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Introduction: Bell inequalities

Bell inequality: constructed from four two-outcome measurements Alice
Ajpand By Get outcomes A, = + 1

_>‘4_

To(A1, Ay, By, Bo) = [(A1By) + (A1 By) + (AsBy) — (AsBy)| < 2

In QM, the two measurements may not commute, [Al,Az] #= (0 and %

Bob
[Bl,Bz] # 0 and the inequality can be violated Get outcomes B, = = |

Bell inequality test at colliders: 17,77 t~, WW~,ZZ, ------
Test the fundamental principle of QM at extreme high-energy

W+W~/ZZ: the only fundamental particles with 3d spin space.

2x2 system, A, B,=*1 3x3system,A,B, = —1,0,1.

The Bell inequality is generalized to /; < 2 :
I3E+[P(A1=Bl)+P(Bl=A2+1) P(A2 Bz)+P(B2 Al)]

— [P(Ai=B1—1)+P(B;=43)+P(A2 =B, — 1)+ P(By=A; — 1) ]
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tor Wt rest N

] frame n : normalized direction of £+
Method and assumptions

zZ

The spin of top quark or W boson cannot be measured directly, and they are
inferred from the distribution of their decay:

i 1 drI 1
A spin-up top quark ¢, — £ vb 1 — ~ —(1 + cosb,)
[' dcosb,
A general density matrix 1
p = 5(12 + Bio;) B; = 3(n;)

1 dr 3 5
- = —(1 +cosd,)
["dcos6,

W boson is similar. E.g., W;" — vt

A general density matrix

7 3 3 B 5 Oij
pw =5+ diSi+ Y a;{S, 8} |4= )@=y <mnj 3
=1

i,j=1

Top quark: (n;) => angular momentum of top quark

W boson: (n;) = angular momentum,  (nmn;—§;/3) = linear polarization

4 p
Measure the 7+ Alice and Bob perform
el s — Construct the
distribution from W density matrix some measurements on
decay y this density matrix
\

Theory assumption of
the decay mechanism Four measurements:

AI’AZ’Bl’BZ
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W-boson density matrix from its decayed product distribution

+Zd S, + Z ¢i5S (i

Stijy = SiSj+ 55

1,7=1
Angular momentum Linear polarization
measurements measurements
Sty = —1) Stay =1)
g 0 | , £ 0

-

€ sany = (Li,0)A/2

Eg. 4 _,
% S{xy}=1>=(1,—1,0)/\/§

L

Anti-fermion direction: T{

WtorW-rest +  f
frame i

Decay product distribution of purely linear polarized W boson

If we want to measure the angular momentum of W— we need the direction of f n-
If we want to measure the linear polarization of W=, we need the quadruple distribution
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Distinguishing fermion from anti-fermion in W decay (flavor tagging)

Wt = v or WH = ud

Flavor tagging:
use leptonic decay, or perform jet
charge tagging

n..: normalized direction of
anti-fermion in W rest frame,
need flavor tagging.

5.
q;=nn — % : do not need flavor tagging

1 1 1
PWW 269 + gdj_si ® I3 + qu;S{ij} ® I3

1 1
+ gdi_fza ® S; + gq;jfzz ® S{ijy
+ G851 ® Sj + O 1Sy ® Sty

+ CihSi ® Sy + CfiStisy ® S

. Flavor tagging in W™ decay
. Flavor tagging in W™~ decay

. Flavor tagging in both decay

+
1 n; 9j
1 ST®I S ®1
w0y stes syes
q; I®S; S5 ®Sg) St ®Si
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Two fold ambiguity in the neutrino solution

Is=+|[P(A1=B))+P(By=Ax+1)+ P(Ay = Bs) + P(By = A1) |
—[P(Ay =By —1)+ P (B, =Ay)+ P(Ay =By — 1)+ P(By = A; — 1)]

It is a usual practice to test the Bell inequality by measuring angular momentum

g “ ~ ~ ~
Zé ) EIB( 617562;3517552)

Then the di-lepton decay mode should be used. L — ‘

[ -_— True .--'"I": 1

6;— """ V1 ,

Solve the neutrino momentum _Bf - 2 WA

|ﬁy|2 — E 4_ . Upper limit —_:'_‘i- - é _

o — E ;_ E - ;:.;_-I :_ﬂ

pu'€+ = 3t "'__]____'7,'33"’“ ]

— pa 2—_-;;_;—'_'_|_l_‘—'_l_|_,__|———'—

Dy - 0 =
Quadratic equation, Mo Zos 00 05 10

two fold solution. cosf

240GeV ete™ - WTW~

Option a) Try unfolding (as is always needed for 7), flavor tagging, etc.

Option b) Choose other observables to reduce this difficulty.
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Construct Bell observables from linear polarization

For example:

Use the correlation between the linear polarization of W+ PWwW =
and the angular momentum of W~ to test Bell inequalities

L,
Z§ = Z3<S{«Lly1}7s{12y2}’sb1 S_' )

Measurements are done by projecting py,y, to
‘S{xiyi} — a>® ‘Sbl: b>, a,b=-1,0,1

This depends on only part of the density
matrix

Tr [S’kﬂw{w}:@} =0

1

Measurable in semi-leptonic decay mode

ete™ - WHW- Wy
WH( - W™ - (£7D)

Most clear decay channel q;j

Iy 1 1
69 +|5d S® I+ §Q$S{ij} ® I3

1 1 _

+ 30 I3 @ Si + 34,13 ® Spijy
HCEST@ S|+ Cf 1aStisy @ Sty
+ qu {5k} T C/gfks{ij} ® Sk

n +
n +
S;1 55,1
— + — —
I®S; Sl/@é S{J;J} ® S
— + — —
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Simulation results

rrrrrrrrrrrrrrrr

ete > WH (= I'vYW(-))

ete” - WHW~, \/s =240 GeV, : \/;=240 GeV :
. 24} .
u~l L 4
Lo I ]
N 99l L s S :
Good consistence with the parton g _‘_,_,_-—'_'_m Mt
level result. The reconstruction is 2.00 1 - Parton ]
much easier. 1.8 Showered :
16 '
Z1.0 -05 0.0 0.5 1.0
cosf
Angular Angular
Many possible choices of momentum - - momentum
=+ .
measurements for W pair
Linear Linear
polarization polarization
I(S) = T5( Sal 562’ Sq Sq ) * Di-lepton

L,S
I( ) —I3(S{=E1yl}’s{$2y2}’sb1 S_’ )
I?ES L) _

A

(g , Sy 3S{$3y3}’g{$4y4})

(L) __
1, I3(S{$lyl}’s{x2y2}’S{x3y3}’s{x4y4}>

* Di-lepton,

Di-lepton,

Di-lepton,

Cleanest channel
240GeV, 180 fb~! = 5¢

=

semi-leptonic
semi-leptonic

Full hadronic

semi-leptonic,
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Summary

o The Hilbert space of W pair to study is 3x3 dimension, for top anti-top its only 2x2.
o The expression of Bell inequality is more complicated
> But we have more flexible choices of observables

o Correlation between angular momentum:
o Di-lepton decay mode

o Correlation between circular and linearly polarized state
~ Semi-leptonic decay mode
o Larger cross section and easier to reconstruct

o Lepton colliders: no need to reconstruct
o Hadron colliders: less experimental difficulties
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Backup
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W-boson density matrix from its decayed product distribution Antifermion direction: T

WtorW-rest +  f

frame
5+ Zd Si + Z i3 S1ij)
1,j=1
Angular momentum Linear polarization
measurements measurements

. 5}
(i) = /ni p(Wpw)dQ=d;  (dij),, = /%‘ p(1; py ) A = 54ii

1 Sy} = = 1) Sy} = 1)
Dipole Quadrupole

distribution distribution e 0| g0 ) S
1 0”//1 - 1\\0 i
] - -
PWW = 6 ((]a /\a X I + 9a .1 X /\a) + hab)\a & /\b e e
Iy 1 Vi * :
P 25 L L, I q;s{”} oI Individual measurements on W Correlations

. decayed product distribution
d1 I3 ® S; + q”]?) & S{zj}

. 5/ 4
"3 df = <ni>av, O =(nfng),,. Ol =2 (nfan)

+ G551 ® 85 + Cjj 1y Stigy © Spuy . , 2% -
4i; = <qw>av Cijm = <qqul> ng =5 <q;;n;>av.

+C.S; @ Sijry + CEL Sy ® Sk

If we want to measure the angular momentum of W— we need the direction of f n-
If we want to measure the linear polarization of W=, we need the quadruple distribution
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