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Introduction

Observation of entanglement at highest energies

EUROPEAN ORGANISATION FOR NUCLEAR RESEARCH (CERN)
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(Nature 633 (2024) 542, CERN-EP-2026-061)
Interplay of quantum information theory, precision physics, and BSM searches
h — VV* one of the most prominent channels to probe quantum phenomena
between two qutrits and new physics at colliders.
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Diboson as a two-qutrit system

The most general two-qutrit system can be represented by

1 ¥ 5 %
p = §(H3®]I3+ALMTAL4®]I3+A s @ T +OL1M1L2M2TM1®TAL;2 ,

Quantum tomography: Consider h — ZZ — ({1 {5 (3

5§ 2
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Quantum Entanglement

Alice Bob

Quantum state of two subsystems A and B !
is separable if its density matrix p can be Q

written as a convex sum:
measurement i

p = D.pips ®pl, 6
i
If the state is not separable, it is entangled. Q

Measurement in one subsystem immediately affect the other, even if they are

causally disconnected
Concurrence C' a convenient measure of entanglement, with C' # 0 for entangled

systems.c<p))2 > QmaX{O, [pQ] . [(pA)2], [p2] _ [(pB)Z]} = C’ﬁB,

C(p)? < 2min{1=[(pa)*), 1-[(pn)]} = Cp.
Cup = 0 separable states and C g > 0 entangled states

(Mintert, Buchleitner 2007)
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2. pp > 4
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pp — 4L Leading Order

q q oo q e -
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7/ B 7l N1 K Z/y .
7 v q ut et et s
r71.20
)

q

800: pp — ete utp (LO
e 0 81 GeV < myeg- < 101 GeV.

;600;— 0.80 > Central Z bosons (small |cosfcm|)

& ok o603 exhibit stronger entanglement.

g E (Gongalves, AK, Krauss, Navarro '25)
400 0.40 See also: Barr 2106.01377, Saavedra
3005_ - et al 2209.13441, Maltoni et al

[ 2307.09675, Fabbrichesi et al
200 b b IOTGI " Lo 000 2302.00683, Fabbri et al 2307.13783...
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pp — 4¢: NLO QCD

2 e
(b) NLO-QCD (Virtual)

L2 pp — eyt — LO+PS L0 = et —— o4 ps
Lok —— NLO QCD ok —— NLO QCD
b ==== 1O +PS (n; = 0)
08k 08k NLO QCD (n; = 0)
- o T LO+PS (n; >1)
$ 0.6 So06F e NLO QCD (n; > 1)
B e I B
021 02F
Y] SO N P w i 0.0k L L y
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
[ cos fou| [ cos fu|

(Goncalves, AK, Krauss, Navarro 2025)
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pp — 4¢: NLO EW

2 ! e

Density matrix must satisfy:
1’+ .
(Tactorizable) Unit Trace: Tr(p) =1

Me Hermitian: pf = p
Z/7 et

Positive semi-definite: ¥p1) = 0

q |4 "
s Spin analyzing factor 7,
() NLO-EW (non-factorizable) 1— 4 sin2 QW

0.02
pp—e et pt ’r]e = - - .
()'““M 1-4 Sln2 9W + 8 Sln4 9W

4% shift in sin® fy can induce
D~ 0.66

LO ~ .

g

— LO+PS

_, — Noqcp NLO-EW effects can be partially
F —— NLO EW (sin*6}°) . .
1 — NLOEW (126t absorbed into sin® 6%;
0.0 ()."Z ().J-l ().IG U.IS 1.0
| cos fcw] (Gongalves, AK, Krauss, Navarro 2025)
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3. Higgs decay h — VV*
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h — ee "~ at leading order

&)
Density matrix strongly constrained by symmetries
Z + of decay (spin 0 Higgs boson)
"}"' i Due to conservation of angular momentum and parity only
! 7 two independent parameters
[ﬁ“ Co92-2 # 0or Cy12 1 # 0 implies entanglement
125 h — efeptp (LO)
00 0 0 0 0 0 00 ;
00 0 0 0 0 0 00
00 %02,2,2,—2 0 %02,1,2,—1 0 %02,2,2,—2 00
00 0 0 0 0 0 00 S
pLo=[004Co12-10%(3-2C0292 2)04Cs12-100
00 0 0 0 0 0 00 ’
00 %02,272,,2 0 %02'1,27,1 0 %CQ.’ZVZ,Q 00 0.25¢ ZZLB
00 0 0 0 0 0 00 mm“H;w“~“;~“wt‘,w‘wn‘,‘uﬁ‘
00 0 0 0 0 0 00 0 5 120 25 o

myz, [GeV]

(Saavedra, Bernal, Casas, Moreno '22, Gongalves, AK, Krauss, Navarro '25)
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h—ete " p~ at NLO-EW

While NLO EW corrections on partial width are only 1.4%, there are
sizable effects on angular coefficients

7 . Coefficient LO NLO NLO/LO

; A Ab —0.4910(8) | —0.486(1) | 0.989

h Ty AN A3, —0.4915(8) | —0.471(1) | 0.958
w0t " Cho10 —0.65(1) | 0.42(3) | —0.646

(@ LO ~ () NLO-EW (Real) Ci1,1,-1 1.008(9) —0.37(3) —0.279

' Cora_1 | —0.993(2) | —0.985(3) | 0.992

C2020 1.335(2) 1.328(4) 0.995

W Cop2,—2 0.646(2) | 0.635(3) 0.983

i ; |mZI—mZ| <5GeV and my > 10GeV
(d) NLO- EW (factorizable) (e) NLO-EW (non-factorizable)

00 0 0 0 0 0 00

0.102(4) 0 0 0 0 0 0 0 0
6o 0 0 0 0 0 00 0 0 0 0103(4) o 0 0 0 0
00 0.193(1) 0—-0.313(1) 0 0.192(1) 00 0 0 01004 0 —0207(4) ©0  0188(1) 0 0
00 0 0 0 0 0 00 0 01034 0 00031 0 0 0 0 0
%% =100 -0.313(1) 0 0.611(1) 0 ~0.311(1) 00| pYLO = 0 0 -0207(4) 0  0591(1) 0 —0.199(4) © 0
00 0 0 0 0 0 00 0 0 0 0 0 0004(1) 0 0.109(4) o0
00 0.192(1) 0 —0.311(1) 0 0.193(1) 00 0 0 0188(1) 0 —0.199(4) O  0.100(4) O 0
00 0 0 0 0 0 00 0 0 0 0 0 0.109(4) 0 0 0
00 0 0 0 0 0 00 0 0 0 0 0 0 0 0 0.098(4)

(Gongalves, AK, Krauss, Navarro 2025)
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h—ete " p~ at NLO-EW

0.0 .
th — ete ptp~ (NLO EW) 3.0p ot .
Ly = 125 eV 25;}1 — ete ptu~ (NLO EW) .
_0.2kImz, —mz| <5 GeV “F — ARy < n.} (O'fg_)
o [ 20F —— AR(l,v) < 0.3 (Orig)
= E === AR((,7) < 0.1 (Proj)
E [ S15F —=- AR(t,7) < 0.3 (Proj)
£ _oal SRRl: ) <0
) s E
i3 [ 1.0?
E —0.6~ . 0.5 ;*\mz —mg| <5GeV r _____
ER PN ruis N A DU il ST T
x r ~ 1.0F — AR(L4) <03 —— AR(ty) <01
—0.8f —— AR(l,7) < 0.1 {Orz—l_._l_l_l=|_
I —— AR(t,7) <03 2 0F
_ o b b b b b Laa e B o b b b Lo b Ly
1'00 5 10 15 20 25 K 35 40 — 0'05 10 15 20 25 30 35 40
mz, [GeV] my, [GeV]

Projecting original density matrix to a nearest positive semi-definite Hermitian
matrix with unit trace pP™J,

|07 = pl = [

%,J

proj

Pij = — Pij

(Goncalves, AK, Navarro 2025)
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h — e"v.u~ v, at NLO-EW

. Al 0 —0.0122(3) -

v, A2 0 —0.0115(3) -

» Ci-121 0 —0.0153(6) -

¢ Co20 0 0.0244(7) -

et Co-111 0 —0.0169(6) -

(d) NLO-EW (factorizable) (e) NLO-EW (non-factorizable) 0,10 0 0.0232(7) -

h — e'vep v, (NLO EW)

Ve

' oW 7,
(c) NLO-EW (single-resonant) ' Ca020 1.401(2) 1.383(2) 0.987

Coefficient LO NLO EW | NLO/LO
er Al —0.5769(6) | —0.550(1) 0.953
A3, —0.5763(6) | —0.550(1) 0.954
Ciono | —0.5917(3) | —0.6034(4) | 1.0108

we Ciii—1 | 0.9439(3) | 0.9429(3) | 0.9989
Coio-1 | —0939(1) | —0.949(2) | 0.989

Copa—2 | 0.5885(5) | 0.590(1) 1.002

|mw, —mw| < 10 GeV and
10 GeV < myy, < 40 GeV.

New angular coefficients acquire

02F 1 | mme AR <03 (P nonzero value
Eooog— T A A Mild corrections to angular coefficients
m of upto 5%
- v 2[,),% [Gu\ﬁo v » (Gongalves, AK, Navarro 2025)
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h— 0t0qq

q q q q

, “ Y . s ,
N i A l")_l 7 __»_Z 7 __}_z q
T o h < i e - WS -
g A Z

(a) Lo (b) NLO-QCD (Real) (¢) NLO-QCD {Vmua]) (d) NLO-EW (Rcal)

L A AE

(¢) NLO-EW (Virtual)

In h — V'V*, the off-shell V' have a scalar component to its propagator:

v o w N q“q” N “q"  9"¢
m2 - g 2 2 m2
v q q v

~ ~- ~ A -

~~
spin-1 component spin-0 component

When coupled to fermions, the contribution of scalar component is O(m7/m3;).

Requiring the hadronic bosons to be on-shell |my;, , — my| < 10 GeV

To suppress diagrams with quarks from Yukawa couplings and leptons from Z/~

radiation, we require my > 20 GeV.
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h — ("¢~ qq at NLO EW

| h = £+4-cE
LO NLOag<o01 | NLOAR<0.1/LO | NLOAR<0.3 | NLOAR<o.3/LO LOF
—0.329(1) | —0.320(3) 0.97(1) —0.324(2) 0.985(7) a
—0.328(2) | —0.323(2) 0.985(9) —0.326(2) 0.994(9) sk
1.047(4') 1.01(}) 0.96(1) 1.02(}) 0.97(1) b o e (NLO EW)
—1.041(3) | —1.043(9) 1.002(9) —1.043(9) 1.002(9) 0.0 I it it !
—0.766(4) | —0.66(8) 0.9(1) —0.67(8) 0.9(1)
1233(3) | 1231 0.997(8) 1.23(1) 0.997(8) e — AR<01 (0rig)
0.764 0.758(8 0.99(1 0.758(7 0.99(1 2 — AR<03 (Orig)
(3) (8) (1) _ 58(7) 1) s sk —-== AR < 0.1 (Proj)
‘ h— £+07bb === AR < 0.3 (Proj)
- iy — mz| < 10 GeV — 10
LO | NLOaR<o1 | NLOAR<0.1/LO | NLOak<os | NLOaR<03/LO g gobootbomsbos oo oo b oo
A, | —0329(1) | —0.318(4) 0.96(1) —0.322(4) 0.98(1) '
A3, | —0.328(1) | —0.323(5) 0.98(2) —0.325(5) 0.99(2)
Ciii-1| L046(3) | 0.945(8) 0.903(8) 0.950(7) 0.908(7) . . .
Caa2,-1 | —1.035(3) | —1.041(6) 1.006(6) —1.041(6) 1.006(6) —— AR<01 —— AR<03
Cuoto | —0.764(3) | —0.60(2) 0.79(3) —0.61(1) 0.79(1)
1 1 1 1 1
Capa0 | 1.218(4) 1.22(1) 1.002(9) 1.22(1) 1.002(9) 35 10 45 50 55 60
Conpn | 0.763(3) | 0.762(5) 0.999(8) 0.762(4) 0.999(7) e [GeV]

NLO-EW contribution can reach upto O(20%).
No sign flip for the L = 1 coefficients.
Reconstructed density matrix is more stable than fully-leptonic.

(Gongalves, AK, Navarro 2026)

Ajay Kaladharan Quantum Entanglement Is Quantum 14 / 15



Outline

4. Summary
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Summary

» Higher-order effects can challenge the two-qutrit interpretation of
h — ete”utu~; however, fully leptonic h — WW* and semi-leptonic
h — ZZ*, WW?* channels remain well described by an effective two-qutrit state.
> Quantum tomography serve as powerful tool for precision measurements and

searches for new physics

Quantum
Tomography

Precision
Physics

Thank You
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h — ee "~ at leading order

e~ Density matrix strongly constrained by symmetries\§
of decay (spin 0 Higgs boson)
1 2
--}T- 1w Cii11-1=Cio100 = —Co19-1=—Cs_121 #0,
7 Co99,9=05 999 =—Ci010=2—Cs020#0,
2,1
/'L+ Aﬂ +1=0Co22 2
\/5 1494380 125 h — efeptp (LO)
00 0 0 0 0 0 00 E
00 0 0 0 0 0 00 E
00 %02,2,2,72 0 %02,1,2,71 0 %CZ.Z,Q,—‘Z 00 £
00 0 0 0 0 0 00 F
pro=[00%Co12 10 5(B—2C222 9) 0 §C212-100 b
00 0 0 0 0 0 00 4
005Co0220 $Ch19-1 04Cho9 500 0.25F G
00 0 0 0 0 0 00 b G
00 0 0 0 0 0 00 0000
0272’27,2 # 0 or 02,1727,1 # 0 lmplles entanglement my, [GeV]

(Saavedra, Bernal, Casas, Moreno '22, Gongalves, AK, Krauss, Navarro '25)
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h — ("¢~ qq at NLO QCD

| h— +e-ce
LO | NLOpo4 | NLOg-04/LO | NLOg_1 | NLOp_1/LO 1’0:
AL, | —0.320(1) | —0.316(8) 0.96(2) —0.326(4) | 0.99(1) a F
A, | —0.328(1) | —0.29(1) 0.88(3) —0.315(4) | 0.96(2) S o5k
Cuin1 | L047(4) | 1.07(3) 1.02(3) 1.07(2) 1.02(2) [
Conp1 | —1.041(3) | —1.05(2) 1.01(2) —1.04(1) 1.00(1) [ h — (*0bb (NLO QCD)I
Crono | —0.766(4) | —0.81(3) 1.06(4) —0.79(1) 1.03(1) .0 oo L e e L b L
Chopo | 1.233(3) 1.22(2) 0.99(2) 1.22(1) 0.989(8) r
Chaaiz | 0.764(3) | 0.76(2) 0.99(2) 0.76(1) 0.99(1) 1.0
A3, 0 0.19(3) - 0.14(2) - o [
Az, 0 ~0.21(3) - ~0.16(2) - % r
Capz2 0 0.11(3) - 0.08(2) - 051
| h— €tebb F
LO | NLOgeo4 | NLOg-0.4/LO | NLOg_1 | NLOg_1/LO "
AL, | —0.320(1) | —0.314(8) 0.95(2) —0.321(5) | 0.98(1) S
Ay | —0.328(1) | —0.294(7) 0.90(2) —0.313(4) | 0.95(1) =
Cian-1 | L046(3) | 1.04(2) 0.99(2) 1.03(2) 0.98(2) P
Ca12-1 | —1.035(3) | —1.05(3) 1.01(3) —1.04(2) 1.00(2) E
Crono | —0.764(3) | —0.80(2) 1.05(3) —0.78(1) 1.02(1)
Chopo | 1.218(4) 1.22(2) 1.00(2) 1.22(1) 1.00(1)
Capaa | 0763(3) | 0.77(2) 1.01(3) 0.76(2) 1.00(3)
2, 0 0.06(1) - 0.09(1) - 0.0
A3, 0 —0.07(1) - —0.10(1) - 20 25 30 35 40 45 50 55 60
Coo22 0 0.03(2) - 0.05(2) - mee [GeV]

Effects only hadronic side
New nonzero coefficients.

Sensitivity to the choice of jet radius.
(Gongalves, AK, Navarro 2026)
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