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Isolating Signal
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e So, why not use HHWW"—|vlv for Quantum
information measurements?
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 Presence of two neutrinos (and lack of additional
mass constraints due to off-shell W) makes it
extremely hard to reconstruct the Higgs.
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Isolating Signal 7

e Using the H-WW~"—jjlv channel we can
reconstruct the Higgs:

e But there are two challenges:
1. Dealing with overwhelming W+jets background.
2. Accessing the spin information of the hadronic W.
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Isolating Signal

* The backgrounds
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Accessing Spin Info 00 5 oy

e W spin information can be accessed either using
charged leptons or down-type quarks:

Y u,cC d,s

“Spin Analysing Power”

degree to which a partiCIe LO 1.000 -0.310 1.000
caries parent spin info, 1 = fully,
0 = none, -1 = "anti’ fully NLO 0.998 -0.310 0.930

* If we can identify the down-type jet in a hadronic W
decay, we can access the spin information.

e W—cs allows us to do this because we can tag the
c-flavoured jet and then take the other jet that pairs
to make the W mass as our s-jet (spin analyser).
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Monte Carlo Simulations L Rre

e We used the following MC generators to simulate
signal and background processes:

= Higgs (gg fusion): Powheg + Pythia8
= W+jets: Powheg + Pythia8

= ttbar: Powheg + Pythia8

= Diboson: Sherpa (NLO)

e We generate about 900k signal events and ~1 mil
background events for each process.
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Simulating Collider Conditions e e

e Cuts and reconstruction/trigger efficiencies are applied
to jets and leptons to simulate detector effects:

pp > 25 CeV <25

e Jets are ‘tagged’ to approximate realistic c- and b-
tagging efficiencies.

Efficiency type  Efficiencies (%)
c-tagger b-tagger

€p 14 77
€c 40 20
€] 3.3 0.8

e All of these together approximate very roughly the
reco level.
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Charm Tagging o, [ ey

e Key question is how well can we tag charm jets

experimentally?
:I I I 1 1 ] 1 1 1 1 I I I 1 1 I I 1 1 1 I I I 1 1 I I I 1 1 :
" ATLAS Simulation —— DL1r (20% c-eff.) -
10tk Vs =13TeV, tt events —— DL1 (20% c-eff.) _
; Anti-kT R = 0.4 PFlow jets ——= DL1r (300/0 C-eff.) §

20 GeV < PT < 250 GeV, |f]| <25 ——= DL1 (300/0 c-eff.)

— .~ DL1r (40% c-eff.)
—.- DL1 (40% c-eff.)
* f,=0.2
f, =0.2

Light-flavour jet rejection

10’

I 1 1 1 1 I | 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1

0 10 20 30 40 50
b-jet rejection

Taken from https://arxiv.org/pdf/2211.16345.pdf
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Reconstructing the Higgs 00 5 oy

e Using W—cs decays requires the hadronic W to be
on-shell and therefore the leptonic to be off-shell.

e We have two unknowns remaining:
1. The long. component of the neutrino momentum
2. The inv. mass of the off-shell W boson (mw < 80 GeV)

e This is similar to a problem in tt final states, where
we use a tool called ‘Neutrino Weighting’ to
reconstruct events by integrating over missing
kinematics.

* In this case, we integrate over 1. and 2.
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Reconstructing the Higgs on, KL Rre s

e We reconstruct many Higgs each event under
different assumptions of mw+ and ny.

R Io,9 e Each solution yields a

g o ommmmm— f weight based on how

co e well the reconstructed v
% e agrees with the
i s observed MET (missing
2 Iﬁf transverse momentum in
G5 5085 50 9574045750 © the event).

Sampled WIep mass

 The solution with the highest weight is taken as the
correct one.
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The W+jets background. L Rre

e Using W—cs decays requires the hadronic W to be
on-shell and therefore the leptonic to be off-shell.

 This is a bonus because the primary background
(W—1vjj) has an on-shell leptonic W.

| Selection: 70 < m(W,) <90, b veto BW +jets (1)
108 W +jets
o B Diboson

e The weight from NW
also acts similarly to
an MVA classifier
(signal events are more
likely to result in higher
weights than
background events).

B ttbar
' Higgs (ggH)

Events / Bin Width

10°

0O 01 02 03 04 05 06 07 08 09 1
Weight
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Cuts to remove background S € o

* We identified two parameters to cut on to enhance
signal: A®@;s (difference in ® of the spin analysing pair
(I,s)) and the weight from the NW.

m 0.016F selection: 70 < m(W,) <90, b veto m o250
- + -
<D 0.014— 2 - -
® o012 —— w 02
0.01 - + 4
- 0.15
0.008[ —|—_*_ -
0.006 — 0.1— 1
0.004F . - +
0_ |||||||||||||||||||||||||||||||||||||||| B _I_
0 01 O 2 O 3 O 4 0 5 0 6 o 7 0 8 o 9 1 O—O—O-I 1 | 111 | IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.1 02 03 04 05 06 07 08 09 1

Ag(l,s) [rad] Weight

e Full analyses on real data can optimise these and
find additional sensitive selection cuts.
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Observable after cuts KovaL

e AD;s before and after applying cuts and selections.
The left plot has only on-shell hadronic W-mass and
b-veto cuts.This is at 300 fb-1.

x10°

£ 700 . < . |
£ - 70<m(W,) <90, b veto .w + !e:s () T 3500 W Higgs (ggH)
= 600 Sew = W+ jets
£ - B ttbar < 3000 t+W
(ah] B ; m b
- 500F H H!ggs (99 g B ttbar
0 - I Diboson o 2500 [l Diboson
g - €
- ()
2 4005 5 2000
300¢ 1500
200§ 1000
100 500
0 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
A¢(l,s) [rad] A¢(l,s) [rad]

e Can see that the backgrounds are significantly
suppressed and the sighal becomes more
dominant.

Théo Maurin 13



The W+jets background. ke

e With these kinematic & NW cuts, we obtain good S/B
(considering this was, previously, an impossible

channel!)
Process idealised €. = 40%
W + jets 12253 =+ 7086 9166 =+ 5527
WW 2543 4+ 169 1253 + 118
tt 723 £+ 123 1198 + 157
tW 213 £+ 12 346 + 15
Higgs 5967 £+ 76 2905 4+ 53
S/(S+B) 0.28 0.2

e Can be used for entanglement measurements, but
also a brand new Higgs decay topology for free!
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Accessing entanglement XM €5 G lcoon

 Everything here is shamelessly stolen from Alan’s
paper: https://arxiv.org/pdf/2106.01377.pdf

tr(pBhap) = & (616 +£676),, § =N nx
+ 25 <((€;—)2 — (6;-)2) ((6;)2 o (gy_)2)>av Z —5 y <

+100 (676,766, ),

Ii}’»{yz = Inax (<BS%LMP> ) <B?(JZZGLMP> ) (B(ZJQI(;}LMP»

(pBé%}LMP)

e We have entanglement if
I3> 2.

¥
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Observable Performance L Rre
* Inequality becomes three observables:

tr(pBGrmp) = 5 (abe + 65 &) ) st
25 (&2 = (€)?) (6)* - (&)?)),, < 2nd
+100(€/ 676, ),, (uuum 3rd
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Observable Performance roval . RS

First observable

Left is the parton level and right our reco level

Z X1 500 — recoZ X 1
14000— Entries 838405 — Entries 838405
B Mean 0.2453 450 - Mean 0.1492
N StdDev  0.4237 - StdDev  0.4815
12000— =
— 400 —
10000/— 350 —
N 300 —
8000 — =
- 250—
6000|— -
- 200—
4000/— 150 —
_ 100
2000— -
B 50
5 . - | | | 1 Ll | | | 1
03 1
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Observable Performance roval . RS

Second observable

Left is the parton level and right our reco level

_ Z X2 recoZ X 2
90000 — __ Entries 838405 B i Entries 838405

- Mean 0.02738 u Mean 0.02689
80000— Std Dev 0.259 2500— StdDev  0.2776
70000— B

= 2000}—
60000— N
50000F- 1500/—
40000— ~
30000 1000—
20000— B

— 500 —
10000— B

oF —
1 1 0 3
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Observable Performance roval . RS

Third observable

Left is the parton level and right our reco level

' Z X3 recoZ X 3

90000 :— . Eﬁntnes . gggggi - - Entries 838405

= ean : - Mean  0.001689
80000}~ StdDev  0.06505 2500— StdDev  0.06997
70000— B

- 2000 —
60000— N
50000 1500 —
40000— B
30000 1000—
20000 B

- 500 |—
10000— B

' [ Lol Lovon b bowa by Ty

—8.25 -02 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25
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Parameter Extraction OGO &5 7 Glasoow

e Unfolding of the three observables is performed

Detector to Full bin-to-bin migrations

Vs =13 TeV L
1 1005 §— 100~ 0.25 100
o, E E
(%]
0.8 2 90 €08 y - » 90 £ 02 90 £
> g) 2 16 45 37 g.)
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© 5 S
0.4 70 S04 70 § 0.1 70 §
. o - B 9
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-0.2 . . —40 02 , 1 40 0.05 3 —40
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Parameter Extraction oL

e Unfolding of the three observables is performed
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Parameter Extraction 7l

 Use the unfolded distributions to extract the value
for the CGLMP inequality at different integrated
luminosities.

e Compute the significance for Iz = 2

Luminosity [fb~!] (B?%,..) (idealised) Significance (idealised)

139 245 =+ 0.25 (0.18) 1.8 (2.5)
300 245 + 0.17 (0.12) 2.65 (3.75)
3000 245 =+ 0.05 (0.04) 9.0 (11.25)

 Upon introducing jet smearing, the significance for
300 fb-1 goes to 2.36.
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A real analysis re A

* The usage of NW can be improved with
Machine Learning. Important to note that NW
Is somewhat idealised In this study.

e Charm tagging can be optimised in an actual
analysis. We can expect better S/B ratio and
more total sighal events.

e Custom trigger could improve acceptance of
events with low energy leptons.
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Conclusions 7l
 Potential for an entirely new Higgs decay mode!
e Entanglement in H=>WW = |jlv channel is
challenging, but most of these challenges are

experimental (and we’re quite good at beating
expectations for these types of problems).
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Full selection L Rre

* Pre-selection:
e Exactly 1 lepton with pT > 20 GeV
e Exactly 0 b-tagged jets
e C-tagging selection:
e 2 or more jets, exactly one of which must be
c-tagged.
e At least 1 (c-jet,l-jet) pair with
Im_wh - 80.6| < 10 GeV
* A reconstructed leptonic W boson from NW
with weight > 0.7.
e Maximum two light jets
* m_cl < 80 GeV (where | is the lepton)
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Charm Tagging Skl & of Glasgow

e How well can be tag charm jets at ATLAS and CMS?

Working point  &c (%) &p (%)  €udsg (%)
c tagger L 88 36 91
c tagger M 40 17 19
c tagger T 19 20 1.2

Suspiciously high numbers that probably come at the cost
of high jet rejection.

; 13 TeV, 2016
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Taken from https://arxiv.org/pdf/1712.07158.pdf
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