * CARL over the alternative sample --> should be at 1
Bottom panel: residual = (ratio - 1)/relative error

*  Green: residual of nominal

*  Orange: residual of Nominal*CARL --> should be at 0

w*fy(X)

xY
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Fit overview

* Asimultaneously fit is performed for resolved VH(bb), boosted VH(bb) and VH(cc) in
the legacy analysis

* Only combined VH(bb) fit result is shown in this slides
* SRs will be fitted with BDT score
* VH(bb) CRs in the fit and the variables fitted in each region:
* Better constrain of W+hf in CRLow fitted to mvaCRLow

channel region variable
: S Eamasimema ;3” ' .,b“,
O-lepton CRHigh Norm-only 2 5= 13TeV, 140 9 V(0 bb) (11.00)
[ 1 lepton, 2 jets, 2 b-tag w
w 75 GeV < pY <150 GeV Top(qq) 3
Top(bc) CR mBB s
0 t, s+t chan
[ Multijet —
CRLow mvaCRLow E s,
1-lepton _=
CRHigh Norm-only
Top(bc) CR mBB 515 5
% 1
2-lepton CRHigh pTV 808 s 06 04 02 0 65 04 08 08 4
mvaCRLow
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Postfit plots
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Expected results

Combination CONF note VH(bb/cc) expect Expected reduction of Syst.

e o
ATLAS Internal  VH, H— bb {s=13 TeV, 139 fb’' ATLAS Internal  VH, H— bb Vs=13 TeV, 139 fo”'
® Obs. = Tot. unc. — Stat. unc. Theo. unc. ® Obs. = Tot. unc. — Stat. unc. Theo. unc.
Wt
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Tot. (Stat., Syst.) l‘i‘z (Stat., Syst.) T 19 A)
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NH, 150 <p." < 250 GeV =0+ 0.70 5 ﬁs’ jgg GeV F-¢-H 1.00 "5, To27 om WH, 250 < pTW,l <400GeV | -12%
NH, 250 <" < 400 GeV o1 110 oo (9%, 0%) GeV 1-¢-1 1.00 o3 (031, 4018 -
W, +o.92 +0.77 +o-49 40.61 +o.55 +o.27 WH, p;” > 400 Gev | -34%
WH, p*' > 400 GeV K—e—d 154 0% (977, 04) | Gev I—9—1 1.00 05 (9% . .
mrscp<isocer| e 098 B (92 9%) | v kg 100 9% (9% 0 2, 75=p; < T50GeV | <1670
ZH, 150 < p*' < 250 GeV P-4 1.06 ‘9% (9%, %) GeV ¥ ¢ 1.00 ‘93 (0%, w18 ZH, 150 < pi" <250 GeV | -14%
Z, +0.40 +0.36 +0.17 +0.36 +0.33  +0.16
ZH, 250<pT'<400 GeV =e=1 0.97 5 -0.36’ -0.14) GeV o= 1.00 5, -0.317 -0.14 ZH, 250 < p? <400Gev | -10%
Zolsuocor| b—e— 020 9% (47 9%) | G| g 100 9% (08 oz ’ .
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 Z2H, pr" = 400 GaV | ==ig0
o x B normalised to SM 6 X B normalised to SM
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* Today’s talk covered physics objects, event selection and categorisation, MVA, general

background modelling strategy and an quick overview of the fit

* The second unblinding approval talk is coming soon.
* A more detailed discussion about background modelling , fit model and expected

results
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Main deliverables

The expected deliverables for the VH(bb) process are:

Inclusive signal strength (u5%) and significance

Signal strengths for WH(bb) / ZH(bb) signals (u%, uf,’l}’H
Fiducial STXS measurement in different pTV & nJ bins
Constraint on the Higgs-bottom coupling modifier k,,

Effective Field Theory (EFT) interpretation for VH(bb)

The expected deliverables for the VH(cc) process:

Signal strength of the VH(cc) signal (uj%
Expected and observed upper limit (at the 95% CL) on VH(cc) process

Constraint on the Higgs-charm coupling modifier k. and the ratio k. /x;,
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regions overview

Flavour tagging ,
VH(cc)
. 2 jet 3 jet 2 jet 3 jet 2 jet 3jet
> 1 tight c-tag : : : : ' !
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1 no c-tag - CR CR CR CR
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4 SR SR SR SR
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110 c-tag SR SR SR SR
H —
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2 jet 3 jet 2 jet 3 jet 2 jet 3 jet
_ 4 SR SR SR SR
1 Io_ose c-tag |3 HighARCR?' = HighARCR' HighARCR? | HighARCR
1 tight c-tag
+ o SR SR SR SR SR SR
2 tigh ~ HighARCR' | High ARCR' High ARCR' | High ARCR" HighARCR' | High ARCR!
ight c-tag . SR SR SR SR SR SR 1 Note: CRHigh split into 1 loose c-tag + 1 tight c-
&' High ARCR' | High ARCR" HighARCR' | High ARCR HighARCR' | HighARGCR' tag and 2 tight c-tag regions
2 jet 3jet 4 jet 2 jet 3 jet 4 jet 2 jet 3 jet 4 jet Legend
;‘ g-’:ﬁg IS} Toplc)CR | Toplc)CR | Top(bc)CR | Toplbc) CR | Top(bc) CR | Top(bc) CR Regions with binned distributions (MVA, m,, or pTV)
- ag ’
2| Toplbc)CR | Top(bc) CR Top(c)CR | Top(be) CR Top(oc) CR | Top(bc) CR Regions with a single bin
Boosted VH(bb)
2 jet 3 jet 4 jet 2 jet 3jet 4 jet 2 jet 3jet 4 jet HP LP HP LP
. . - y - y R R
3 SR SR SR SR SR SR 2 S S S
HighARCR = HighARCR = HighARCR | HighARCR = HighARCR = High ARCR Top CR e
2b-tag LowARCR | LowARCR LowARCR | LowARCR LowARCR | LowARCR & - -
= SR SR SR SR SR SR Bl
HighARCR | High ARCR High ARCR | High AR CR HighARCR | High AR CR Top CR Top OR
4 SR SR SR SR SR SR SR SR SR = SR SR
HighARCR | HighARCR = HighARCR | HighARGR = HighARGR = HighARCR | HighARCR = HighARCR = High ARCR
75 GeV 150 GeV 250 GeV 400 GeV 600 GeV prY
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Xbb performance: DL1r vs. Xbb (

y
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https://indico.cern.ch/event/1069930/contributions/4499003/attachments/2301634/3915186/Xbb_VHbb_0109.pdf

Xbb performance: DL1r vs. Xbb

DL1r@85% VS. Xbb [MVA]

MVA significance comments

oL Similar for 50% and 60% 70% WP a bit worse (~3%) inn 400_600 GeV
~10% wores than DL1r with bin_DL1r used in the training
Similar with DL1r without bin_DL1r

1L Similar for 50% and 60% ~4% lower than 70%, mainly in LP SR
~10% wores than DL1r with bin_DL1r used in the training
Similar with DL1r without bin_DL1r

2L Similar for all 3 WPs Similar with DL1r with bin_DL1r in the training

DL1r@70% VS. Xbb [mBB]

Channel Xbb WPs 400_600GeV SR 600GeV SR
HP LP HP LP
0-lepton channel Xbb 60% -2% -26% | +150% | +25%
Xbb 50% +11% | -12% | +120% | +46%
1-lepton channel Xbb 60% +4% +1% -2% +1%
Xbb 50% +8% +8% -3% +9%
2-lepton channel Xbb 60% +11% +24%
Xbb 50% +9% +26%
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DL1r close-by effect study

Follow the Xbb ttbar calibration strategy:

0 02 04 06 08

12 14 16 18 2

ATLAS Internal DL1r 60%W P
—0— 0.84 %% ScaleFactor(pT_600)
+ 1.15 377 | ScaleFactor(pT_400_600)
. 078 5%, | TtbarNormFactor(pT_600)
. 078 53, | TtbarNormFactor(pT_400_600)
TS T S B Y-
ATLAS Internal DLlr 77%WP
+ 0.98 %' ScaleFactor(pT_600)
+ 097 %% | ScaleFactor(pT_400_600)
. E 0.78 ?6?022 TtbarNormFactor(pT_600)
. 0.79 %7, TtbarNormFactor(pT_400_600)
.
1

ATLAS Internal

DL1r 70%WP

——

—

0.15
0.91 ;15

0.10
0.97 10

0.02
0.78 oo

0.01
0.78

0 0204 06 08

i
1

1214 16 18 2

ScaleFactor(pT_600)

ScaleFactor(pT_400_600)

TtbarNormFactor(pT_600)

TtbarNormFactor(pT_400_600)

DL1r 85%WP
ATLAS Internal
Rt 0.89 %% ScaleFactor(pT_600)
- 0.97 %% ScaleFactor(pT_400_600)
| 0.02
. ! 0.79 oo TtbarNormFactor(pT_600)
. 0.79 %, TtbarNormFactor(pT_400_600)
00204 08 08 1 12 1416 18
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MVA overview

* The VH(bb/cc) analysis inherits the BDT method from the previous resolved VH(bb) and
extends its usage to the boosted VH(bb) and VH(cc) regimes.

* Boosted VH(bb): significance +~50%

O-epton  1-lepton  2-lepton | O-fepton -lepton 2-lepton VH,H = 155/60' VH.H— bb
solve 00S!
2-jet 2-jet 2-jet 2-jet 2-jet Variable Name O-lepton  1-lepton  2-lepton | O-lepton 1-lepton 2-lepton
mj, j, ormy mBB / m] X X X X X X
= 3jet  =3jet  3jet 3jet =3t M nBB) x x x
pior pittk pTB1/pTBTrkJ1 X X X x
13} F . .
S 4-jet PP or plt pTB2 / pTBTrkJ2 x x x x
1 Pt pTBTrkJ3 x
; O-lepton  1-lepton ~ 2-lepton ~ O-lepton  1-lepton  2-lepton > p_Jl'_i sumPtAddJets x x x
i#1,2
- 2jet 2-jet  24et 2-jet 2-jet AR(j1, j2) or AR(ji ko jouk) | ARBB/ deltaRbTrkIbTrk) x x x x x x
l-_r : ; ; ’ ; 1An(j1. j2)| dEtaBB x
= 3jet  =8jet  3jet  3jet =3-jet binpe 1 (1) bin_btagBl/bin_bTagBTrk]l |  x x x x x
4jet binppi:(j2) bin_btagB2 /bin_bTagBTrk]2 X X X X X
124 pTvV = Emiss X = Emiss X x
Emiss MET X X X X
O-lepton  1-lepton  2-lepton O-Iepton 1-lepton -Iepton E_ll_niss / NS METSig M
o |Ay(V, Heana)| dYVBB/deltaYV] X X X
g |AG(V, Heana)| dPhiVBB/absdeltaPhiV] x x x
§ min[A¢(€,b or c)] dPhiLBmin
e o Mef MEff X
= m¥v mTW
T Mygp Mtop
: O-lepton  1-lepton  2-lepton mee mLL
= cosO(¢~,Z) cosThetalLep X
°
9o P pTL X
8 N (track-jets in J) NAdditionalCaloJets X X
[:8 N(add. small R-jets) NMatchedTrackJetLeadFatJet X X
. Colour Colour X X
min{AR(b, j)} minDRBjets X X

75 GeV <py < 150 GeV

pL > 150 GeV

pY > 400 GeV
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MVA: Overtraining check

a.u.

a.u.

test/train

test/train

0.5
0.4
0.3
0.2

0.1

13

0.8

VH training (OL)

BDT_OL_2pJ_400ptv_1of2_first

- ATLAS Internal [ Signal, training data
I KS(signal)=0.34, KS(background)=0.33 4  Signal, test data
[ Z(train)=1.74, Z(test)=1.73 [ Background, training data
- 4 Background, test data
I N A R B
:— ----------------- §---°----0---6---Q---g----h---*--A --------------------- —:
1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1
BDT output weight
VZ training (2L)
BDT 2L _2J 75ptv_150ptv_1of2
E— ATLAS Internal [ signal, training data
E_ KS(signal)=0.10, KS(background)=0.92 4 Ssignal, test data
== Z(train)=1.38, Z(test)=1.37 ] Background, training data
E $  Background, test data
E USSR IS S SN NSNS SN TSNNSO SN SN ST S (NS ST S S S
F + b ]
_—e---a--+--%--e---i--#--i—-.z...#...o...5---6---*--?--3---3-- ------ ]
T 08 06 04 02 0 02 04 06 08 1
BDT output weight

mvaCRLow training (1L)

1L_2J 3J ° _ _ o PtV75150
=)
®  0.22F ATLAS internal [ Signal, training data
0.2 KS(signaI)=0.46, KS(background)=1.00  signal, test data
0.18 Z(train)=1.14, Z(test)=1.13 [ Background, training data
0.16 4 Background, test data
0.14
0.12
0.1
0.08
0.06
0.04 =
— A
0.02F
- N SNSRI ST ST TN AN TS AN S ST S NS ST W AN ST S S M
'% 1.8_— —
= u i 4 ]
3 1 ;;e ---#---#—--°---r-&---x--+--$---é--—é--%--é---j---ﬁ—_
0.8 =
- -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1
BDT output weight

No obvious overtraining issue for all trainings.
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MVA: hyperparameters

The hyperparameters of the BDTs have been optimized per region of for each leptonic
channel to reduce overtraining and maximize the BDT statistic only significance.

VH,H — c¢ VH,H — c¢, Diboson as signal
Settings 0-, 1- and most 2-lepton regions  2-leton, 3pJ, low pTV 0-, 1- and 2-lepton
Boost type Gradient boost Adaboost Adaboost
Number of trees 600 200 200
Maximum depth 4 4 4
Learning rate (53) 0.5 0.15 0.15
Number of cuts 100 100 100
Minimum node size 5% 5% 5%
Separation method Gini index Gini index Gini index
Pruning method No pruning No pruning No pruning
Resolved VH, H — bb Boosted VH, H — bb
Settings 0-lepton 1-lepton 2-lepton 0-lepton 1-lepton 2-lepton
Boost type Gradient boost  Gradient boost  Gradient boost | Adaboost Adaboost Adaboost
Number of trees 200 600 200 800 800 400
Maximum depth 3 4 4 3 3 3
Learning rate () 0.5 0.5 0.5 0.35 0.35 0.3
Number of cuts 100 100 100 60 60 100
Minimum node size 5% 5% 5% 2% 2% 7%
Separation method Gini index Gini index Gini index Gini index  Gini index  Gini index
Pruning method No pruning No pruning No pruning | No pruning No pruning No pruning
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MVA: output transformation

* The originlal BDT distribution have 500 equidistant bins. A transformation D* is
adpoted for BDT rebining to improve sensitivity.
* The parameters of transformation D are optimized to ensure enough statistics in each
bin and at the same time ensuring sensitivity to signal.
py € [75,150] GeV | py € [150,250] GeV p1 € [250,400] GeV | py € [400,600] GeV pt > 600 GeV
VH,H — bb zs =10, zp =5 zs=52,=3 Zs = {; ;Z: g:i:{;:j:ton Ww=2
0-/1-lepton {TT—tagged: =32 =3
Else: z; =10, z, =5 TT-tagged: z3 =2,2p =2
_ | |TT-tagged: zy =5,z =3
VH,H — cc {El =10 -5 TT-tagged: z;, =2, 2, =2 LT-/XT-tagged: z3 =5, zp =3
¢ =10 = 2-lepton LT-/XT-tagged: z, =5, 25 =5 Else: z; =10, z;, =5
Else: z; =10, z, =5

3 F2jets, pTV > 1 v Signal z F2jets, pTV>1 v Signal
g 032lets, piv> 50 Ge ’ Background ‘ _g 022 E jets, pTV > 150 Ge ’ Background
s E 5 02F
5 025 5 0.18F=
o — o - =
€ F Before € o6 After
3 [ S -
> 0.2 . ] = .
° F transformation D = transformation D
0151 0.1
01E 0.08 ;—
= 0.06—
0.05— 0.04F~
o 1 0.02(
0 C P L L L L L | I 0 .
o 1E 3 I
<] F —— 100x /B 8 —— 100x 5/B
£ ———— 10x Significance ‘ € 1  10x Signifi B
8 05 = g C
@ aQ C
%) of @ 0 B
01~ 08 06 04 02 0 02 04 06 08 0108 -06 04 -02 0 02 04 06 08
BDT output BDT output
ng np

*Formula used for transformation D is:

L =z,— +7p—.
"N,

Nb
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MVA: new variables

Resolved VH(bb)

. BDT _1L_3J_150ptv_1of2_1L-VHcc-TTTL . BDT 1L 3J 150ptv_1of2 MVA Vbb_Resolved 1L_3j 150ptv
S C S C
© - ATLAS Internal B signal © 12 ATLAS Internal Ml signal
0.8:— Background 1:_ .| Background
E 0.8
0.6 n C
- 0.6F
0.4— C
B 0.4_—
0.2 n 02 :_
L P IR SN R : | L |
% 4 5 6 % 1 4 5 6
bin_bTagB1 bin_bTagB1
© A Boosted VH(bb)
3’ ' _ BDT_1L_2pJ_400ptv_10f2
S c
T ¥, S 095 ATLAS Internal M siona
o c-tight 0.8E
= .| Background
20% 0.7 E_
efficiency 0.6
" c-loose 0.5F DL1r @ 85% WP
40% 0.4F
cfficiency =
0.3 =
untagged 0.2 z—
0.1
0 Eoov
70% 60% 0 6

cficiency  cficiency  b-tag score bin_bTagBTrkJ1
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MVA: new variables

a.u.

a.u.

BDT_1L_3J_150ptv_10f2

MVA_Vbb_Resolved_1L_3j 150ptv

- ATLAS Internal M signal
0.25 - Background
0.2
0.15
0.1
0.05—
O: . o n
0 50 100 150 200 250 300 350 400
sumPtAddJets in GeV
BDT_1L_2pJ_400ptv_1of2
0.8
ATLAS Internal M signal
Background
0.6
0.5
0.4
0.3
0.2
0.1 . S
0 S TN B ...I....\ o
0 015 1 1.5 2 25 3 3.5 4
HP LP NAdditionalCaloJets

a.u.

a.u.

BDT_1L_2pJ_ 400ptv_10f2

ATLAS Internal

M signal
Background
2 2
Oar t 95k

2
eab

Colour =

a: track jet bl
b: track jet b2
k: track jet J3

" | |
6 8 10

Colour in GeV

BDT _1L_2pJ_400ptv_10f2

o © 9909090 o oo
O D W b~ 00O N 00 ©

ATLAS Internal

M signal

NN

1 Background

S

<DO

0.5

B '//////7/

1 1.5 2 2.5 3 3.5
NMatchedTrackJetLeadFatJet
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CARL re-weighting technique

* Re-weighting: take events sampled from the nominal
and re-weight them event-by-event to make the re-
weighted distribution looks like the alternative.

* Motivated by low statistics of alternative sample

* CARL s a re-weighting technique based on DNN

e Simultaneously reweight multiple variables, and
correlations between them are considered

* Important as now SRs fitted with BDT

e Replace the previous BDTr technique

* The output of the neural network D(x) approaches
probability that event is alternative

VHbb_resolved - OL - WZ_2bbtag2jetOtaus_150_250ptv_SR_mva

Top panel:

Middle panel: ratios

15
14
13
12
1.1
07
06
o5
6
4
2

El *  Green: residual of nominal

o

*  Green: Nominal (Sh2.2.11) sample
*  Red: Alternative (Sh2.2.1) sample
*  Orange: reweighted nominal

*  Green (Black): ratio of alternative (Nominal * CARL) over the nominal
*  Orange: ratio of Nominal * CARL over the alternative sample --> should be at 1
Bottom panel: residual = (ratio - 1)/relative error

: el *  Orange: residual of Nominal*CARL --> should be at 0
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Set of nuisance on error
parameters

DataStat
FullSyst
Data stat only
Top—emu CR stat
Floating normalizations
Modelling: VH
Modelling: Background
Multi Jet
Modelling: single top
Modelling: ttbar
Modelling: W+jets
Modelling: Z+jets
Modelling: Diboson
MC stat
Experimental Syst
Detector: lepton
Detector: MET
Detector: JET
Detector: FATJET
Detector: FTAG PFlow (b-jet)
Detector: FTAG PFlow (c—jet)
Detector: FTAG PFlow (l-jet)
Detector: FTAG PFlow (extrap)
Detector: FTAG VR (b-jet) +
Detector: PU + 0.
Lumi + 0
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