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Outline

@ Vector boson scattering in the SM
@ The W+W ™57 signal and its backgrounds

© The neural network and shape analysis
© Resolve the features of polarization for W+ W ~jj channel

@ Applications to new physics searches
@ The effective field theory
e Two Higgs Doublet Model
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Outline

@ Vector boson scattering in the SM
o The WTW~jj signal and its backgrounds
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Vector boson scattering processes and their (ir)reducible background (V'Vjj)

o The vector boson scattering processes (M? xx O(agw))

i e

o Irreducible electroweak backgrounds (M? oc O(agw))

T LK

e QCD induced contributions (M? o O( aEWa <)

Tl

o Interference between the EW and QCD amplitudes (M? < O(agwas))
o Typically smaller than O(3)%.
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Cross section of VBS processes at the LHC
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Why measure the polarization modes of W*W =547

. o(VV — VV), no Higgs
@ The amplitude for the longitudinal vector
boson scattering: Sl o
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Variables sensitive to polarizations of W*W =45

W boson is reconstructable in semi-leptonic channel:
W 4% 117477
oy n m

W W
do/dp’ (pb/GeV) . do/dn" (pb) do/dMm,,, (pb/GeV)
-
= unpolarized (full) £ unpolarized (full) 07 unpolarized (full)
10° longit. (OSP res.) longit. (OSP res.) E ——— longit. (OSP res.)
E left (OSP res.) left (OSP res.) | left (OSP res )
= right (OSP res.) right (OSP res.) right (OSP res.)
sum of polarized (OSP res.) sum of polarized (OSP res.) sum of pu\anzed (OSP res.)
S10°
3 ~
S g
=
107k 5
540 5
T F g
s f 3
10t
107
E | | | | | | | | |
400 600 800 1000 1200 1400 1600 1800 2000 2200

| | | | | | |
100 200 300 400 500 600 700 800
w V)

P! (Ge M, (GeV)

W boson is NOT reconstructable in dileptonic channel:
mj; 77 G-

do /dm V do/dm, (pb/GeV) do / d b
\10® 0/ dm, (pb/GeV) a5 b ao® 9, (pb)
£ unpolarized (full) °F F
- —— longit. (OSP res.) r unpolarized (full) C
12— Teft ( s) L —_ Iongwi OsP res) 03
L right (( 5 f— L
—— sum of po\arlzed (OSP res.) C —_— nghl( E
Pl C —— sum of pu\anzed (OSP res) 025k
s s LB .25(=
8 F 8 °F = r unpolarized (full)
S 08— 3 = I longit. (OSP res)
e 2 r . 0.2 ——— left (OS
= T - 3 = E right (OS|
£ 0.6— £ T N r —— sum ofpolanzed (OSP res.)
s FE s S E
2 F 2 F 015
3 o4b 5 ,F ]
© 04 ® 2h £
E H 0.1
0.2;\ bl T T T
L 0.05—
P U S U R R A B R e | o P O P S AR RN |
8o 800 1000 1200 1400 1600 1800 2000 100 200 300 400 500 600 -3 -2 -1 0 1 2 3
m; (Gev) m, (GeV) .

[JHEP03(2018)170]

Jinmian Li (Sichuan University) Anomaly detection in VBS Sep. 28th 7 /24



Machine learning methods for polarizations discrimination

@ Regression of the lepton angle in the gauge boson rest frame (We:t Weijj)
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Resolve polarization of different processes? sway i progress - -

Train a network that is capable of regress the lepton angle in the W boson
rest frame for the dileptonic SM WW 33 channel (template ﬁttlng)
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The event generation setup

The aim of the talk

Focus on the WTWwT 77 process, considering the polarization information; propose a
method to search general new physics in this final state

@ Use the new feature of MadGraph aMCQNLO to simulate the polarized
sample:
generate p p > w+{0/T } w-{0/T} j j QED<=4 QCD=0

@ Consider the interferences of amplitudes at oy, ignore the interferences with

amplitude at aza%yy, .

@ Madspin framework for vector boson decay.
@ Backgrounds for semi-(di-)leptonic channels
o™ [pb] | o™ [fb] | 0" [fb]

tte 210.3 139.8 | 3007.6

tWoe /teW 15.9 11.6 224.6
W W j 9P 4.68 14.7 340.5
W, Z4559°P 2.20 4.49 165.7

WeZji=W 0.487 3.68 22.2
W,Wj 5% 0.738 4.36 37.3
4

superscript QCD (EW) corresponds to amplitudes at azazy (Qgw ).
()% corresponds to cross section after preselection cuts
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Preselection cuts

Semi-leptonic cuts:
Di-leptonic cuts:
@ exactly one charged lepton with

@ exactly two opposite sign leptons pr(€) > 20 GeV, |n(l)| < 2.5
with pr(£) > 20 GeV, |n(l)] <2.5 @ at least four jets with (b-veto)

@ at least two jets with pr(j) > 20 GeV, [n(j)| < 4.5
pr(y) > 20 GeV, [n(j)] < 4.5 @ the pair of jets with the largest

@ two jets with leading pr should have invariant mass (m;; > 500 GeV) that
m;; > 500 GeV and |Anl;; > 3.6 also satisfies |An|;; > 3.6 is taken as

the fi d-backward jet pai
@ no b-tagged jet in the final state. ¢ forward-backward jet pait

@ In the remaining jets, the jet pair
with invariant mass closest to the W
boson mass is regarded as the jet

Input to the network:

@ momenta and charge of two leptons; pair from W decay.
o forward and backward jets; Inputs to the Network:
. = @ sum of all
@ sum of all detected particles (p); @ momenta of the lepton; detected
@ sum of jets that are not assigned as @ forward and backward particles;
forward-backward jets Jets; @ sum of
@ two jets from W decay; remaining
jets;
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Outline

© The neural network and shape analysis
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Architecture

of neural network
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Training and Hyper parameters
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Shape analysis (binned log-likelihood test)

@ 3-dimensional latent space is divided into 8 X 8 X 8 bins for dileptonic channel
and 10 x 10 x 10 bins for semi-leptonic channel,

@ the bins which contain at least 1% of total signal events, ten with highest signal
to background ratios are selected for the log-likelihood test.
In realistic experiments, the number of signal in each bin can be obtained by
subtracting the predicted background event number from the measured number.

@ This procedure selects ~ 30% of signal events and ~ 0.5% of total background
events in most of the cases (N 2 Ns)

@ The pseudo-data is obtained by generating a random number from Poissonian
(statistical uncertainty) plus Gaussian distribution (systematical uncertainty)

@ The p-value is calculated by assuming observation is given by null hypothesis.
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Outline

@ Resolve the features of polarization for W+ ~jj channel
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Features of the W boson polarization (Dileptonic channel)

wrwr wWrwy

Latent 3
Latent 3

Comparison study (GBDT method) L0 1=

@ Detector level: the transverse
momenta of two leptons pr(¢1,2) and
the forward-backward jets pr(j1,2);
the azimuthal angle difference
between the forward and backward

jets A¢(.77.])
@ Truth level: the transverse 0.2
momenta of two W bosons pr(W*);

0.8 1
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Features of the W boson polarization (Semileptonic channel)

wrwp wirwy

Latent 3
Latent 3
Latent 3

@ Detector level: the lepton pr(¥)

Latent 3

1.0 =

and n(¢) ; azimuthal angle difference
between forward backward jets
A@(j,7); the transverse momentum
of W boson pair pr (W, W)

@ Truth level: transverse momenta of
two W bosons pr (W), the lepton
angle in the W boson rest frame  Latent
cos(f) and the invariant mass of the = 2{ — Tuth

—— Detector

forward backward jets m;; — Truth + Latent

—— Detector + Latent

o o
o ©
| )

Background Rejection
o
»

0.0 T T T
0.0 0.2 0.4 0.6
Reconstructable Wy, ignal Efficiency

but ambiguity in assigning jets
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Outline

@ Applications to new physics searches
o The effective field theory
e Two Higgs Doublet Model
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SM + Effective operator

O = Qaﬂ[qﬂ@]a (BT ] = —8“h8 h
v

Leads the changes to SM couplings:

gmyy 1 1
1 — —eu)WiWrh+ [ZL[1 — —ey)FPrfh + hec]
e 2¢ 2 V2 2
| cn [ <10 | 05 [ 0 [ 05 | 1.0 | @ Larger |cy| lead to increased LL
Ty, >s500 0] [| 440.6 | 421.8 | 419.7 [ 426.7 | 436.2 ¢
ou )] 182 | 444 | 436 | 448 | 4.62 componen
a1 [fb] 402 | 37.7 | 373 | 379 | 39.3 @ Preselection increase the LL fraction
ol 500 ] || 46:29 | 29.68 | 25.84 [ 28.79 | 34.01
a”L [fb] 0.754 | 0.397 | 0.314 | 0.356 | 0.462 @ Semileptonic channel has larger cross
a;" [h] 528 | 3.04 | 240 | 279 | 3.50 section
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SM + Effective field theory operator

Dileptonic channel: Semileptonic channel:

éy=0.0 Background éy=-10 éy=0.0

Background
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@ weighted sum of backgrounds

@ The required integrated luminosity to achieve 95% C.L. probing

@ semi-leptonic channel outperforms the dileptonic channel if Syst. err. < 5%
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Two Higgs Doublet Model

Parameter choices:

mp, = 125 GeV, tan 8 = 5, ma and my+ are not relevant;
varying myg, and sin(a — )

The H2 decay width can be calculated:

['(Hs) = ['(Hy = WW) +T(Hy — ZZ) + T'\(Hy — #t) + I'(Hy — bb)

@ The LL fraction is considerably

[ (muny,sin(B — o)) ][ (300,0.7) [ (300,0.9) | (700, 0.7) | (700,0.9) |

9., ~500 D] 636.2 492.5 461.9 128.5 larger than that of the SM

o1 [] 8.362 5.853 5.527 1842 _ .

a1 () 64.07 16.52 4370 30.33 @ The preselections can increase the
om <500 [fb] 170.75 79.81 71.58 42.65 fraction even further

ot |fb] 2.91 1.27 1.30 0.676

LL .

o1;" [fb] 20.78 9.35 9.50 5.06 @ the resonance in the latent space

The cross section in 2HDM can be smaller than

that in SM when the mass of the Hs is heavy

my, =400 GeV my, =600 GeV my, =1200 GeV

and decay width of the Hs is large, because of
the destructive interference between Hq and Ho

in some phase space.
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Two Higgs Doublet Model

Dileptonic channel: @ The color grades correspond to the fiducial
[fb] .
10 cross sections (mj; > 500 GeV)
10047 @ The systematic uncertainties are set to 5%
for both channel
10].43 . . . .
_ @ the sensitivity of the method is roughly
v Lo determined by the cross section, even
Q . e e s
= though a slightly better sensitivity can be
100 achieved in the small sin(8 — «) region
. @ model specific search may be more
10% o . .
sensitive in some parameter space
Lot Type-Il: cos(8 —a) =0.05
300 600 900 1200 1500 50T ! _ 7
my, [GeV] Lo TN
‘l"ﬂ"-/"‘v"'l/‘/
Semileptonic channel
[fb] 10230 10
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O
E Hh
. 10220 =
s
! " e
z b0
@ 10215 0.5 L.\_- !: Un
(FFTTT 7S e
~- £~
102.10
0.1 T T T
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10205 my=my [GeV]

900

my, [GeV] F. Kling et.al. (2020)

Jinmian Li (Sichuan University) Anomaly detection in VBS Sep. 28th 23 /24



Conclusion

e The WTW ™ jj process and its polarization serve as a important window
to test the accuracy of the SM

@ A network based on transformer architecture is proposed to detect the
features of this channel (discriminate their polarizations and discriminate
the signal from backgrounds)

e The network takes reconstructed four-momenta of final state leptons and
jets as inputs.

e classifying different polarization modes

e detect the anomalous contributions from the EFT operator

On = 0*[®'®]0,[®'®] and 2HDM
@ Model-specific approaches might have better sensitivity, the advantage of
the method is its generality.

Future prospects:

@ A process ignorsic method of polarization fraction extraction for the dileptonic channel?
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Backup (Simulation dependence)

BG

NBG

Latent 1

Jinmian Li (Sichuan University)

g
&
X
>
Y%

Latent 3

Latent 3

independent smearing (Delphes-ATLAS):

Electron: o(¢,n) = 0.002,

o(E) = +/0.032 + B2 x 0.00132
Muon: o(¢,n) = 0.001,

o(E) = v0.012 + B2 x 0.00012
Tracker: o(¢,n) = 0.002,

o(E) = v0.062 + B2 x 0.00132
ECal: o(¢,n) = 0.02,

o(E) = VE x 0.1012 + EZ x 0.00172
HCal: o(¢,n) =0.1, o(E) =

V1.592 + E x 0.52052 + E2 x 0.03022
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Each of the maximal bins takes ~ 10% of total
background events.
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Backup (Discrimination power of the score(s))
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