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Rescuing L from oblivion

We have been hearing about measuring spin of top, W, Z, even T, for
decades.

But probably, last time you studied orbital angular momentum (OAM) was
in your degree.Why is it so!?

OAM cannot be directly measured from angular distributions!

Yet, it is there. Consider for example H = VV, with V = W,Z

Initial state d = 0 —_— Final state J =0

total spin of VV pair: 0, 1,2 » {=0,1,2



Rescuing L from oblivion

Let's introduce a reference system (x,y,z) in the H rest frame. Decay

amplitudes using a fixed spin quantisation axis Z [whatever] look like

c __ T ' —2

I A Y2 (Q) There are 9 amplitudes.
c 1 1xr—1 1 v —1 c superscript stands for
o=l 1Y (Q)+[-]Yy (Q)

“canonical” as opposed to

= DY@ 4[] V@) 4[] V(@) the commonlyuses

helicity amplitudes

”.wmm eyl
\ S, S2. 3rd spin components

for Vi, V2 in Z axis

with Q=(0,d) the angles of [say] V;in H rest frame

~ spherical harmonics up to ¢ =2
Note:

osptsy;+tm=0

» OAM is there! And there it is, just like it should be!



Rescuing L from oblivion

Hmm... ok... but how do the amplitudes get an angular dependence!
Ay =[] YQ_Q(Q)
Afg=[]1Y Q)+ [ -] Y, ()
AT = [ TYE Q) + [ ] Y(Q) + [ ] Yo' ()

Setting a particular value for the third spin component along a particular

direction Z breaks isotropy in the Higgs decay.

This is in contrast with helicity amplitudes which are just numbers

Ag() = Qg Only 3 amplitudes



Rescuing L from oblivion

But wait... the Higgs is a scalar, and scalar decays are isotropic, how is this

possible?
density operator for L
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Z Y2 (0,0)|* = y » all (6,¢) dependence is lost

m=—2

OAM cannot be directly measured from angular distributions!

[of course, you can calculate it, from initial state and decay amplitudes]



Rescuing L from oblivion

Q: OK but | have seen helicity amplitudes, and | never saw OAM there.

A: Sure, in the helicity direction p the third component of OAM vanishes

m=0
because L — i % . This does not imply
(=0

Actually, this property makes helicity amplitudes simpler in order to extract

parameters from experimental measurements.

For H = VV there are 3 helicity amplitudes vs 9 canonical amplitudes.
Fort = bW itis 4 vs 26!



Rescuing L from oblivion

Entanglement measurements involving OAM are rare — and never done in
HEP!
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# take your new physics hats off, enjoy new SM measurements!
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The trick

If one is able to experimentally measure JAAS 2402.14725
already done,

© canonical decay amplitudes Ajss, sy:im

then, one is able to determine the full density operator pLws that fully
describes the top decay, also including OAM!

/! / /
818o;l'm" *
(IOLWb)Slsg;lm _ (pt)MM’AM8182;lm M'’s’ sh;l/m/

Fortunately, most of these quantities can be obtained from observables
already measured by ATLAS.



The trick
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The trick

model-independent I
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Measuring helicity amplitudes

To obtain helicity amplitudes a ), », we ighore OAM for a moment and
work in the helicity basis [of course!]

o= — e

(07, ¢y) oflin W rest frame
(0,9)  of Win t rest frame

JAAS, Boudreau, Escobar, Muller 1702.03297

The relevant angles are well known:

W helicity fractions

+ ﬁ

/
<2

FB, EC\

’a—l—%’a |a0—%‘7 |a0%|7 ‘%%‘



Measuring helicity amplitudes

| | | | | I | | I | | | | I | | |

ATLAS
/s =8 TeV, 20.2 fb” ot AL

@ +—

— - @ —

¢ SM prediction
— Stat. uncertainty
— @ P—i — Total uncertainty

| | | I | | | | | | 1 | | | | | | | | | 1

-0.4 -0.2 0 0.2 0.4 0.6
Angular asymmetry

What about arg a1 a,_1? Can’t be measured without But don’t

measuring b polarisation, unknown phase. panic!
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Bipartite and tripartite entanglement

There are several points one can address from pPLws:

~ Is tripartite entanglement genuine!?

~ Are A, B subsystems entangled when C is marginalised?

They can be addressed using Peres-Horodecki sufficient condition for

entanglement, and using the entanglement measure [negativity]

e -1
2

N(p)

for A, B any subsystems of H; @ Hs, ® Hs,

N
W b



Bipartite and tripartite entanglement

Tripartite entanglement is genuine if the state is entangled under any
bipartition of Hy ® Hs, ® Hg,

A B

- Entanglement is very large in '
all cases!

%

< These are SM values for top

q_[ g_[ ® ‘j—[ 165 [not anti-top] Wlth Pz = I
L w b -

< For single-top production,
Hw He® H 0.80 slightly smaller

Hp H. ® Hw 0.50 W -




Bipartite and tripartite entanglement

Given the three subsystems A, B, C, we can marginalise C [trace over its space]

and obtain the entanglement between A and B

~ Cis the unlisted subsystem in d

H; Hy 0.62 all cases.

H, H, A < These are SM values for top

[not anti-top] with P; = |

Hy Hp 0.01 ——




Bipartite and tripartite entanglement

. which in principle is not measured!?

2

What about arg agzag

This is the phase between amplitudes with A = [/2 and A = —1/2 for b.

Since the former are quite suppressed by the small my, this phase is fairly
irrelevant in order to establish entanglement.

Entanglement SM phase [0,2m] Entanglement SM phase [0,2m]

L-(Wb) 1.653 [1.653,1.678] L-W 0.615 [0.615,0.628]

W-(Lb) 0795  diff = 106 L-b 0.396  [0.396,0.411]

b-(LW) 0.496 [0.495,0.496]
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Expected uncertainty in t-channel single top

Pseudo-experiments performed assuming 50K events

[number obtained from Run 2 ATLAS measurement]
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: Lo et Tripartite entanglement
100 ] b-(LW) entanglement
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Expected uncertainty in t-channel single top

Pseudo-experiments performed assuming 50K events

[number obtained from Run 2 ATLAS measurement]

40 —

] L-W entanglement
35 - L-b entanglement

Bipartite entanglement

: "

'Tg

S 202

c s L-W »>50
o L-b >50
5
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0.0 0.1 0.2 0.3 0.4 0.5 0.6
N(p)



Expected uncertainty in t-channel single top

Systematics in entanglement measurements can be estimated using actual
uncertainties in Run | / Run 2 measurements of the input observables

N(prw) N(pws) N(prwe) N(ewis) N(oszw))

p +0.01 +0.003 +0.03 +0.044 +0.021
1 —0 —0 —0 —0.003 —0.003
+0 +0 +0 +0.001 +0
P —0 -0 —0 -0 -0
P +0.015 +0 +0.091 +0.057 +0.008
3 —0.024 —0.013 —0.063 —0.027 —0.003
F +0 +0 +0 +0.004 +0
+ —0.02 —0.034 —0.054 —0 —0
+0.003 +0.007 +0.036 +0.028 +0.008
Fy
—0.023 —0.017 —0.033 —0.025 —0 educated
2,2 +0.05 +0 +0.078 +0.054 +0.008 @ -
AFgEc L0042 —0.1 —0.006 —0.003 —0.041 guess for this
o observable
FB
/
AY
FB
xz'2!
FB
ylzl
FB

Total




Expected uncertainty in t-channel single top

Entanglement significance
including systematics

L-(Wb) 150
W-(Lb) 180
b-(LW) 120
L-W 8.70
L-b 3.20

Remarks

[ Possible to measure right now

entanglement between OAM and

spin

4 Possible to measure right now

tripartite entanglement

M Doing the same as previously done,

using available data

R

25



End
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Quantum entanglement: basics

The state of a system composed by two sub-systems A and B is separable if

it can be written as
) =la)a®|b)p
Otherwise, it is entangled, e.g. something like
) =la1)a @ |b1)p + |az)a ® [b2) B

A typical example of entanglement is the combination of two spin-1/2
systems in the spin-0 configuration

V) =1Ma®@ s —1Ha®|T)B

General systems are not described by pure states |¢)) but by density

operators p.

28



Quantum entanglement: basics

Any operator cannot be a density operator. A valid density operator has

several characteristics:

Unit trace
~ Hermitian
~ Positive semidefinite: eigenvalues = 0

A density operator describing a composite system is separable if it can be

written as

A B
Psep = ) Pl © Py,
n
Note: in general, one has something like

0= szl\% (W] @ |bx) (]

17kl

29



Quantum entanglement: basics

Necessary criterion for separability: Peres, quant-ph/9604005
Horodecki, quant-ph/9703004

taking the partial transpose in subspace of B [for example] the resulting

density operator is valid.

# it has non-negative eigenvalues [unit trace and hermicity automatic]

Example: composite system A ® B with dim Ha = n, dim Hs = m

P;; are m x m matrices, (Pz'j)kl = pfjl

[ Pu P o P\ / PLPlh - PL\
. P?1 P | ol — P?ji P

\ P;ﬂ | Prn ) \ P;%Fl | P /

(nxm) X (n+m) matrix

30



Quantum entanglement: basics
To take away:

© It is quite complicated to prove [analytically] that a composite system is in
a separable state.

~ However, we are interested in showing that the system is entangled.

~ To prove that, in some systems there are simple sufficient conditions
that do the work

%€ two spin-1/2 particles
#* H — VV [bipartite]

~ Otherwise, use directly the counter-reciprocal of Peres-Horodecki
necessary condition

P2 non-positive = pT2not valid = system entangled

31



