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Spin of diboson ZZ production @ ATLAS

From electroweak symmetry breaking, Z*
massless Goldstone bosons gainmass @ | - - m e e e e e e e - = ——
and longitudinal polarization = W*,Z , .

qq - VV Y 1 |

Di-boson polarization measurement: gg - Vv D Vv : —
* One of the most important tests to

EWK symmetry breakingandoneof ~  ~ "~~~ "~~~ "~~~ =7 777

the physics motivations of LHC;
* + Highly sensitive to new physics ;
* + Symmetry breaking restoration at

high energies. R.Capdevilla, T. Han VBS processes

(Vector Boson Scattering) +
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Spin of diboson ZZ production @ ATLAS

Unique advantage in ZZ processes: ATLAS has measured the longitudinal (L) and

transverse (T) polarization in the ZZ production
Z-boson (spin) can be precisely reconstructed

from leptonic decay angles: Z = ll,l = e, u JHEP12(2023)107
2 SR L I B B T | R
|5 - ATLAS Simulation .
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Spin of diboson ZZ production @ ATLAS

V Accurate reconstruction
Magic of Higgs: “Mix” to “Pure” V “Clean” state
Spin density matrix measurement is
p=a|Vy YW, |+ B |¥i_o){(Wi_g|+ ~7]00)(00 + 0 [Py_){¥q_]| practical despite only hundreds of events!
g il _ .
ATLAS Simulation 1.0
2 i |++> 40.01 0.02 -0.00 -0.02 0.02 0.01 0.01 -0.01 0.01 .
H 7* - Scalar nature Of Higgs |+0> 40.02 -0.01 -0.00 0.01 0.01 0.01 0.02 0.02 -0.01
g l+ |[+-> {-0.00 -0.00 0.21 -0.02 -0.32 0.02 0.21 0.01 0.01| |~
wW/Z |0+> --0.02 0.01 -0.02 -0.01 0.00 0.01 0.01 0.01 -0.01

|00> 40.02 0.01 -0.32 0.00 .-0.00 -0.32 -0.01 0.01 -00

|0-> 40.01 0.01 0.02 0.01 -0.00 -0.00 -0.02 -0.01 0.01

H |-+> 40.01 0.02 0.21 0.01 -0.32 -0.02 0.22 -0.01 0.00

1 |-0> 4-0.01 0.02 0.01 0.01 -0.01 -0.01 -0.01 0.00 0.01

|?7b> — (| + _> T /8’00> + | T —|_>) |--> 40.01 -0.01 0.01 -0.01 0.01 0.01 0.00 0.01 0.00

Vers:

Despite in most events, one Z boson is “virtual”, the
entanglement is defined between quantum states.
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Spin density matrix reconstruction

IS
J. A. Aguilar-Saavedra, A. Bernal , J. A. Casas and J. M. Moreno

R. Ashby-Pickering, A. J. Barr, A. Wierzchuckaa

Quantum State Tomography:
H H 1 b b
* Parametrize p with 80 parameters: p = 5 [13, ®Li+A Ty ® L+ ALyl ® Ty + CromnmTy, ©Th7 |

« Measuring decayed lepton direction of [T ~ measurement of Z spin

d
d ;dﬂlzﬂz oc 1+ Ay BLYM (61, ¢1) + Afy BLY (62, 02) + Cp iy, 1,m,BL B, YLI:Il (61, ¢1)YLA;IZ (62, ¢2)

* Recover the parameters A]M and Cy, m,1,m, DY doing the ensemble average of yM

. Al = 47T(YLM(Q )) = <aLM> j=1.2 (Spherical Harmonics (6;, ¢;) )
(41)? M _

° CL1M1L2M2 == —BLlBLZ <YL1 (Ql) . YL22(92)> = <CL1M1L2M2 ), BLl’BLZ constants

t
x 1' / p/(’)/‘ project out
i parametrize
j L= CraM1L2.M2 SM predicts
e (6;, ¢;) are the spherical coordinates of

the negatively charged lepton € in its parent Z;’s rest frame
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SO

M and entanglement

Then we get:
(0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0
0 0 §(V24],+2) 0 $(Coin-1) 0 3(Caop-2) 0 0
0 0 0 0 0 0 0 0 0
p=[0 0 X(Ca-1) O %(I—N/EA;,U) 0 1(Cria-1) 0 0
0 0 0 0 0 0 0 0 0
0 0 $(Ciop—2) 0 (Cyjn-1) O %(‘/5145,0+2) 00
0 0 0 0 0 0 0 0 0
\0 0 0 0 0 0 0 0 0)
(4;’T)2 Wy M
(0. . M>qn
CL]M]LZM’J B, B Z ‘ YL] ('91-: SO])YL,} (923 502)
L PL, Wiot -
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Experimentally the SDM can be measured
and used to test quantum entanglement
between the Z bosons from Higgs decay:

A. Peres

P. Horodecki

* Peres-Horodecki criterion

* Given a state p;,, iy, it is entangled if and only if the
partially transposed matrix, p;, j, has at least one
negative eigenvalue.

In H - ZZ™ decay:

* Entanglement & Cy 15 1 #00rCy39_ 5 #0

* Bell Inequality can be test with CGLMP Inequality,
which was not included in this talk.
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Entanglement from direct SDM measurement
B

175
> : .
Measure CR¢%°_. and CREC_, in 2e2u, 4e, 4u: S .. | ATLAS ¢ Daa 1
" '1 S . 2 190 Vs=13/13.6 TeV, 140+164 b’ —
* Run2:140fb' Run3: 164 fb 2 125k H—2ZZ* - 4¢ v, v, v |
1. Compute the average: <data — background> 2 - - Ziets, ff
| 100 Uncertainty =
2. Migrate the C5%_; and C55%_, from detector : ; 't ]
level to truth level 750 ¢ 4 s E
3. Correct for experimental and theoretical effects 501 ¢ E
: ! * ¢
25F & . 4® =
N
o 15_— ‘e T 7 - ]
= Use data-background estimation to avoid significant o + T i ¢ +
. . . o _ *
modeling dependence in testing entanglement 5 107 + ------ +++ ------- +§+ """" ++ 7
© B
Q 0.5t

116 118 120 122 124 126 128 130
my, [GeV]
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Entanglement from hypothesis rejection

Test Entanglement by Rejecting the “Separable State” Hypothesis:
* Assuming the scalar and CP-even nature of Higgs

* in purely di-longitudinal: |00) = |0) & |0) separable
e ZZ" from H can only be in
* a superposition: a|+ —) + b|00) + c|— +) entangled

* |dea: build template for both scenarios and test against data

* using distributionof ¢; 1 , 1 and ¢, ,, _, in the SR (same variables of interest as in method 1)

ATLAS Simulation 10 ATLAS Simulation 1.0
[++> 10.01 0.02 -0.00 -0.02 0.02 0.01 0.01 -0.01 0.01 ' |[++> 10.00 0.00 -0.00 -0.00 0.00 0.00 -0.00 0.00 -0.00 )

|+0> 10.02 -0.01 -0.00 0.01 0.01 0.01 0.02 0.02 -0.01 |+0> {0.00 0.00 -0.00 0.00 0.01 -0.01 -0.00 0.01 -0.00
|[+-> 1-0.00 -0.00 0.21 -0.02 -0.32 0.02 0.21 0.01 0.01 [+-> 4-0.00 -0.00 -0.00 -0.00 -0.01 0.00 0.00 -0.01 0.00
[0+> 4-0.02 0.01 -0.02 -0.01 0.00 0.01 0.01 0.01 -0.01 |0+> 4-0.00 0.00 -0.00 -0.00 0.00 0.01 0.00 0.00 -0.01

|00> 10.02 0.01 -0.32 0.00 .-o.oo -0.32 -0.01 0.01 0.0 |00> 0.00 0.01 -0.01 0.00--0.00 0.00 -0.02 -0.00 0.0
|0-> 10.01 0.01 0.02 0.01 -0.00 -0.00 -0.02 -0.01 0.01 |0-> 10.00 -0.01 0.00 0.01 -0.00 0.00 0.00 -0.01 0.00
[-+> 10.01 0.02 0.21 0.01 -0.32 -0.02 0.22 -0.01 0.00 |-+> 4-0.00 -0.00 0.00 0.00 0.00 0.00 -0.00 -0.00 -0.00
|-0> {-0.01 0.02 0.01 0.01 -0.01 -0.01 -0.01 0.00 0.01 |-0> 10.00 0.01 -0.01 0.00 -0.02 -0.01 -0.00 0.01 0.00
|--> 10.01 -0.01 0.01 -0.01 0.01 0.01 0.00 0.01 0.00 |--> 4-0.00 -0.00 0.00 -0.01 -0.00 0.00 -0.00 0.00 -0.00

-1.0 -1.0

|[++>|+0> |+-> |[0+> |00> |0-> [-+> |-0> [->
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. " = 100 r - -
Background estimation S LA o L
S 02CKET0UNd & s o oy e |
validations: ' 6o Post™ + Unceriainty
Major Background: a0}
] . CReco ;
* Non-Higgs ZZ 21,2-1 20
* Non-prompt fake-lepton from Z+jets / top 5190
® 10-
. % S5 o5 6 5 10 15 20
Non-Higgs ZZ" . Cota
c 100r ‘ r .
* Sherpa 2.2.16 simulation 2 80: %}éﬁs.STeV,MOHSMb" * Ve
2 80r yozzr 4 -z ]
. . . . I , ’ o v, twv, vwv ]
* validated in the Higgs side-bands gy pes 0 ‘+6°’G Yoz
Reco :
C222-2 %
Non-prompt: 20
* data-driven estimation 1Y
« dominate the experimental systematics s O
0 0.5
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Signal region distribution
O ————

£ 1751 | ' | = £ 175F | | ‘ =
oM - ATLAS ¢ Data . aa) - ATLAS ¢ Data
™~ 150 Vs =13/13.6 TeV, 140+164 fb" SM-QEH - ZZ* ~ 4500 Vs =13/13.6 TeV, 140+164 o SM-QE H—>2ZZ* 1
a - H-ZZ* -»4¢ non-QE H—ZZ* 1 0 C H S Z7* S48 non-QE H — Z7*
S 1onl + - . c -z ]
O 125~ v, v, W Q 125F 8, W, W
L - + . Zijets, tt 1 L - BN Zijets, ft .
100F CReCO w%  Uncertainty — 100f CRBCO 7 Uncertainty .
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H |g h_order effeC'tS M. D. Gratta, F. Fabbri, P. Lamba, F. Maltoni, D. Pagani
J. A. Aguilar-Saavedra
O ————

Example diagrams of NLO electroweak effects:

1.Factorizable ZZ (including FSR effects)
2.Non-factorizable (including Single Z-resonance)

» FSR effect is found to be negligible to SDM
= SDM (reconstructed from decay angles) cannot
be derived from non-factorizable processes.

= Treating the NLO EW effects as backgrounds
= (222-2,and C212-1 are not sensitive to NLO
EW corrections.

ACYTD 1 = 1.1%, ACJGS 5, = 1.4%
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Migrating detector-level results
O ————

; : . d ] 0.0t | I ' ' ' ' 7 ]
Valid p,, obtained only when the corresponding v ZQ is ATLAS "
. . A _—0.5] VS =13 TeV, 140.0 fb~! .
* in 4¢ truth full angular phase space in ZZ* — 4+¢ decay ! | 2 . -
* is limited by incomplete phase space and detector smearing 7 o
O —-1.5F !
g m
Use migration functions to revert these effects. For each e P o
channel (2e2u, 4e, 41, Run2/Run3): 9o . Uncertainty |
t E =23 ! ®m Calibration points
e C'=k-C"+0b o : ¥ SM-QE
. . ) . t —3.0 | VvV non-QE
* Estimate using pseudo-datasets with different C", C | ® Data
e Full systematics considered T3ISTT325 50 —i5 10 =05 0.0
* Alternative choices of migration functions treated as Detector level C3 1,2, -1

uncertainty

 Validation using non-QE simulation (around 0).
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Measurement Results
I

Cr12-1=—0.71+0.45 Cy20—p = 0.08 + 0.44

1.6 (2.1) o via the Peres—Horodecki criterion 0.2(1.4) o via the Peres—Horodecki criterion
L L L L L B L L L L L L L B L L L
ATLAS Run 2: {s=13TeV 140 fb" Run3: {s=13.6 TeV 164 fb" ATLAS Run 2: {s =13 TeV 140 fb" Run3: Vs =13.6 TeV 164 fb
H — ZZ* +~—Total | Stat. == Syst. | SM p=0.20 H — ZZ* w—Total [ |Stat. == Syst. | SM p=0.99
Total Stat. Syst. . Total Stat. Syst.
Run 2 2e2u —= 2.19 +0.89 ( +0.85, +0.26) Run 2 2e2u '—E—l' 0.05 +0.92( +0.90, +0.19)
Run 2 4e ——— -0.86 +2.22( +2.10, +0.72) Run 2 4e -—E—l« -1.37 +£233( +£2.07, £1.07)
Run 2 4 —e— 0.44 +1.14( +1.13, £0.15) Run 2 4u —s— 0.43 +1.20( +1.19, +0.15)
Run 3 2e2u —a— 0.32 +0.93( +0.91, +0.19) Run 3 2e2u -—a—'- -0.04 +0.89 ( +0.88, +0.13)
Run 3 4e —E=— 1.46 +1.34( £1.21, £0.58) Run 3 4e -—Ell—- 0.04 +1.60( +1.23, £1.02)
| Run34p ] 207 £0.99( £0.98 +0.14) | Run34p ] 'r@l—_'________0_?_5__?.9.?.4_!-?—“_?@?’_’__’—E_QJ_@)___
Run 2 Combined o -1.16 +0.67 ( +0.65, +0.16) Run 2 Combined .-g-l. 0.05 +0.70 ( +0.68, +0.17)
|_Run3Combined ] === I 034 +0.61( 2058, £0.19) |_Run3Combined ... -_-_E_-l'_________QJ_Q__i_P_-:”?_!-#.9.-.5?;_#_9_1_9)___
Run 2+3 Combined A -0.71 +0.45 ( +0.43, +0.13) Run 2+3 Combined 0.08 +0.44 ( +0.43, +0.09)
Cooococ b e b e b Ly coooe b b e P b e
-15 -10 -5 0 5 10 15 -15 -10 -5 0 5 10 15
C2,1,2,-1 C2,2,2,-2
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Uncertainty
B

Breakdown of uncertainties:

Coefficient Cr12.-1 Cr22.-2

Channel 2e2u de + 4du Combined 2e2u de +4u Combined
Observed -0.98 £0.64 | -0.44 £0.63 | —0.71 £0.45 | 0.00+0.64 | 0.15+0.61 | 0.08 +£0.44
SM expected —-0.97 0.64

Leading uncertainty components

Fake-lepton bkg. +0.16 +0.16 +0.12 +0.11 +0.18 +0.12
Irreducible bkg. +0.05 +0.04 +0.04 +0.01 +0.01 +0.01
Interference — +0.04 +0.02 — +0.03 +0.02
EW NLO effects +0.02 +0.01 +0.01 <0.01 <0.01 <0.01
Migration +0.01 +0.02 +0.01 +0.01 +0.02 +0.01
Statistical +0.62 +0.61 +0.43 +0.63 +0.58 +0.43

21/04/2026
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Statistical uncertainty is the major limitation (also in data-driven background estimation).




Non-QE Hypothesis Rejection
S

A selected mass region to enhance the separation Observed (expected) significance for c222-2: 4.7¢ (4.90)
(- 100 k T !
-CE :é_TLAs ; ¢ Data g R ERRAY RN EELE EEAETEEREI ERAL SRR EEE
~ . s =13/13.6 TeV, 140+164 fb~ SM-QEH - ZZ* = T
g 80 H-ZZ* »4¢ non-QE H - 2Z* % 10 ATLAS : r?g::QE
¢ | mz>30GeV A E 1k (5=13/13.6 TeV, 140+164 fb" — SM-QE
L 60; Post-fit | Z+j,ets, ;1-‘ | <ZD 10"
- 7% Uncertainty 1 g
401 + : < 100 ;£ ‘
20 ¢ + ¢ | > L N !
I ‘ ¢ 1 -5 . %] | b
et S 9 | L .
_ree e i % ?
0 - 10 il .
1.5F ' ‘ ‘ i ' ‘ = - ¢
Bg + * IRA 1 z 107k
ad ® + 2 " 5 3
-—.510 e o ""'"'"'““"+ + el cote s den 10—8 R I W W 4 7. 744 ¢da s \\ T I et ' e
g2 ) ] 50 -40 -30 -20 -10 0 10 20 30 40
0O  0.5E \ ‘ ‘ ]
D R I “
%Cg’ 10—*+++ ! * ! P | _ Fraction of gSeparable >, zdata
805t 14T + _: 1™ Fraction of gEntangled - Fdata
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Summary
I

With the following assumptions, we test entanglementin H - ZZ*

 SM predicted angular distributions of the leptons from each helicity state of Z(*).

* |ZZ*) from Higgs decay form a scalar, CP-even state, consistent with existing measurements.

* Angular distributions of the four-lepton background processes are well-described by the
Standard Model

Cr12-1= _0_71t8:2g (_0-97i8ﬁ;

Cr20-2 = 0-08J—r8:22 (0-63J—r8122

The non-entangled hypothesis is rejected based on the discriminant ¢, ,, _, at 4.7(4.9)o

Strong evidence for quantum entanglement between spin-qutrit bosons at the electroweak scale
Unique role of the Higgs boson as a natural laboratory for precision studies of entanglement
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Backup
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Bias
o ———

 Effect 1: identical particle effect / miss-pairing in same-flavor channels (4e & 4u)
_ 4 2 2 2 .
* |M(HZZ — efefesed)|? = My + Mya|” = [My|" + [My4|” + 2Re(M ;M5 ,)

Treatment: isolate and correct the interfering contribution

* A correction AC™tert = Coe2u — Cae/ay at LO is applied to the post-migrated values
« Add uncertainty equal to 50% - ACnterf
« ACYYT ) = 0.07; ACYT, = 0.06

Effect 2: electroweak NLO corrections break down the LO ZZ" picture
Treatment: treat NLO-LO difference

* as background (reference paper)

* And as additional theoretical uncertainty
* Multiplicative uncertainty: AC%\HA‘(Z)‘_l = 1.1%, AC%\%’(ZD’_Z = 1.4%

Effect 3: spin analyzing power (weak mixing angle)
* Tuning w.r.t scale variations; negligible effect on two coefficients.
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Mass-binned hypothesis rejection
O ————

—
o
o

—
o
o

. ATLAS ¢ Data

. ATLAS ¢ Data

10-2 = £
> a1 it} ]
i:% - ] ] ~ L V§=13/13.6 TeV, 140+164 fb" SM-QEH > ZZ* | ~ L Vs=13/13.6 TeV, 140+164 fb™" SM-QE H - ZZ*
@ 7t ATLAS Simulation SM-QE | & 80F Hozz' 4 non-QE H 22" 2 80 HozZ' 4t non-QE H- 22"
E,J r \/§= 13 TeV QE N () L Mz, <30GeV — Z_Z ') L mzz>30G6V — Z_‘Z/ VW VWY
S 6 ' non- — > Post-fit v, v, vwv . > - Post-fit m, v, 1
q>> : 7] g 60 Bl Aijets, ft - L 60~ B Zijets, it -
LLl B 1 . 3 2 Uncertainty 1 3 7#% Uncertainty
- 5F : - . : f
(0] I 7] r -
NOE | ] 40 + 40+ + —
[0 I I r
= 4_— 1 ] L
5 [ : . [ ¢ +
Z nf i B 20 20 + + + _
3L I | + +
- I . 0 Qb= -h-————*
2 E . 5 _ 15F T + + ' = 5 _ 15F - ‘ - + ‘ ‘ i =
- i 1 oW | | ow * 4 T T ¢ .
1+ : — &3 1o -4 + ------ ++++ ----------------- z &3 1 op? ++ L] + ------ + l |
: : Los T btop o ogg T T ?
,,,, T . o QO 0.5 . . . . . . = O 0.5k . ‘ . ; ‘ . =
0 50 30 40 50 80 . s  _  {fp————— TUITTTLE
iz | ; - B8 RS ARE S AN
e B e T Tt X ¥ N o B - BT, 0 S T I8 2 % S ]
g2 5 + + + + + ] Ze R Y + ! ¢
é1“\'0.511' . . s . . . I + = (Duvo.s’— l . ‘ . ‘ ‘ . —
-20 -15 -10 -5 0 5 10 15 20 -20 -15 -10 -5 0 5 10 15 20
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Bell inequality with extended dimension
A St tbh o e

Bell Inequalities for Arbitrarily High-Dimensional Systems
Daniel Chllins,2 Nicolas|Glsin,} Noah| Linden,* Serge Mhssar, and Sandu|Phpescu!-2

Known as CGLMP inequality: 0,1, 2, ..., d-1
[d/2]

1
Iy = Z (l —%)H[P(Al =B, +k)+PB =A+k+1)+PA =B +k) +P(B,=A + k)]
k=0
—[P(Al =B — k — l)—i—P(B]:Ag—k)—i—P(Ag:Bg—k—l)
+ P(B»=A — k — DJ}. (6)
When (d = 3):

Is=P(A1 =B1)+ P(B1=A2+ 1)+ P(As = By) + P(Ba = A;)
—[P(A; =By —1)+P(B; = Ay)+ P(Ay = By— 1) + P(By = 4; — 1)] < 2

I3(local variable) < 2 One starting point!
| * Bell test is Sufficient but not Necessary for QE

(OM) = 2.87293 * QE will be probed in studying I3
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From density matrix to I;

CGLMP inequality operator

L. Marzola
o 0 0 0 0 0 0 0 0 0
IS = Tr [/O B} 0 0 0 -2 o 0 0 0 0
V3 )
0o 0 0 0 ——= 0 2 0 0
P = § pi | Wi) (Wil . pi >0, E pi =1 2 V3
0O — 0o 0 0 0 0 0 0
U i Vi3 2 2
B=[0 0 —— 0 0 0 —— 0 0
The question now comes to how to measure the density matrix? T T T T
JHEPO5(2023)020 0o 0 2 0 \% o 0 0 0
i 2 . 5 3 o 0 0 0 0 —% 0 0 0
p - _|]3 ® ﬂ3 + E aij.i ® _ﬂ3 + bj_ﬂ3 ® A:}.I+ 2 ij/‘lf ® l‘}, \U 0 0 0 0 0 0 0 U/
2 i=1 3 j=1 3 ij=1
. ;= E(ﬁf’f(ﬁl))avg spin operator acting on first particle
| e
. b= E((Dj) (1)) v, SPIN Operator acting on|second particle B can be rotated (for better sensitivity):
B— (Uy @W)'-B-(Uy @ W)
. Cj= Z((Df (n) & fﬁf (113)) v, coefficients associated with|correlations
M. Varma
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https://indico.in2p3.fr/event/29681/contributions/122543/attachments/76640/111216/03-LMarzola-v1.pdf
https://indico.in2p3.fr/event/29681/contributions/122543/attachments/76640/111216/03-LMarzola-v1.pdf
https://link.springer.com/article/10.1007/JHEP05(2023)020
https://indico.cern.ch/event/1347042/contributions/5670449/attachments/2753944/4794639/final%20draft%20JI%20meeting%20Nov%2016.pdf

Theoretical calculations + discussed in this talk.

Check backup for more details
L ———
Different strategies in probing the entanglement and /5 have been developed by theorists (and more):

2f2f‘»f€‘r 0 0 0 0 0 0 0 0 0

mi, —2(1+ f2)ym2,ME + (1 + 102 + f4) ML

hay =

I I
Quantum state tomography I Analytic computation* I Constrained spin measurement*
JHEP05(2023)020 A. Barr : arXiv:2302.00683v3 L. Marzola : arXiv:2209.13441 J.A.A. Saavedra
I I
Determine the spin density matrix 1 Analytic computation of the density 1 Constraints on p from symmetry
of a multi-particle system by I matrix. Parameters depend onthe 1 considerations: only 9 entries
computing all coefficients in data. I mass of two vector bosons in Higgs 1 can be different than zero and
I production. (pure state superiority) 1 expressing the matrix in an
Example of parameters: I I appropriate basis for Hermitian
| Elements of matrix: My = fMy | oggrafors
I vzl 2 14 g I
(I)fi = \/5(5 cosf + l) sin 6 cos ¢ I hig = fﬂ[@-[ AN )M‘%] I 0 0 0 0 0 0 0 0 0
P mi — 2(1+ f2)m3, M2 + (1+10f2 + f4) M} 0 0 0 0 0 0 0 00
®L* = \/2(5cosf £ 1) sin fsin ¢ I 2 I 0 0 2-Camp 0 Omzy 0 Cma 00
| m2 — (1 + fQJMQ/] I =100 ¢35, , 0 —142Cm 0 Copy 0 0
Oy * = 1(+dcosf + 15 cos 20 e i ‘ =
s SalEdeoshH 5eos24E) - o I 1 |00 b bl L, D
¢, = = 5sin” 0 cos2¢ I i 00 0 0 0 0 0 00
I I
1 1
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https://arxiv.org/abs/2302.00683v3
https://indico.in2p3.fr/event/29681/contributions/122543/attachments/76640/111216/03-LMarzola-v1.pdf
https://indico.in2p3.fr/event/29681/contributions/122543/attachments/76640/111216/03-LMarzola-v1.pdf
https://link.springer.com/article/10.1007/JHEP05(2023)020
https://indico.cern.ch/event/1245651/contributions/5233484/attachments/2590921/4471056/AJB-Slides_ZZ_tomography.pdf
https://arxiv.org/abs/2209.13441
https://indico.cern.ch/event/1336431/contributions/5639395/attachments/2741295/4768390/VVtangle.pdf

muon small wheel muon chambers

muon big wheels

pixel detector
TRT tracker
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Backup

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
ATLAS detector

Toroid Magnets Solenoid Magnet SCT Tracker Pixel Detector TRT Tracker
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Angular coefficients integration

IS
J.A. Aguilar Saavedra

Rotated B

And we can get all coefficients by: Y: spherical harmonics.
1 do o m BE 44 :
/EdﬂldQQYL (Bl = gofme J=LE

1 1 1
1 do . m M Br,BL T —5 2

- YM(0,)YM2(Q)dudRe = —22CL,miLan _
/ o and b Y Q)i = T Cranta b=l 7 0 >
3 A 2

Measurable by integrating the spherical harmonics in specially
designed frames.

[0 0 0 0 0 0 0 00
1 |
0 0 0 0 0 0 0 0 0 I= (18 L16V3 - V2 (9 ~ 8\/§) ALy —8 (‘3 n 2\/5) Coro 1+ 60‘2‘22:2)
0 0 % (ﬂA%,O + 2) 0 %02,1,2,—1 0 %02,2!2’_2 0 0 *
0 0 0 0 0 0 0 0 0
p= 0 0 %CQ.I,Q,—I 0 % (1 — \/iA%O) 0 %02!1.2’,1 0 0 Separablllty

0 0 10999 9 0 10510 0 1(V24i,+2) 0 0
00 0 U 0 U g 00 Constraint: (for bias estimation)

\ 0 0 0 0 0 0 0 0 0 )

1

\/5

A%,o +1=0C599_9.
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