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The heaviest elementary particle:
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Mainly produced in pairs via strong interaction
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Tevatron comb. (1.96 TeV, =8.8 1b™) [1]

ATLAS comb., ee, uy, ew, l+ets (5.02 TeV, 257 o) [2]
CMS comb., ey, l+jets (5.02 TeV, 27.4-302 b)) (3]
LHC comb., LHCtopWG, eu (7 TeV, 5 1b”) [4]
LHC comb., LHCtopWG, eu (8 TeV, 20 tb™) [4)
ATLAS, eu (13 TeV, 140 o) [5]

CMS, ep (13 TeV, 35.9 1b™) [6]

ATLAS, I+jets (13 TeV, 139 1b™) [7]

CMS, I+jets (13 TeV, 137 1b ) [8)

ATLAS, eu (13.6 TeV, 29 fo) [9]

CMS, ee, uu, eu, l+ets (13.6 TeV, 1.2 1b™) [10)
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Top quark production in Nuclear collisions

 pPb (PbPb) — tt
* Probes of nuclear PDF at high-x

. * Observation of tt production in p-Pp collisions
CMS (PhysRevLett.119.242001)
ATLAS (arXiv:2405.05078)
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 CMS has also published evidence of top-pair production in Pb-Pb collisions
Phys. Rev. Lett. 125 (2020) 222001
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.242001
https://arxiv.org/abs/2405.05078
https://arxiv.org/abs/2006.11110
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Observation of 4-top quarks by CMS and ATLAS




Observation of 4-top quarks by CMS and ATLAS
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Spinning tops...

e Top quark polarization and t™t spin correlations using dilepton final states by CMS,
PRD 100 (2019) 072002

* Observation of qguantum entanglement in top quark pairs in dilepton channel by
ATLAS, arXiv:2311.07288, submitted to Nature.

* Observation of quantum entanglement in top quark pairs in dilepton channel by
CMS, 2406.03976, Submitted to ROPP

 Measurements of polarization, spin correlations, and entanglement in top quark
pairs using lepton+jets events by CMS, CMS-TOP-23-007



http://dx.doi.org/10.1103/PhysRevD.100.072002
https://arxiv.org/abs/2311.07288
http://arxiv.org/abs/2406.03976
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-23-007/index.html

Top-quark polarization & spin correlation
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* Tops are mainly unpolarized (parity invariance of QCD)
* Spins of top-pairs are strongly correlated
* The degree of spin correlation depend on My,

* Low My: RR/LL helicity pairs dominate

* High M,: RL/LR helicity pairs dominate

D. Dobur 11



Why top-quark spin is interesting ?

* Top quark decays before it can T QCD < §pin-flip
form hadrons timescale timescale

 Spin information transferred to 10-255 < 10~24s < 10~ 2lg
daughter particles

Many NP models modify spin polarization

and correlation of top quarks , t , t
* New mediator ? »
* New particles decaying to tops ? p/ \{ p/ R:l

Excellent laboratory to search for new physics but also for testing
the foundations of Quantum physics

D. Dobur 12



Experimental observables

Coefficients of the spin density matrix can be extracted from :

- 6_16 -=—(I+B, cosb, + B/ cos®’ —C cos®,d cos6’)
O dcos6’,dcosd’

Top quark’s spin determines the angular distribution of its daughters

Lepton @
I, q
W+ V, 6' Top spin

b Top

¢ and d-quark preferentially produced in top spin direction
(V-A structure of the Weak interaction)

P :incoming parton

k: top-quark direction in tt CMF ("helicity")
7 =normal to tt scattering plane ("transverse")

# =normal to k in tT scattering plane

13



Experimental observables

Coefficients of the spin density matrix can be extracted from :

1 do 1

G dcos Gid COS 9{

Top quark’s spin determines the angular distribution of its daughters

Lepton @
I, q
W+ V, 6' Top spin

b Top

¢ and d-quark preferentially produced in top spin direction
(V-A structure of the Weak interaction)

Measure differential cross sections:
» 6 cos®’ distributions for Bl.

v

> 3 cos Oj COS 92 distributions for the C i

» 6 cos 93 cos 95 +cos 9{ COS 92 distributions for the Cij +C i

D. Dobur

=—(I+ Bfr cos@i + Bf cos@{ — Cl.j coseidcosef)

P :incoming parton

k: top-quark direction in tt CMF ("helicity")
n=normal to tt scattering plane ("transverse")

# =normal to k in tT scattering plane

14



* Two oppositely charged leptons ee,[LLL, el
\ O . pr(0)>25(20) GeV

o} .
« pr(jet)>30 GeV
- O * Njets 2 2, ijets 21
% o o m(t0)>20 GeV
(%e— *In ee, )L channels, Z veto & E?i“ > 40 GeV

Jet

* Relatively pure sample of ttBar events ¢ — 1tvb considered as background
* Top 4-vectors from kinematic reconstruction

* all possible assignments of jets, leptons and bjets

* Impose My, , My, & E™ = pr(v)+ pp(V)

* 90% efficiency

D. Dobur 15
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* Flat distributions = Top guarks are unpolarized
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Polarization coefficients

CMS Preliminary 35.9 fb' (13 TeV)
—e— Data —+— POWHEGV2 + PYTHIA8
—=— NLO calculaton ~ —*— MG5_aMC@NLO + PYTHIA8 [FxFx] result + (stat) + (syst)
BY I e T 0.005+0.010:+ 0.021
B} et 0.008:+0.010+ 0.021
B e -0.023+0.011+0.013
B, Py 0.010+0.011+0.017
¥
B} e 0.006:+0.009 % 0.010
B) Pt 0.017+0.009 +0.009
L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L ‘ L L L
—-0.06 —0.04 -0.02 0 0.02 0.04 0.06 0.08
Polarization

Diagonal elements in
the spin density matrix

Off-diagonal elements in the
spin density matrix

CMS Preliminary

—*— Data

—#— NLO calculation

—*— POWHEGV2 + PYTHIA8

—¥— MG5_aMC@NLO + PYTHIA8 [FxFx]

35.9 b (13 TeV)

result + (stat) + (syst)

Cu [ 0.209+ 0.022 + 0.031
v

Cy igH=e—n 0.080+ 0.023 + 0,023
Con Hise—H  0.320£0012£0017
-D 0.237 + 0.007 + 0.009
Alab M + +

cosp = 0.167:+0.003% 0.011
A|A¢"| Het 0103+ 0.003 £ 0.008
L L L L ‘ L L ‘ L ‘ L L ‘ L L

0.1 0.2 0.3 0.4 0.5

Spin correlation

CMS Preliminary 35.9 1" (13 TeV)

—*— Data —+— POWHEGV2 + PYTHIA8

—=— NLO calculation —*— MG5_aMC@NLO + PYTHIA8 [FxFx]

result £ (stat) £ (syst)

-0.193 £ 0.035 + 0.053

C.+C, —+5%—+

- .

CiCur o H——H 0.057 + 0.035 + 0.029
Co*Cin H—&—H -0.004 + 0.028 + 0.024
CorCin &+ -0.001+ 0.028 + 0.025
Coc*Cin H—e—+] -0.043 +0.031+ 0.026

- .
CoCin et 0.040+ 0.025 + 0.016
I ‘ I ‘ I ‘ I ‘ I ‘ I ‘ I l L1
-0.4 -0.2 0.1 0 0.1 0.2 0.3

Cross correlation

* Spins correlation has been observed by both the ATLAS and CMS
experiments... already long time ago

D. Dobur
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Entanglement in tt

tt produced in mixed states (eg. |w) = %um — i) two qubit system //<’

Spin correlation is m(tt) and cos © dependent
* Some regions of phase-space = entangled tops
Peres—Horodecki criterion* Agp = Cppy + |Crpr + Cri| > 1

Beam Line

Antltop

2x10°8

> | <
o] Entangled 51_\
‘g 027
g |
—-04
e * Low m(tt)

«gg — tt spin-singlet (1S,) Dominant & max.
08 entangled

AE=Cnn+CTT+Ckk>1

-1.0
-1.00 -0.75 -0.50 -0.25 0.00 0.25 050 0.75 1.00

cos ©

arXiv:quant-ph/9604005
* arXiv:quant-ph/9605038
D. Dobur 19



Entanglement in tt

e tt produced in mixed states (eg. |w) = (1) - 1Lt))—=2> two qubit system //<’

* Spin correlation is m(tt) and cos O dependent
* Some regions of phase-space = entangled tops
* Peres—Horodecki criterion* Ag = Cppy + |Crrr + Crpel > 1

Beam Line

Antltop

= e« High m(tt)
* gg/qq — tt spin triplet (35;)

Ap = Cop — Cp — G > 1

Entangledl

-0.2

-(1+A

—1-0.4

100 s Low m(tt)
«gg — tt spin-singlet (1S,) Dominant & max.
08 entangled

AE=Cnn+CTT+Ckk>1

-1.0

-1.00 -0.75 -050 -0.25 0.00 025 050 0.75 1.00
cos ©
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Entanglement in tt

e tt produced in mixed states (eg. |w) = %um — i) two qubit system
* Spin correlation is m(tt) and cos O dependent

Beam Line

* Some regions of phase-space = entangled tops

* Peres—Horodecki criterion* Ag = Cppy + |Crrr + Crpel > 1 mmp
= e« High m(tt)
Entangleg E— * gg/qq — tt spin triplet (35;)
T -~ A
Ap = Con = Crr=Cae>1 | D=
oe * Low m(tt)
«gg — tt spin-singlet (1S,) Dominant & max.
08 entangled
Ag
Z&E = (;1n,'F (:rr + C&Ck > 1 D = '_'7§_
-1.00 -0.75 -0.50 -0.25 0.00 025 050 0.75 1.00 1o

cos ©

Single differential cross-section to capture the entanglement

1 do
odcos @

1 ~t
=§(1+Dcosg0) cosp =+¢£7 ¢

D. Dobur




Jet

Out e Full Runll

, f/.v * ey channel, 2 jets >=1 bjet
u . . . . .
\ O * Top reconstruction: Ellipse method or Neutrino reweighting to
1 find P, & assume my, = 80.5 GelV
* Use all b W combinations and minimize
gfﬁof lmy —m(Wy + by 2)| + |my —m(Wa+ byy)| my = 172.5 GeV
_ \ -
1 b
5/1 2 Fr T T 01 q
- 0 LATLAS ¢ Data g
Oe e s 1a Tev, 140 15" & POW+Py (hva) 10125
Jet (340 <mg <380 Gev | Lov+H7 (va) g
500001 i - Pow+Py (bb4l) _| | i -
B Il Background
. . . L Total uncertainty °
Simple approach: measure D in particle level 400001~ r "-0-16
30000 1018
D = —3-(cos . I
( (p> 20000~ — o2
. E 1-0.22
Background modeling: 10000} -
«  W/Z+jets, VV, ttV,Higgs: state-of- T [
the-art MC simulations R — g
1 1
« Nonprompt leptons: data-driven gogl °n® ¢
& -1-08-06-04-020 02 04 06 08 1 ==

D. Dobut
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D _I T T I T T I T T T T T T | T T T | T T T | T | T I_
T
> 04 Total Uncertainty
% - ATLAS Statistical Uncertainty’|
S Vs =13 TeV, 140 fb’ e Data ]
5 B ) m  Reweighting points |
€ 02 340 <mg<380 GeV Powheg + Pythia8
L e Entanglement limit
0r i
Detector to particle-level ]
oo | calibration curve |
. ]
|
04 -
I °
[
-0.6 - N
—l 111 I 1 11 | 111 I 1 11 | 1 11 I 1 11 | 1 11 I 111 | 1 1 I_

-0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04

Detector-level D

Uncertainties via calibration curve:

* Modeling of tt production and decay (3.2%)
* Top decay modeling (Powheg vs.MadSpin)
* PDF, ISR/FSR, Top pr modeling

* Background modeling (1.8%)

* Experimental (b-jet tagging, JES...) (< 1%)

D. Dobur

2 LS B B I LR LR IS
5 - ATLAS Simulation =
> " (s=13Tev — nominal N
.(-':S 1o 340 < mi <380 GeV -60% reweighting 7]
s e -
< C — -40% reweighting 7]
1:_ — -20% reweighting _:
0.8— — +20% reweighting  —|
- ——
N ,—f_ E
0.4 i -
= —— ]
0.2~ _:
€
o
P
-8 . X . . , , . . .
o -1 -08-06-04-02 0 02 04 06 08 1

cos @

Event-by-event reweighting based on
D is used to vary the degree of
entanglement
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°

> 04 Total Uncertainty
% - ATLAS Statistical Uncertainty’|
S Vs=13TeV, 140 b’ e Data l
5 B ) ®  Reweighting points |
€ 02 340<mg<380GeV e Powheg + Pythia8

----- Entanglement limit

Detector to particle-level ]
oo | calibration curve |
|
..................................... I
-04 | 4
I °
! .

-0.6 4

—llllllll|III|1|I|IIlIIIl|IIlIIlllIII_

-0.2 -0.18 -0.16 -0.14 -0.12 -0.1 -0.08 -0.06 -0.04
Detector-level D

Uncertainties via calibration curve:

* Modeling of tt production and decay (3.2%)
* Top decay modeling (Powheg vs.MadSpin)

* PDF, ISR/FSR, Top pr modeling
* Background modeling (1.8%)
* Experimental (b-jet tagging, JES...) (< 1%)

01| ATLAS don
/s=13TeV, 140 fb'
-0.2
x
o } [
°©
3 -03f
g  [R—
E
04 H —.— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8)
o Bl Theory Uncertainty
-0.5 @ Data
@ Powheg + Pythia8 (hvq)
é [ Powheg + Herwig7 (hvq)
06 340 < myi <380 380 < myi <500 mg > 500
Particle-level Invariant Mass Range [GeV]
* Entanglement is observed with more than
50
Obs: -0.547 + 0.002 [stat.] £ 0.021 [syst.]
Exp: -0.470 + 0.002 [stat.] £ 0.018 [syst.]
* First time in a quark-antiquark system at
such high energies
e SM prediction has PS modelling
dependence
D. Dobur 24



CMS: 24€ channel

Ow e 2016 data

\ O * ep, ee, puchannels, 2 jets >=1 bjet
| « Top reconstruction assuming pJ*S = p¥! + p¥2, m,, and m,
ey * Solution with lowest my; is taken, 90% efficiency
_ \

3

mye < 400 GeV, B,(tt) < 0.9 to enhance %

Oe~
Jet _

CMS 36.3 b1 (13 TeV) . CMs 000000 363b'(13TeV) 70000CMS_ 36.31b™' (13 TeV)
£ ' ' T 1 E = B . ] v} S I SR L L R
S o tv [0 tiother MMM tidileptonic S . ttv B 7, dileptonic B tt dileptonic 2 | ttV - 7 dileptonic ttdlleptonlc
i [ Diboson =W 77 Stat@Syst | E [ Diboson [ tW 77, Stat@Syst ] \600005_ [ Diboson [ tW /. State Syst
& BE o, dieptonic BE Z+jets 4 Data i5 10000F mmy fiother B Zijets 4+ Data E £ 50000 B tiother W Zijets ¢ Data
~ ~ 1 (0] F
[2] ) - > F
2 8 E (Z1 40000F
3 3 345 < m(tt) < 400 GeV] - 345 <mlth) <400 GeV
w i 30000 33, (tt) < 0.9

B, (tt) <0.9 g

ggi T e e e ] e e o s
DL- Q 27%//// /// // /7 _ 7 % ~AQ L -~ No ptrew. —- Noplrew. & _—__—__—__—__—__—_a Q ///
1.0/ . Lot
& //////// / //%./// / //////// 1~~_~;MI wﬂmvﬁ/%/wv‘///%// ///// =P //// ////////
.g % 1.2j Tohe P8+n - PH+pr n = viGs _aMC@NLO(FxFx)+P8+n, ] R R MGS MC@NLO(F F) — 9
hd TN 77/, O |+ -+ +n - al XFx)+P8+n, (u
o 01 04 5/%«%7%%%%% &’ S [ -~ PHeHppen, /—/—;——/— —————— 8 ‘S’ /_//;;/_;/_//4////M /7/;//__'_/]7/'/7/'/7/ %
7 & o o m s 7, / 7 o 2%
== TR {: % 1
490 600 1000 2000 ’W%%W/// 0 W . ////////{///{///4//(/4%/ ‘
L"1 m(th) [GeV] 0 00 400 500 10 -066 -033 00 033 066 1.0
= /_/V pr(t/1) [GeV] cosp

Signal region

* Measure the entanglement at the parton level instead of particle level.
* Binned likelihood fit to extract D instead of using a calibration curve.

* Non-relativistic bound-state effects in the production threshold
D. Dobur 25



Signal Modeling

CM‘S‘Simql‘at‘ion‘ __ 363fb"(13TeV)
. §35000§ | | | ‘y‘—
e POWHEG+Pythia8 @NLO QCD = 0000, —
5 L 345 < m(tf) < 400 GeV —
. ,_,3250002— B.(tt) < 0.9 g
* TOP++ for x-section @NNLO QCD 20000)
. . . 15000; — +100% noSCfE 7*
* EWK corrections @NLO with Higgs exchange (HATHOR) 10000 L enesc i smsoi
5000; 1 -50% noSC tf + 50% SC tf |
. . . F = -100% noSC tt ]
* NNLO effects via pr(top) reweighting to match the top L
quark pr spectrum from a fixed order ME calculation at NNLO ;jz:f —
T V- R Y Ry
cos ¢

[ ]

Add “toponium” (pseudo-scalar color singlet
predicted by non-relativistic QCD)*

1.4

12 f

A simple model:

08 | g9 - 'sy"!

Color singlet, pseudoscalar

* Color singlet, pseudoscalar
- maximally entangled

06 |

do / dM [pb/GeV]

04 | qq —3s,®

* Interacts only withtand g Color octet, vector
. m(nt) = 343 GeV/ 02 : LHC s = 14 TeV -
* g(pp - n;) =643 +£0.90 pb O335 840 o45 350 355 360 365 370 375 380
« I, =7 GeV

Sumino, Fujii, Hagiwara, Murayama & Ng (PRD'93)
%1 Jezabek, Kuhn & Teubner (Z.Phys.C'92)
[ ] B. Fuks et al. (PRD 104 (2021) 034023)
D. Dobur F. Maltoni et al. JHEP03(2024)099 26


https://link.springer.com/article/10.1140/epjc/s10052-009-0892-7

Entanglement: 2 channel ¥ %

CMS 36.3 o' (13 TeV ]
m 60000 B T T T | T T T |I T T T | T T T T l T T T 1 ‘( T 1 T T ? _' CMS T T T T T T T T T T T T %6.? f|b |1 '(‘1113 TeV)
pE O v B 7, dileptonic Bt dileptonic | S g mtD<400Gev ||
~ 50000 [ Diboson tw 77 Stat@ Syst ] | A(th <09 ‘With n /
% [ @@ ttother Bl Z+jets ¢ Data 25|52 qt ]
o : . ] i i i i
7] 40000 post-fit N : / _
| 20 ]
- 345 <m(tt) <400 [ Dexp. = - 0.467:302
30000 [ ﬁz (tt_) <09 15:—Dobs. == 0480)58:8%3 —
20000} 10 .
i [ With ]
[ — Expected 0]
10000 5: —— Observed é;
|~ Observed stat. \ :’%’:
O 07 06 05 04 03
. T T T | T T T |I T T T T T T T l T T T 1 ‘ 1 T : D
3ls PH+P8+1 CMS 36.3 fb~! (13 TeV)
nL_ //////////////////// //////////////////// -l 1 7 L F T I
1.000 / //// // /// / % Saof mtD<400Gev | i
0.975 /////////////////// C\Il ﬂz(tf) <0.9 W It h o ut 1
L | 50 I‘\ .‘: i
-1 066 033 00 083 066 1.0 25 / ]
cos @ i ]
201 ]

[ Dexp. = —0.452j8:8§g
15:— Dobs. = -0.491:3038
Profile likelihood scan as a function of D, when including

(top) or excluding (bottom) the n, contribution  Without n :
sk Expected o]

[ — Observed B ]

-~ Observed stat. &1

ol v i v Sl

D. Dobur 08 07 06 05 0427 03



Entanglement: 2¢ channel % %

CMS 36.3 fo-! (13 TeV)

| L T

! T T
I/l POWHEGv2 + HERWIG+++1, / f,

I/l MG5_aMC@NLO(FxFx) +PYTHIA8 + 17, / jf; .
/1l POWHEGY2 + PYTHIAS 4 n / e Entaglement observed with > 50 for

/] wc stat. 345 < m(tt) < 400 GeV, B < 0.9
1/'! MC Stat. @ Syst.
Entanglement boundary

1 Data extr. with PH+P8 m(tt) <400 GeV
O

Data extr. with PH+Pg+y,  (t) <0.9  ~1.50 tension with the expectation if
- toponium is not included
I L withoutn,
0.491+9%28 6.3(4.7) o
-

p | e g

5.1(4.7)0 |s

-0.4809%28  ——e—— o

PR T N AR T T AN T O S AN ST N S AN SO SO HN MNE & SO S
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30

Main uncertainties:

* 1 hormalization

* Jet energy calibrations

* Top pr modeling

e Parton Shower modeling

D. Dobur 28



£ + jets channel

Jet

me e Full Run Il data
b .v“ ° 1 > H
N O e/u + 4 jets, >1 bjets
- Ot
OO N\
Jet J
d
i Jet Complementary in many aspects...

* Higher branching fraction, larger statistics at high m;¢

e Spin information via £/d-quark as opposed to £¢

* Higher pr thresholds — less sensitive to low m;z

e Better m,; resolution (only 1 v)

* More space-like tt as opposed to time-like in di-leptons
* di-leptons have potential discovery of toponium

* Higher potential to observe Bell inequality

D. Dobur 29



CMS, £ + jets channel

Jet

wa e Full Run Il data
\b ﬂOWT'."“ * e/u +4 jets, >1 bjets
[ 2 * Top recostruction, NN, correct assignment
* Use all possible permutations of up to eight jets in tt
= & and train against correctly assigned tt
w
Jet Okf.ﬂ \ b
d
Jet
Jet
. 138 o' (13 TeV)
g 107 cMS 20 et g e The fraction of correctly reconstructed events
S 10 I f non e/p-jets = Single t
2 10° -LEJ\r/1\</:ertainty e . 1_CMS Simulation Preliminary
(O] (8] E
o Ze 0.9;— — 2b Sy, — 2bS,,
\g 0.85 - 1b Sy, e 1b g,
g 07:
< 065
05F
0.4F

- 035
8B 12 0.2
Ao A 3 0.1

0.8 t T IR B SR T SRR RS R

0.6 i - i i i i i ; ;

0O 0.1 02 03 04 05 06 0.7 08 09 1 400 600 800 1000 1200 1400 1600

SN m(tt) [GeV]
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59.7 b (13 TeV)

| cms 20, T  Dam . t .
Preliminary it B (T gen: 400 < m(f) < 500 GeV, 0.4 < |cos(6)| < 0.7 { gen: 800 < m(f) < 900 GeV, 0.4 < |cos(6)| < 0.7
preti Single t s Multijet/EW

tt no correlation Uncertainty

4T : :
2t : :
; mmnmn"ﬂm; T : *“i
6 F . . H H . . H . . H H . H H
-06 06-06 06-06 06-06 06-06 06-06 06-06 06-0.6 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 0.6 COS(X)
0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 |cos(8)|
600-700 700-800 800-900 900-1000 >1000.0 m(th [GeV]

300-400 400-500 500-600

Low m(tt) High m(tt)

Profile likelihood fits to cos ¢ in bins of m(tt) and |cos 6|
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59.7 fb" (13 TeV)

Data

tt

(2]
€ 2bS, X 2 . 1 .
14 10° F Preliminary f.th'gh I tgen: 400 < m(tt) < 500 GeV, 0.4 < |cos()| < 0.7 I tt gen: 800 < m(it) < 900 GeV, 0.4 < |cos(0)| < 0.7
o pref Single t Multijet EW
tt no correlation Uncertainty
10* : .
10°
102
oo 1.4
c|®1.2
Olo 1 $ W%
0.8 il HRETY
06 F H H : : : : H : : : : : : . . :
-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 06-06 0.6 COS(%)
0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 |cos(8)|
300-400 400-500 500-600 600-700 700-800 800-900 900-1000 >1000.0 m(th [GeV]
59.7 b (13 TeV)
2 , T Data tt
c 105 CMS 2b Shlgh -
o Preliminary it s f gen: 400 < m(tf) < 500 GeV, 0.4 < |cos(0)| < 0.7 T gen: 800 < m(tf) < 900 GeV, 0.4 < |cos(6)| < 0.7
T postil Single t s Multijet/EW
Uncertainty
10¢ : : : :
10° ,“m.._f--..,". : b .. é."... g’-...-..-.. .. .
g § '..E ‘E '-.. . '.".:
0 s : *
102 : :

PRI PR Y i Sahrotensabodenas . PP ) U TR APV SURDT . S IO L 2 PIFPTUPI TR NI ¢ 11 1: l'“| i Y} TYPRTIT
tetertey e Hedy 11} . G .. > rvitie 112 ": v v prissipbagivhe Tyt T "IE' THA g ".-q i T
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0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 0 0.4 0.7 |cos(6)|
400-500 500-600 600-700 700-800 800-900 900-1000 >1000.0 m(th [GeV]

300-400



Measured P; and C;;

-1
CMS Preliminary 138 fb (13 TeV)
inclusive
Ag =0.664 +0.028 ¢ Batah o8

{4 | -0.039+0.048 — Fowneg+

cl | = Powheg+H7 .

P 0.0034+0.0064 W . MG5+P8 e Full extraction of ttBar

P. | 232??222:: ; == MiINNLO+RS polarization & spin-correlation
P, 0014:£0. . . . )

5 [ 0003420006 b matrix in various kinematical
pr: ™ 0.0095+0.0047 W regions.

pk | 0.0044+0.0062 N

Cr | 200000 i ._ « Data agrees with the SM
Con | 220200 iy redictions within uncertainties
C, 0.302+0.019 idi P

Ci [ 0o0exoots o

C; [ 025140030 oy
qu 001120022 ol
Co | -0.010+0.015 ta
C, | -0o1s:002 Feli

. +
an |0.(|)14|_0.|021| [ |-|-0—|| ' B R
-04 -0.2 0 0.2 0.4
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Entanglement:f + jets channel ¥y 1

* Highm(tt) 1331713 Tey)

* Low m(tt)

CMS  preiminary 138 o' (13 TeV) o CMS_Proiminay
Q T Separable states T = 1 ¢ I[D)g:[/sheg+P8
Foossf  35@4)0 1.6(2.8)c ST Powhog 7
it - ' 08 - MG5+P8
. e S — o °F .. MINNLO+P8
O _o4f . 07E { ------------------- besssssstssssasatais
+E ._—. OE 06 %’:T:T:T:T:T:T:T:T:T_T:T:T:T:T:T:T:T:T:T!
OT B e ——— s |I;})at'ah o Y 05F
5 — Powheg+ 3
<k Powheg+H7 ‘0 o4f 6.1(5.5)c 4.0(3.6)c
o =f Mi(la\l?\lJrL08+P8 0.3 : | Separable states i
1) < 50 GeV " m(tt) > 800 GeV m(tt) > 1000 GeV
Pr{t) < 50 Ge m(tt) <400 GeV cos(6)] < 0.4 Icos(6)] < 0.4

Extraction via Spin correlation matrix C;
CMS Preliminary 138 fb™ (13 TeV)

P s * Complementarity wrt. dilepton channel
X C ¢ Data . . . T
O £ — Powheg+P8 * Entanglement is established at high m(tt)
+ I Powheg+H7 . . .
o 1.8F MG5+P8 for the first time with >50
—~ F . MINNLO+P8 T oooTIT o
* o16F * Disin general lower wrt. data when
O 1ab entanglement is significant
<LIJ 1.2
F 2.2(2.4)0 6.7(5.6)c
| Separable states |

m(tt) > 800 GeV

Dob 34
|cos(0)| < 0.4 ondr

m(tt) < 400 GeV



100

* What is the maximum value of AE % of e
that can still be explained by the 3o e
. 70 o
non-quantum communication u% sof-
(v < ¢)? 3 oF S
. - & 40F
* In this case only t and t decays & b ¢ ' _ o
. . . E Severi, Boschi, Maltoni, Sioli
separated by a time-like interval 206
10 =
are entangled OB
300 400 500 600 700 800 900 1000
* The rest of the events must be m(t) [GeV]

separable

* tt decay vertices are not observed, the fraction of space-like events, f, can only be
determined statistically

. CMS  Preliminary 138 fb™ (13 TeV)
—> Form a new A threshold (F22- 4 Data
T - — Powheg+P8 1
In space-like N A 1 I 1
] ] O“ C E crit
All ttbar eyl () 2 18F
+ [renn s
events In time-like Entangled c 1.6
R. Demina interval (1-f) Max(Af)=3 L”) 14 f_
& 12:_ 54(4.1)c
Max(‘C,-,-\)=1 15 13.5(4.4)0 16.7(5.6)c
— — — | Separable states |
Ecritical ~ f(AE - 1) + (1 - f)(AE - 3) .

1) < 50 GeV m(tt) > 800 GeV
D. Dobur pT( ) < © |cos(0)| < 0.4


https://arxiv.org/search/hep-ph?searchtype=author&query=Severi,+C

.

* Tops at LHC rock!

* Entanglement in top quark pairs is observed with > 50
* By both CMS and ATLAS
* Multiple analyses in different phase-space regions!
*Tests quantum entanglement in a new environment...
* A new experimental tool to search for new physics!
* Exciting sensitivity to toponium state!

*More work on the theoretical side is needed... modelling sensitivity
& toponium



Ll
u

GENT

Physicists confirm quantum entanglement
persists between top quarks, the heaviest
known fundamental particles
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Entanglement: 2€ channel % %

CMS 36.3 fb~! (13 TeV)

‘11 TJ] ! rr]rrrrT]rr 1T T

I/ll  POWHEGvV2 + HERWIG++-+7, / jf;
I/l MG5_aMC@NLO(FxFx) + PYTHIAS + 1, / f;

/ll POWHEGY2 + PYTHIAS /i * Entaglement observed with > 50 for
[/ Mo St 345 < m(tt) < 400 GeV, B < 0.9

I/'! MC Stat. @ Syst.
Entanglement boundary

lo1 Data extr. with PH+P8 m(tt) <400 GeV
3 gl

Data exir. with PhisP8an, B,(t8) < 0.9  ~1.50 tension with the expectation if
. toponium is not included
[l _ Without 1,
6.3(4.7) o —e— Fit constraint (obs.) —— +1o impact (obs.) —— -1o impact (obs.)
-0.491 i88§§ =H—— = ( ) Fit constraint (exp.) +10 impact (exp.) -1 impact (exp.) CMS
_ ", normalization ! —_— !
‘ . JES: Relative balance -—6—-
ﬂ”‘ With N¢ % NNLO QCD reweighting —
= B Parton shower: Initial state radiation ——— T E——
5.1(4.7)0 |3 E— —_— —
-0 480+0_026 ® B % Electroweak corrections 0—' E
: -0.029 Top quark mass —_—
T T T T e JES: Flavor QCD —_— —]
-0.60 -0.55 -0.50 -0.45 -0.40 -0.35 -0.30 JES: Absolute S |
D Matrix-elem. renorm. scale variation ‘—0—‘ L
Z+jets shape -—o—- —_—
. . . . b quark fragmentation —_—— —
Main uncertainties: en — =
. . Parton shower: Final state radiation ——— —_—
* Nt normalization JES: Absolute (stat) —— —_—
* Jet energy calibrations e Ftvsres anros . i
[ ] Top pT modeling ttnormaliza;i[;); '—'"—“ ::‘
H Z+jets normalization . -‘—o‘—- . i '_.'
* Parton Shower modeling — T
D. Dobur ~
(8-6,)/A0 B



Spin correlation in top-pairs

t 10.1007/JHEP12(2015)026

* NWA - production and decay can Bernreuther et al.
be factorized

2 _ p/ p :topdecaydensity matrices
[ [MPP ~Tr[pRp] 00 0P8
R : Spin density matrix

» Study the properties of R, sensitive to new physics effects
* Rcan be decomposedin t/t spin space using Pauli matrices

R o [AI{®H+ Bf o'®1 + By 1®d" + Cijo' ® 0’
| | | |
v

|
totalcross-section 3 — vectors of functions 3x3 matrix of functions
and top kinematics  characterizing tt polarization . ,
along each axis characterizing spin

correlation of tt
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inspirehep.net/record/1388866/files/scoap3-fulltext.pdf

m:z mismodeling

* Mismodeling around m;; = 345 GeV is not new and observed across different analyses

and experiments

CMS-TOP-20-006

CMS_Prelimina 138 fb' (13 TeV
y_

= T e
2 1021 dllepton par’(on Ievel © Data, dof6 __
Q E O POW+PYT, y2=5 ;
g e O FXFX+PYT, 327 ]
_g 4 3 At A POW+HER y2=4 __
5 10 g —— v mC=1755GeV, =18 3
E E o mC=1695GeV, 06
- - " Total unc. -1
104 = B statunc =
107° & B
. e . ] | A
5 P .
9w 1 .
a0 1

0.
500 1000 1500 2000

5/14/2024 m(tt) [GeV]

1/ do/dm®* [1/GeV]

MC / data

—_
Q
N

_
(@]

'
w

Eur. Phys. J. C (2020) 80:528
| T T T IATLIAS T I T
\s=13TeV, 36.1 1"

® Data 2015-16
total uncertainty

— Powheg+PY8
- Powheg+PY8 RadDn |
Powheg+PY8 RadUp
- aMC@NLO+PY8

T T T
Ll

T T

T

50 100 150 200 250 300 350 400 450 5
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D. Dobur

Phys. Rev. D 97, 112003 358 1" (13 Tev)

g cMs
[0]
4 1
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Q et
| =
© % 101
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e/u+jets
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e Data
Sys @ stat
Stat
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i NNLO QCD+NLO EW
- == POWHEG H++
.. MGS5 P8 [FxFx]
i

2000 2500
M(tf) [GeV]

1500

1000

40


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.97.112003
https://epjc.epj.org/articles/epjc/abs/2020/06/10052_2020_Article_7907/10052_2020_Article_7907.html
http://cds.cern.ch/record/2803771?ln=en

Backgrounds:
e Small contriutions... ¥10% in signal regions: DY, W+jets, QCD,

* Background templates obtained from reduced b—jet control region
e Systematic uncertainties from these omparissons, up to 50%, mainly statistical

12000 CMS Ppreliminary 138 fb” (13 TeV)
ol L § Data, control region [l DY/W-boson
o - I Multijet ) —— MC, control region
— e MC, scaled tt MC, S_  selection
2} 10000 — Stat. uncertainty N
o -
1 8000
6000 e
4000 __ .....................
2000
o
° é 1.4
go 12mey e
C= 1 Svrer P L_‘—L....n......r"'ﬁ“
0.8

1 208-06-04-02 0 02 04 06 08 1

COS @

» Single-top from simulation (<4%)

10° CMS Preliminary 138 fo'! (13 TeV)

T Data, control region M DY/W-boson
I Multijet —— MC, control region
------ MC, scaled tt MC, S, selection

Stat. uncertainty

Events / 100 GeV

300 400 500 600 700 800 900 1000 1100 1200
m(it) [GeV]
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Bell Theorem: Bell carried the analysis of quantum entanglement much further. He deduced
that if measurements are performed independently on the two separated particles of an
entangled pair, then the assumption that the outcomes depend upon hidden variables
within each half implies a mathematical constraint on how the outcomes on the two
measurements are correlated. This constraint would later be named the Bell inequality. Bell
then showed that quantum physics predicts correlations that violate this inequality.
Consequently, the only way that hidden variables could explain the predictions of quantum

physics is if they are "nonlocal"”, which is to say that somehow the two particles are able to
interact instantaneously no matter how widely they ever become separated.4l3!


https://en.wikipedia.org/wiki/Bell%27s_theorem
https://en.wikipedia.org/wiki/Bell%27s_theorem

CMS, £ + jets channel 3

* Dilepton based on rrD 100 (2019) 072002 ® Leptontjets

® Lower branching ratio * Higher branching ratio

* |[k[=1 for charged leptons, which are o |k|=1 for down-type quarks, but they are
easy to ID —>1deal channel for spin harder to identify — employ Al (~66%)
correlation

. . ® Higher p; cut for single lepton (30 GeV)
® Lower p; cuts for leading/subleading and for 4 jets (30 GeV)9 lower

leet:"ltzitc(i):n(cz S;czt(l)lthel:l\r,e):s}?o lglgher efficiency at the threshold, but OK for
Y high M,

® Worse M, resolution, not ideal for

differential measurement ® Better M, resolution, good for

e Best for threshold differential measurement
high entanglement L Advantage for high M,
potential for “toponium” * high entanglement
observation

° potential for observation of Bell
mostly time-like separated

events

e CMS Top—23—001

Inequality violation

° mostly space-like separated events

e CMS Top-23-007

\
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£ ; L PowhogePyt i 5 E ‘g 009 ? i e‘rWI‘ o i‘ O‘GS‘OV\‘/er‘ 7; M
%23: ; I igx::giﬁg\:\ll?gi é %0'08 ? I :enﬂig;tginpgljlar};hower E ATLAS ttBar mOdeIIIng:
5 007 3 £ 007 = .
< 008 E ER Y 3 * Powheg @NLO QCD with
ggg* ATLAS Simulation . 08 ATLAS Simulation E NNPDF3. t d & i
gg:: V/5=13TeV, particle level : 223: \/§=13Tev'pa”‘°'e'e"e':§ , top-decays SPIn
0oz £ E ; correlations @LO in QCD
?:Z;;H:}HH}HH}:HE ?Z;:}}}: ° POWhegBOXRES(bb4I)tO
2 1.04 & — 2 1.04 — .
5% i 31 E modell off-shell production
Bose T L = Bom =
oseE = Soel = (NLO) and decays&
0.94 = . - - = 0.94 = - - - 3
-1 0.5 0 0.5 -1 -0.5 0 0.5 . .
00 @, My < 380 GeV 00 @, My < 380 GeV spincorrelations @NLO
(a) (b) .

Parton shower: Pythia &

Figure 4: Comparison between cos ¢ distributions in the signal region with m,; < 380 GeV for different MC event H e rWi g
generator setups at stable-particle level. Figure (a) compares events simulated with Pownec Box which are interfaced

with either PyTHiA (red line, pr-ordered dipole shower) or HErRwiG (blue line, angular-ordered shower) while figure

(b) compares events simulated with HERwiG using either a dipole-ordered shower (red line) or an angular-ordered

shower (blue line).

Systematic uncertainty source Relative size (for SM D value)
Top-quark decay 1.6%
Parton distribution function 1.2%
Recoil scheme 1.1%
Final-state radiation 1.1%
Scale uncertainties 1.1%
NNLO reweighting 1.1%
pThard setting 0.8%
Top-quark mass 0.7%
Initial-state radiation 0.2%
Parton shower and hadronization 0.2%
hdamp setting 0.1%
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\\\\\\\ 3
Top Reconstruction

@ Three methods:

o 85%: Ellipse Method.
Calculates two ellipses for p% 100 GeV/c x
and finds the intersections. '

o 5%: Neutrino Weighting.

o 10%: Rudimentary pairing.

Figure: Constrain on neutrino momenta.
Figure is from Nucl.Instrum.Meth.A 736
@ The solution with the smallest  (2014) 169-178.

m,z is taken.
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Systematic Uncertainties

@ Three categories:
o Signal (tt) modeling.

o Signal (tt) modeling breakdown:

_ o Top decay (MADSPIN): 1.6%
o Background modellng. o PDF (PDF4LHC) 1.2%
o Detector uncertainties. o Recoil To Top: 1.1%
o FSR: 1.1%
. 110
Systematic source  ADexpected(D = —0.470)  AD (%) b Scales (NR’MF)ll/()
Signal Modelling 0.015 3.2 o NNLO Reweighting: 1.1
Electron 0.002 04 o pThardl (pThard = 1): 0.8%
i - 5 o my (1725 % 0.5 GeV): 0.7%
b-tagging 0.002 0.4 o ISR: 0.2%
Pileup < 0.001 <01 o Parton Shower (HERWIG): 0.2%
Ermiss 0.002 0.4 _
Backgrounds 0.009 1.8 X hdamp- 01%
. Ll % e Background modeling is dominated
Syst. 0.018 3.9 N !
Total 0.018 39 by Z — 777~ uncertainty.

@ For each systematic, we extract a
curve. The difference w.r.t. the
nominal curve is the uncertainty.

Table: Systematic uncertainties for
the expected D.



modified cross-sections and top kinematics
e Use EFT framework to constrain anomalous CMDM at NLO precision

* O,¢ induces top chirality flip = spin density matrix measurement is a perfect
ground for testing

e Signal samples with MG5 _aMC@NLO+MadSpin+Pythia

. x2 minimization using 20 normalized differential distributions at parton level
and the covariance matrix
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A 2

Constraining CMDM (2)

Best constraint to date

[ CMS Preliminary A =1TeV 35.9 fb" (13 TeV)]

—— Nominal (all)

B + 1o (all) .
+ 26 (all) -

------ Nominal (linear) 7

—— + theory (all)

------ + theory (linear)

—— - theory (all) i

...... - theory (linear)

0.4
C/ A2 [TeV?

* ~“55% more stringent constraints
compared to those obtained by

using A(l)(%) only

arXiv:1811.06625 (CMS)

D. Dobur

sensitivity evolution

SM expectation
— 1o band
26 band

Uncertainty band width

0.2

" CMS Preliminary A =1TeV 35.9 fb™ (13 TeV)]

0.1

f

X % Nc £ % c £ L Tm--c L € S W N S Lo h
DoxmmOmxo‘:Q o*mmoxo O—“&f‘m O“m(ﬁj
+ + R + + ;4 + + T 7t +
£ S £ E x £
o o OO o
+ +
+ + 3 +

* Largest constrain from:

D=-(C, +C_+C, )3

but all measurements contribute
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A@Q(L¢) at parton level

CMS Preliminary 35.9fb" (13 TeV)
— . T ' T T T T T ' T I
) 3 0.5 |« Unfolded Data ----NLO, SM
© o) - — POWHEGV2 + PYTHIAS8 - - NLO, uncorrelated -
-6 - -~ MG5_aMC@NLO + PYTHIAS [FxFx] B
o4 A
- R
'_—'.'_'.'_='.;_='.'_'.'_'.'
0.3+ e WS -
o g =, 4
oer , , . . I E
105 ™Stat | Stat®Syst R i
> - L : : .
c|3
218
|_
0.95

Main systematic uncertainties:

* Top pr modeling

* ME-PS Matching

* QCD scale choice

* Background & PDF

0 6 w3 w2 23 5u6  w

*Data is compared to:

* NLO predictions from POWHEG
and MADGRAPH

* NLO (QCD) + EWK corrections
(JHEP 12 (2015) 026, W. Bernreuther,
et.al)

* NLO with no spin correlation

* POWHEG: steeper than data
* NLO calculations: improved
description

D. Dobur 49



from LPCC meeting by R.Poncelet

ol E——— LHC 13 TeV m, = 1725 GeV 05 . LHC 13 'TeV m, = 172.5 GaV
Scale: Hy/4 PDF: NNPDF31nnlo _._,_._I_‘_L*** Scale: Kr/4 PDF: NNPDF31nnlo

08 08 e ——— ' !

108 110

NNLO/NLO

i & & ¢
—_——
-
—_—

—

—

NNLO/NLO

s

2

oo 02 04 08 08 1.0 0o 02 04 0s 0s 10
AL, 8)/x A€, 8/

Perfect agreement in fiducial, differences in inclusive phase space
— possibly hints at differences in the extrapolation to inclusive
phase space
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cosekcosek

CMS Prellmlnary 35. 9 fb (13 TeV)

Events /0.1

Data
Pred.

%y'r/ /"///r/"'////'r

TPrrryTT 1T TPy
¢ Data .Slnglet DtHZN\I

B tisignal [ Wsjets [ ] Diboson
Mttother [l z+jets Uncertainty

7

v k k v
coselc0562—kcoselcosez

Events /0.1

NNSANNONAN

205 0 05
cos6¥cosel

-

Data
Pred.

10° CMS Preliminary ~ 35.9 fo™' (13 TeV)

\\‘\\\‘\\\‘\\\‘\\\‘\\\‘\\‘\\\‘\\\‘\\
¢ Data .Singlet Dtt+ZNV
Bl tisigna [ w+ets [ ]Diboson
. tt other . Z+jets Uncertainty
)
2%,
7%

AR l///'r/[‘:

05 0 05 1
cosf'coseli+cosbtcoso),

[ AG(LE) |

35 9o (13 TeV)

x10° CMS Pre//mlnary

Events / 0.157

Data
Pred.

T ‘ T T
+ Data . Slngle t
. tt signal . W+ets
Mlttother [l Z+ets

T
D tt+ZNV
I:l Diboson

Uncertainty,
”, Z g

7z

 Overall good agreement between observed and expected distributions

* Slight tension in A¢(//) shape, byt,within the uncertainties
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Unfolding to parton level

optor CMS Frefiminary

s 35.9 fb™ (13 TeV)
- R R e L
it

-

8 [} a M single t Cltszw

i) . tt sigl . Wiets D Diboson .

é 20 .ti ooooo . Z+jets ) Uncertainty G e O m et r l C
w By~

- *}GK‘C{OI"
simulaiion .

acceptance

» Unfold the distributions to parton level (TUnfold (arXiv:1205.6201))
* 6 equal bins in all distributions = detector resolution

* An optimized method to reduce the bias from unfolding:

* regularization based on the known functional forms at parton-level, which
are unaffected by NP effects in production

* Experimental and theory modeling uncertainties estimated via repeated
unfolding each with a systematic shift
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Coefficients of the spin density matrix can be extracted from :

- ‘o . :—(]+Bjrcos(91+chosei—Cl.jcoseidcosef)
O dcos’ dcos6’

Can be reduced to single differential cross sections

id—G _ i(]+Bfr Cosei) Polarization

o dCOSGi_r 2 coefficients
ldo 1 ~1 diagonal

o dx 2(1 i) n(>17) elements of spin
x = Cosei Cosei density matrix

1 do C,;tC off-diagonal

] .. .. B
——= 5(1—%)@003 ! | x|,

G dx elements of spin

; . : ; density matrix
x =cos0, cos®’ +cos6’ cosO’

D. Dobur 53



> bi,cy, ¢ are functions of partonic center of mass energy and (cosej)

» Coefficient functions can be classified w.r.t P,CPT and Bose symmetry .



Decomposition basis

Eii and C ji can be further decomposed in terms of orthonormal basis {f(,f,ﬁ}:

P :incoming parton
k: top-quark direction in tt CMF ("helicity")
7 =normal to tt scattering plane ("transverse")

# =normal to k in tT scattering plane

> |n this basis the coefficient functions have definite
P.CP,T = in case of a deviation can do NP
characterization

Top quark’s spin determines the angular
distribution of its daughters

;(1~+/§c089)

+ Lepton @ :P )
, ol - 3[3)
W — op spin
t V, q
Top
b cos 6

* Charged lepton has the best spin analyzing power, K=1
* Preferentially produced in top spin direction (V-A structure of Weak interaction)
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At the LHC, ¢f pairs are produced mainly via gluon—gluon fusion. When they are produced close to
their production threshold, i.e. when their invariant mass m;; is close to twice the mass of the top quark
(ms ~ 2 - m; ~ 350 GeV), approximately 80% of the production cross-section of ¢f pairs arises from a
spin-singlet state [28-30], which is maximally entangled. After averaging over all possible top-quark

directions, entanglement only survives at threshold because of the rotational invariance of the spin singlet.

This invariance implies that the trace (the sum of all of the diagonal elements) of the correlation matrix
C, where each diagonal element corresponds to the spin correlation in a particular direction, is a good
entanglement witness. It is an observable that can signal the presence of entanglement, with trf[C] + 1 < 0
as a sufficient condition for entanglement [18].

D. Dobur
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To be completed
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ATLAS+CMS

............ ATLAS+CMS combined

— ot Uncertainty
ATLAS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
combined
CMS
dilepton 7 TeV
lepton+jets 7 TeV
all-jets 7 TeV
dilepton 8 TeV
lepton+jets 8 TeV
all-jets 8 TeV
single top 8 TeV
Jhy 8 TeV
secondary vertex 8 TeV
combined
ATLAS+CMS LHCtopWG

Vs=7,8TeV
total

stat
m, * total (t stat + syst) [GeV]

173.79+1.42 (£ 0.54+ 1.31)
172.33+1.28 (£ 0.75+ 1.04)
175.06+1.82 (+ 1.35+ 1.21)
172,99+ 0.84 (+ 0.41+ 0.74)
172.08+0.91 (+ 0.39+ 0.82)
173.72+1.15 (£ 0.55+ 1.02)
172.71+ 0.48 (+ 0.25+ 0.41)

172.50+ 1.58 (+ 0.43+ 1.52)
173.49+ 1.06 (+ 0.43+ 0.97)
173.49+ 1.41 (+ 0.69+ 1.23)
172.22+0.95 (+ 0.18+ 0.94)
172.35+ 0.48 (+ 0.16+ 0.45)
172.32+0.62 (+ 0.25+ 0.57)
172.95+ 1.20 (+ 0.77 + 0.93)
173.50+ 3.14 (+ 3.00+ 0.94)
173.68+1.12 (+ 0.20+ 1.11)
172.52+ 0.42 (+ 0.14 + 0.39)

dilepton 172.30+ 0.59 (+ 0.29+ 0.51)
lepton+jets 172.45+0.36 (£ 0.17 £ 0.32)
all-jets 172.60+ 0.45 (+ 0.26+ 0.36)
other 173.53+ 0.77 (£ 0.43+ 0.64)
combined 172.52+ 0.33 (+ 0.14 + 0.30)
| | l | | | | | | | | | | | | |
165 170 175 180 185
m,; [GeV]
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