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SM vs LH@easurements: excellent agreeme
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Top Quark Mass

Top quark mass Is very important parameter of the, SM
In addition:

V ltsrole in consistency test of the SM.
V Hectroweakvacuum stability
V What is the top quark mass and how to measure |it.

25-Jub12 S. Tokar, top quark physics, THESP 2025 4



Top quarknass Motivation

C The top quark massr,,) is one of
the fundametal SM parameters. W+

C Its precise value provides a key input
to global EW fiY test of internal
consistency of the SM.

q!al//

C Its value leads to a significant constraiotsstability of the EW
vacuum.

C It has a significant impact on cosmological models with inflation

C It looks the top quark mass can be easily determined using the t
guark decay productsit is sufficient to measurd-momemium of
b quatkand 4momenta ofW besonddecaproducs
2 - .\2
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ToEguark maswys SMinternal consistencz

A Measured valuesf m, m, & m, can be compared t&W/fit predictiongo
check validity of SM higherorder corrections toMZ propagator leads to

|\/|25pa
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A set ofN,,, precisely measured

observables described Iy, theor.

expressionswith N, ,4parameters

Contoursof 68% and 95%L
obtained from scans of fits with

fixed variable pair$4,, vsm -
Gfitter package used
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ToEguarkmassvsvacuum stabilitx

LHCHiggs-bosonsisfirmly-eonfirmet under SM,
vacuum hasion-zero componentof{Higgs-field

(it is a Higgs condensate)

Higgs-potential V(f)= /"f *)3‘, oLt !l

J2

What cante saidaboutsits=stability ?

Higgs boson is a dynamic objectquantum fluctuations -~

Y | is running constant deggndjng’o’ﬁ'an energy scale :
i presentstatus T, ,.>> T,

-

_GM, , 47
(=S 47,

V SM:D Iwe can calculate it if =
there is no new physics .

V What does it meah <0?

Vacuum is metastable tunneling
from alocal to absolute minimum!
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3o bands in
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RGE scale g in GeV

25-Jutl2 S. Tokar, top quark physics, THESP 2025

Top pole mass M; in GeV
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Togguark massambiguities

Particlepole masy O2 NNB ALYy Ra (2 LRtS ~1(g-m)p |
The top quark pole massen(,): top quark is a color objegtdue to confinement

the ambiguity of pole top mass B~ S ocp

a 4p
?S(Q )- (22- 3} n(Q/L3co)

Perturbativepart W Non-perturbative part W
b
b
t 510%°s
(a) (b)

Topquarkpole massis close tanvariant mass of the top decgyoducts
Ambiguities are fromhadronization, color reconnection and extra radiation :

V at least one quarkiot coming from top decays trapped byb-quark (non
perturbative part).

V Color reconnectionthe colored top quark decay product will interact with the
colored rest of proton.

V Extra radiationfrom top decay products not included in reconstruction.



Particle Mas§ Ereliminarx words

Let us start with electron Electron | i( P+ m)

P =p,g"

.)mpton effect . propaga’[or p2_ n? +ie’ (1)

Electron mass pole in electron propagator

- it is freefield propagator __.-7divergent
) ' m_ -~ renormalizatiol
Propagatorcorrection:
p-m
Electron self energylPI* ™ | HVH . O . ... Characterized quop
Propagator in general a momentumpl or sizel/
e ——— —I——-I———b-—@——b-— ——b-—@-—b-—@——b——
: : : aS( ) 5 ) ° 5 :
! ! ! & P A P 8 - I (2)
Mo p-m p mED W8 w B m ¢ p-m-S(,p)

| haremass

Other expansionm, + all bulbles \wmh | |
size<l/ug are absorbediniomass ~ p- m,, Jz- m(m) - & 4up) (3)

m(m) * short distance massS? selfenergy: contribution of interactions to mass



Particlemass toeguarkvselectron

Differencetop quarkvs.electron Top quark is not asymptotidsl
V top is unstable; pole is complexm,,, +i Gy, free particlée
V Top Is colored objectdue to confinement its mass uncertaintg ocp

Top quark:self enerd$ ¢

00¢
N
in 1 loop approx.: s_ P& rpaRy b

Loopsneed to be integrated ovey (4-momentum conservation law
p = gt(p-q) valid for allg).

SW=fdq... divergesfor | g| - =@ (UV divergenceY removes by renormalizatio

for|g|- O (IR divergenceY top quark nonperturbativeness
problems 7

Does not exist for electror If loop size reaches a valde1/GeV the couplingag
gets bigd



What Is the T10p Quark Mass ?

Introducingtop quark short range masghe top pole mass is

mpole =m"s{(R) + 5 Rn)"”> Absorbs bubbles with size > 1/R (problematic regigp)

it contains perturbative and neperturbatlve part

-

— T
-
=
-
-
- o
~

Relation between théop-quark poleand short rangermasfR~1 GeV PRL117,232001(2016
me- m"(R) =R{ga §4+ca® ..4,at & (R)/4p,¢=5.33c, =131.7%, = 4699

Advantage of short range mass: well defined mass from renormalization view pq

V more stable irperturbation theoryY- m,MSR(R=1 Ge\) - close to the notion of
Kinematic mass, but no renormalon problems.

V Aspecial case 8|S massm, ,..,(R= M) =i(™ Y it absorbs the self energ
corrections MY sensitive to only the shodistance aspects of QCD.

Pole masy's I\/ISmassperturbatlve expansiol loops approximation):

& Xiv1502.01030
ke = m( m)(1+04244a, 9.8345° 28354 (849°035)4 ..} (8)

=163.643 #.557+1.617+0.501+ 0.1950.005GeV  a,* 4”(m) 2.108¢



Short range masgsreconstructedl opQuarkMass?

How to relatethe reconstructed top quark mass
short rangeor pole top quark mass

MC event generatofs isimulate:

Hard rmatrix-element:

Initial parton annihilation and top production +
additional hard partons from pQCD.

Parton shower evolution:

parton shower evolution describes the top decay products and continued splitting
into higher multiplicity partonic states having subsequently lower virtualities.

Splitting probabllities fronpQCD (valid to leading order for the top decay to
an approximate leading logarithmic accuracy for saflinear splitting).

Can be viewed as a way to salominant perturbative:correctiondown to shower
cutL . °1GeV

Hadronizationimodel:

Turns partons into hadronsi@n-perturbative jprocess- dependent on parton
shower implementation.

Description of data (frequently) much better than the conceptual (LL) precision of
parton evolution part.



Howto measuretop mass’

Top quark mass can be reconstructed intaibpologies (LJ, DL AH)
Two basic mass determination approaches:

Direct measwrements

V Extraction from total or partial kinematic reconstruction of invariant
mass of topquarkdecay products.
V Comparison with MC calculations of thavariant massvariable ¢
MC templates.
The result of comparisonm'"*

Indirect measurements
V From crosssections (inclusive or differential).

V Measuring observable(s) with a strong dependencerpwith data

pole

unfolding m
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Tog guark mass : kKinematic aEEroaches

B-tagged signal templates

created by MC.

0.002f Liiw

V Likelihood fit to data based on templates for+ B. ok

Template method: PRD 63,032003(2001) pomaif

V usesobservable(s) sensitive to top quark mags.g.  $oe et
invariantmass m,of decay products). 1,200 Gove

V More than 1 observable can be used fpalso JES). oo

V Signal templategfor different m,,) +Bkgdone

Matrix element method: «. kondo, J. Phys. Soc. Jap. 57, 4126 (1988).
evaluates event-by-event probabilitybased on the full everkinematics
V signal probability:

_______ measured 4momenta Matrix el. partonicfinal_-:c,:[ate4-momenta
Sl ; : 1 s ds ( pp- tt- (\'y}"_’_ ______ G
R (% m,,) = A fdgdg g 1 W eyq,) £(a,) WER, )
S it ( op) flavors dy

PDFs resolution
V Top mass extracted from global likelihood fit to datesed orP; and P,

L(%-%;m,~)=0&fR(%xm,) €L %) B (¥

Other methodscombination of Template and Matrix element methods (ideogram

11- 14
202211-28 Newes in Hioas and ton nhv<icsTekKAr



Togguark masskinematic aEEroach

Top Is a colored fermioqit decays before hadronization, thequark from its

decayhadronizes; it captures at least 1 quark from neighborhood.
W PRL 132(2024)261902

ATLAS+CMS Preliminary Mop SUMMary, Vs = 1.96 —13 TeV  May 2025
b LHCIopWG
LHC comb. (Feb 2024), 7+8 TeV LHctopwa [1]
statistical uncertainty total stat
total uncertainty My, + total (stat £ syst + recoil) [GeV] J.L dt Ref.
LHC comb. (Feb 2024), 7+8 TeV 172,52 + 0.33 (0.14 + 0.30) 20 ]
World comb. (Mar 2014), 1.9+7 TeV 173.34 + 0.76 (0.36 + 0.67) 871" 2
ATLAS, l+jets, 7 TeV 172,33 £ 1.27 (0.75 £ 1.02) 481" (3]
ATLAS, dilepton, 7 TeV 173.79 + 1.42 (0.54 + 1.31) 461" [3]
2 3 z ATLAS, all jets, 7 TeV H————— 1751+18(14+12) 46f" 4]
Effect ofb-hadronization om,,: ATLAS, diepion. 8 Tov Temi08 aIS0TH  mew
Op ATLAS, all jets, 8 TeV 173.72 + 1.15 (0.55 + 1.02) 20.3fb" [6]
ATLAS, l+jets, 8 TeV 172.08 + 0.91 (0.39 + 0.82) 20217, [7]
172.71 £ 0.48 (0.25 + 0.41) <20.3f"[1]

s @ 2 G e\/ ATLAS comb. (Feb 2024) 748 TeV
op CD 5 ATLAS, leptonic inv. mass, 13 TeV

ATLAS, dilepton (*), 13 TeV

174.41£0.81(0.39+0.66£0.25) 361" (3]
17221£0.80(0.20£0.67 £0.39) 1391 [9]

ATLAS, boosted, 13 TeV 172.95 + 0.53 (0.27 + 0.46) 140 tb™ [10]
ATLAS analyqisri-PHY$UB2021-034): S e T oY
y = < U F ] CMS, dilepton, 7 TeV 1725+ 1.6 (0.4 £ 1.5) 491" [12]
] L CMS, all jets, 7 TeV 173.49 + 1.39 (0.69 + 1.21) 35" [13]
K t t M S R CMS, l+jets, 8 TeV 172.35 + 0.51 (0.16 + 0.48) 19.71b" [14]
I nel I la IC Op I I IaSS VS I I IaS CMS, dilepton, 8 TeV 17222 g5 (018 o) 197167 [15]
CMS, all jets, 8 TeV 172.32 + 0.64 (0.25 + 0.59) 19.7 b [13]
M R CMS, single top, 8 TeV 172,95 £1.22 (0.7 o) 19.7 16" [16]
I I l C — S 1 G eV +8 350 M e\/ CMS comb. (Feb 2024), 7+8 TeV 17252 +0.42 (0.14 E%S.ag) £19.7fb"[1]
-410 CMS, all jets, 13 TeV 172.34 £ 073 (020 7% 35917 [17]
ilepton, 13 Te 172.33 £ 0.70 (0.14 + 0.69) 3591’ [18
CMS, dilepton, 13 TeV 07 A, 18]
C CMS, single top, 13 TeV 17243 97 (0.32 7% 35.91b7 [19]
R I t b t MSR p0|e CMS, boosted, 13 TeV 173.06 £ 0.84 (0.24) 138 1" [20]
elation petweemnm a CMS, I+jets, 13 TeV 171775037 008 B30

[1] PRL 132 (2024) 261902 [15] PRD 83 {2016) 072004

[2] arXiv:1403.4427 [16] EPJC 77 } 354
[17)EPJC 79

[3] EPJC 75 (2015) 330
[4] EPJC 75 (2015) 158 [18] EPJC 79
[5] PLB 761 (2016) 350 [19] JHEP 12
6] JHEP 08 (2017) 118 [20] EPJC 83

(top pole mass) in 4 loop approx. eraiminay |
Y mMC = nfOIe -85 _ggg Mev 1 | 111 1 | | i y|w| | JIJ IMI|J | \|J ~I‘VI~-|

165 170 175 180 185
My, [GeV]

mMC=172 522 0.14(stat } 0.30(sSyst ) GeV-£72.52% 0.33GeV




o, [pb]

Precision of-2 GeV om
PDFandscale uncertaintiesn pred"

fikuYadzh ud R fiys $oZ7 €8%eV x,
provides very precisegextraction

Extraction of top quark pole mass

Measured, , can be used to extract pole masg°', assuming a value pf
(or vice versa assumempP°e and extract o).

S, results depend on assumed top mass as kinematics/acceptance depend on

I_ T T T T | T T T I T T T | T T T
350 ATLAS+CM — ATLAS+CMS
LHCtopWG
g CTi4
300
&85 MMHT14

NNPDF3.1_a

- 7TeV ~ NNLO+NNLL ogm ) = 0.118

!!!!
SEARaay

170 175 180

pole

25-Jub1?

limited b

ATLAS+CMS Preliminary  my,, from cross-section measurements November 2023
LHCtopWG
total stat , T tot (stat + syst + theo) [GeV] _[L dt Ref.
o(tt) inclusive, NNLO+NNLL
ATLAS, 7+8 TeV — 1729 Tg‘?’é 20f"  [1]
CMS, 748 TeV ——ov 1738 44 <1977 2]
CMS, 13 TeV —— 169.9 57 (0115 H2)  smsn' @
ATLAS, 13 TeV —s— 173.1 27 311" [4]
LHC comb., 7+8 TeV —>— 1734 .t;_;f 20" [5]
o(tt+1j) differential, NLO
ATLAS, 7 TeV H—e—t+q 1737 22 (1514 549) 460’ (5
ATLAS, 8 TeV e 1711 53 (04409 '3) 2021
CMS, 13 TeV —— 1721 53 (1.3 fgf) 36317 [8]
o(tt) n-differential, NLO
ATLAS, n=1,8 TeV e 1732+1.6(0.9+08£1.2) 2021’ [9
CMS, n=3, 13 TeV [ 1705+0.8 359" [10]
my,, from top quark decay [1) EPJC 74 (2014) 3109 [5] JHEP 2307 (2023) 213 [9) EPJC 77 (2017) 804
[2] JHEP 08 (2016) 029 [6] JHEP 10 (2015) 121 [10] EPJC 80 {2020) 658
CMS 7+8 Tev Comb' [1 1] [3] ERJC 79 tZOTSJ 368 [7]1 JHEP 11 (2019) 150 [11] PRD 93 (2016) 072004
ATLAS, 7+8 TeV comb. [12] [4] EPJC B0 (2020) 528  [8] JHEP 07 (2023)077  [12] EPJC 79 (2019) 280
I]]IllllIIl]IllllIlllllll]lllllllll]ll
155 160 165 170 175 180 185 190
My, [GEV]
PDF set mfnlc a(my)
(g =0.118 £0.001) (m, =172.5+ 1.0 GeV)
mmmmm) CTI14 174.0 33 Gev 0.1161 *3.003
MMHT2014 174.0 *3} Gev 0.1160 22500
NNPDF3.1_a 1734 ')} Gev 01170 0 ok
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Top pairspincorrelations
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Production of topguark pair

1 my

Top quark= ideal candidate for spin measurements
< <

i |
V very short lifetime allows measuring polarizatior ™ v Aqcp AL

lifetime hadronization  SPin—flip

of topsandspin correlation irntt production Ploar ot 1g7ay hedronpmtion L
V spin information preserved in the angular distributionitsfdecay products
V Gluon emission unlike to doS, O
V Consideregartonreactions: gg, gg- ft+ X - bb +4f &, f oln

Spin state oft systernlilbert spaceH =H, AH with base{\-->, @-;\ é*
(where‘-.-.>1‘ 5. F¢.> ) is described by density matrix: {|EEn}E/

r=18, @B s A By, B FC,'s A0

A With "QC 1, 2, 31,1 nxnidentity matrix,| ,=I,4El, , &t Pauli matrices
A 2ndterm: individual polarization dfand antit quarks,(B’ <S A > andB’ él '> :
A 3dterm: spin correlation between andt  , encoded by spin corr. niagix <5 A§>)

Spin quantum state of a teguark pair 2 qubit system) is determined in general by
15 parameters B* ,G;



Production spin dnsitymatrix R

The square of the matrix element forproduction and decay to two leptons:

q t- 2tnbe 10\ - 11
M (qa/gg- ft- ¢nbs7b) "~ G R, G (11
R the productionspin densitymatrix related to orshelltt production, and
Gand ¢ the decay spin density matrices for the top and &of,
a,b,a,b 1 spin indexes of top, antop quark spinndexes JHEP 03 (2013)117

The aimootanalysito study theproperties of theR matrix - it is purely a function of
the partonicinitial state and production dynamiesvith corresp kinematic variables

The production spin density matriX can be decomposeith the t andt spin spaces
using a Pauli matrix basis

R™ALA, 4 (Bs A B, & &G ' (12)
A A1 diff. tt production cross sectiorftop-quark kinematic distributions

A B1 3-dim vectors of functions that characterize the degre¢ afdf polarizationin each
directionin the zeremomentum frame (ZMF).
A C1 323 matrix offunctions that characterize correlatistetweent andt spins

The proper spin density matrix(Mtt-,l%and actuaB, andC; of tt pair.
r=RTr(R) =R4A B B/ A G &/ (13)



Production spin dnsitymatrix R

Thett production is described by the invariant mdssand top directiorin
the tt centerof-mass (CM) frame.

MZ =s, =4(m[2 k—z), K mb/\J1 B, cos Qk E (14)

Adetermines the diff. Xec fortt productionat fixedM 2 andiE (top directior

ds a: b
= Al M. (15)
duwem,,  M; ( “@

q ! the solid angle associated with addF ndmMmMy 064 NB y 3

The production spin density matiXis computed via partonic processes.

R( Mtt_,l% = a | (|\/| tt_)R' (|\/| - ,k)' Each _initial stzitda =qqd, 99 Ieads(16)
| =0q,99 to a differenttt quantum state

L' (M, )?* luminosity function- incidenceof initial partonic statd =qg, gg.



TOEEair decax Qroducts frame

A common coordinate system farand anti-t

from lab frame- - tt~ systemis boosted to rest » ( ~ / N ¥ ‘\J

individual tops are boosted teest. Decay i
products of the tops are measuraathis frame

The decay spin density matrix is defined as JHER0133)117 (arXiv1212.4888

Gyt M(t, - m)M(t, -¢ b)) ¥ G (W @, «BA (17
Integrating out most of the decaphase space, leaving over only the unit vedlof
one particle(®) inthe top rest frameG - "(é Ey— It can be expanded in Pauli matrice
a, b! top quark spin indexe« * analyzing power (SMk,, = +, §, =03, k & ),

W =(cosg cosf,cos gsin fcog * LI NI A Of SQa dzyAl @SOG2NE
g ! polar angle (with respectaxis)f * azimuthal angle.

One decay patrticle from each side + contracting through the spin indices
Y the spin structure oproduction matrix elements :

= (dar Endia(d, g+ P s 0B gre st Lo g -
_A(1+kE1P+—/f-W + /EQ'WE) wsing T(s') 0, 4, 5 (18)

—

Assuming diepton channel: W =F, BW£EP B='P Bzk 1% 1




Sgin correlation

Angular distribution of top decay products in helicity basis: basis: n 0"

- - - - {k,r,n}

19 - 1 (146 ¢F+E . E@oE) 9

s dW,dW  (4p) polarization  spin correlation
B’ 1 top/antitop spin polarization vectors (6 components)
C ! spin correlation matrix (9 components). k  top
E 1 unit vector in lepton momentum direction helicity basis usedk{r, n}
For each of the 15 coefficients (makingBipandC) a variable can be made
to obtain asinglediff.Xsectionthat depends only on that coefficient.
After integrating out the azimuthal angles:

1 as -1(1 8" cod, + Bcos' d ,+d0s cdé) (20)
s dcos ¢d cos’

[ SLIi2ya qIE,Er;}EEI t;,k&a;r(law), g =(E¢?) "g z(nk) Y
By integrating out one of the angles, we can derive stdgfeX-sect. with respect to
cosg, ,cosfgand cos gcos: ;| s

— ¥ | 1l ds
. —%(1 1B COSDL) " " dcos’ qi'( 1 B cos &
Similarly for other lds _. & a1 00 | | (21)
correlationd2 § T Q& - E&'féé -G xIn ]



Sgin correlatiorobservables

To determine thel5 coef®, &he tt production Observable Coefficient | Coefficient function
Xseccanbe measured as a function of each  cé il /]
the following 15 observables at thearton level: g 5 il
V 3cosg, +3cos§ - tomeasureB! andB!, e B -
the top quark and antiquargolarization e & .
O 2 Sviitlfréspect to each referencaXisi. o cest s esveossr | Coice o
V The3cosg cosftermsto measureC,, the eices mpoug & & | &
diagonal spin correlationoef for each axis. g et + ceorones | csc | o
V The6 cosg' cosg® cos!gcod sumand —icosti-csheoth Cu-C -6
difference terms to measur€; * C;of the % e |7
cross spin correlationoefQa ¥ 2iNJ. S 14 : dslAwl -
The sspin-correlation coefficiei: 9t & Mgty =1 «Coef XOT(@9)
1 ds =3(1 -Dcog ), D =Tr[C] HG, C, ) cog =F & (22

s dcos/y

Two laboratoryframe distributionsc the observables:

V coy = E;b QaE; analog of but in labsystem
V |DJ,|, absolute value of the azimuthal angléference between the* in L-frame.




ATLAST barsein correlations a8 TeV

o o Jo o o

Fullspin densityrmatrixneasured at eV
All 3 dilepton channels
Neutrino-weightingkinem reconstruction
Helicity basi{;IE, En}E is used
Various unfoldeadosQ: distributions usedo
obtain the correlation coefficients

B2 =3(cox®) , C(ahb) = 4 cosg, cos’y (23)
q,k=<(IE,/°), g =;r(E/°), g 4’(n,l? )
A Results provided for bothartor/particle level

ATLAS

Spin correlations

Cik,k)

C(n,n)

cirr) ——4o———

's=8TeV-20.2fb"

¢JHEP 12 (2015) 026 result + (stat+det) £ (mod)

0.296 + (0.072) + (0.057)

——— 0.304 * (0.038) + (0.047)

0.086 + (0.075) + (0.122)

-0.2 0

25-Jutl2

0.2 0.4 0.6 0.8
Spin correlation

H 1 SM

JHER3(2014113

ATLAS

Polarisations

's=8TeV-20.2fb"

4JHEP 12 (2015) 026 result + (stat+det) + (mod)

B —— -0.044 + (0.027) + (0.026)

B —— ¢ -0.064 * (0.030) + (0.023)

B! — -0.018 + (0.023) + (0.024)

B" —4—o——  0.023 + (0.024) + (0.034)

B, 4+—e——  0.039 + (0.030) + (0.029)

B —4—e——— 0.033 + (0.029) + (0.045)
Levoo | N BRI SRR U R

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
Polarisation

ATLAS 's=8TeV-20.21fb"

Cross correlations
C(n,k)+C(k,n)
C(n,k)-C(k,n)
C(n,r)+C(r,n)

C(n,r)-C(r,n)

C(r,k)+C(k,r) ——e4———

C(r,k)-C(k,r)

4JHEP 12 (2015) 026 result + (stat+det) £ (mod)

—— -0.012 + (0.089) * (0.087)
——t— -0.040 + (0.065) + (0.058)

4~—e—— 0.117 = (0.082) + (0.102)
—— -0.006 + (0.082) + (0.070)
-0.261 * (0.112) + (0.135)

——4—e———— 0.073 + (0.122) + (0.148)

-08 -06 -04 -02 0 0.2 0.4

S. Tokar, top quark physics, THESP2025
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0.6 0.8
Cross correlation
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Spin correlations vs quantuemtaglement

What is quantum entanglement?
Spin correlation and entanglement
Entanglement criteria

25-Jut12 S. Tokar, top quark physics, THESP 2025 25



Essence ofrdanglement quantum state norseparability

.
Assumption top-quark pairs production is treated th CM system spin axis is iguark

direction- ‘-.>(‘®>) 1 top spin is orientedn (agains} direction of motion foit andt .
Production of topquark pairs in quantum stateF)vs|S), | ), t,| )

F)|S) H=H, AH, H, l{t:\ ) >1? H, {fl:\ 2} ®H {f:* )| %} )f o)

F) = (m T2 = 1 Thld2 = [l D2+ 1dnld2) |S) = 7 (Il 82 = [Pl 12)
= 7 (I = [4h )®ﬁ ‘T>2—H>I2) # (a[ T+ b[1)1) @ (e[ P2+ d[{)2)
i H, [ H, quantum state isiot separable (24)

Quantum stateentanglement

guantum state iseparable

Four maximally entangled states:

Fo=3(l == ))e® ) ¥ =

Pure gquantum states separablgentangled, if guantum statecan(canno
be factorisedas a product of purstates of both subsysems.




Density matrix: separable and n@eparable states

V Physicauantumstate )I' H is described in general byd@nsity rmatrixp,

anonnegative-operato(r =| y)( }) ir) a Hilbert spacél , satisfyingTr(}) = L
Assumption ttpairs are produced iiF) or|S)

i {4 | o IF)s) I+ |
)= - G b G () | Joyah) ) ¥ separade

|S>=\/%(‘ﬂ®> -‘® ﬁ) red (blue) colour?  top @nti-top }quar k
Production spin density matrices for these two states

re=lF)FL () -0 [-a | 4 (A= te |- )=e0

=101 K Pe M- (g1 ed- -1 K Rle He| re e (26)
@)1t & € e | @ )@ (8-t |de e {ee)(ey)

ro=ls)(s=4(-®) { @) K © § i @] [e( go] K [|+}@ ) |

Let us assumét  production in slsilé) and\S) but we measure only spin states of top quark
Y A reduced density matrix of top quark can be introduced for both the siatbase{H,\ @}1}:

re=Te g 2o A+ (@cfres(-)(4 o (e e K
re=Teog 2o 4)+(@ dre H{l-)( 4 4 )% )

state. Hilbert spatte of production

Y. entangled

s A
Fp AL

Nl

i
2

. _a
rF=¢£ 1

2

N~

(27)




Entaglementvs Entropy

Cl Definition efentropy: S(r)= -Tr( fog, [ ]/) - S( )r=&._ .lob, ,

| 1 eigenvalueof r , the eigenvalues are nonnegative and a zero eigenva
contributes zero to the entropyim xlog x =0 d* dim. of Hilbert space. (28)

Using the entropy we get another criterion for pure states vs mixed states:
purestate: S(r)=0 mixedstate: S(r)>0 (29)

Entropy; interpretationmissing information (in bits) about state

Y there is no missing information for a pure state.

Gl Spirflipped state. For a pure state of single quibit the spin flip is defined by:

. 0O - .
= Sz‘ y>’ 23'% OI gor B ‘ S'><y‘ (30)

Wherely ") is the complex conjugatd}oi} , when expressed n{‘bé#@}
For a spiF/ particle it is thetandarditime reversal operation

Fortwo qubitsthe spinflipped state is

“(sA 9 (A )s{3, - @4es) @

where the complex conjugate is taken in fopair of spiAvz particles basis




Entanglement vs Concurrence, two qubit state
Entanglementia concurrenes; pure state of 2 qubits: S Hill... PRE8, 50221997

C(v)=/(¥ y and entanglement E(y)=E(C()))

Where (32)

E(C)= 1(1+W)Iog2(2(14\/ 1 CZ)) 1 m)-logz(z( 1 \/7))
E(C) is monotonically increasing and ranges fromOto Cagves fromOto 1

Exampléel: the singlet state (‘ 3( changes by a spin flip onkg sign
Y its concurrenc \y>( 1 YE(C) - entanglementisimaximal

Example2: the stately ) =| = (applying spin flip= ® - what isrémogonalstate
Y concurrence C(y):Ky\ "M =) \'5((:) - entanglement=Q

The formula for theentanglementof formation of amixed stateof 2 qubits:
E(r)=e(c(r)), c(r)=max{o, { -/,- /- } (33)
| 2 eigenvalues, in decreasing order, of Hermitian meR(7 ) = \/\/7‘[

The concurrence satisfi@€@OC[} ] O1, with aquantum statetheing entanglec
if and @nlyiifC[p] > 0. States satisfyin@[p] = 1. maximally entangled states.




St ncurrencefor top channelsqq, gg-  tt

S expeciationsentanglement as a function o ; and the production anglé in
the tt CM frame- concurrenceof the spin densitynatrix r ' (M I @

SM expected | =qq - tt
Concurrence e
vsM, and@Q :

1.0

-
e & »©
o'V = ©

!

v
800 p 40,7

/

/
/

tt in spintriplet -~

600 | 40.4

/

~

. ==~ level of
. entanglement

~

/

\ i A A
>-‘ga o ofle © ©
N oW R

1

/

-

S~ _ \\\Regg|omf 0, 0.2 0.4 .6 0.8 1.0 —
tT inspin singlet separability = EPJPIu021) 136907

LQ) the matricesr' (M ,l%are unpolarizetdand their correlation matrix isymmetric
From the PeresHorodeckicriterion: A. Peres, PRL (IP96) 1413,

the condition D! < |€kk C+| 1 -0 P.Horodeckj PL A232 (1997) 333 (34)

nn rr

IS anecessaryand sufficient conditiorfor the presence of entanglement, with the
concurrence simply given by

C[r]=4max( £0) (35)
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ATLAS: Reconstructed E. osignal region

Observation of entanglement, ithevents producedt the LHC, using a protqn
LINPG2Y O2f f A &4 BVeVardLunmiol12a@fbt Yesoid&d with the

ATLAS experiment.
Signal regio® marker

A Dileptontt events usedin the analysis 8 famas o 4pma ] s
: 3 . 1w 60000~ p oW+ v L ] 12_8
A Used observableogp, j * «(¢,¢7) JE=rsTev. 0t OO ] v
Bz it 5 : . 50000__340<mﬁ<380 GeV - Pow+Py (bb4l) [ u _'_0148
A datadivided into 3 regions baseshm, : : W Backgound r
Signakeegion340< m. <380Ge\ 40000 R R
(near prod. threshold) +2 valid. regions. Lo
bog= 5—0.2
Entanglement markeb extracted from o |
L 1r 17022
1 dS . 10000:— —: :
;dcosj:%(l -Dcos ), D =i(C, C+ C,} | i Jro2e
@ —— 15 ©
g 1.2 g
Entanglement markeb is calculated from detector go_;F % ~eg¥ ¢
-levelcosdistribution - entanglement:(D-<1/3 § T0B0E040Z0 0204 0608 1 o8

Detector-level cos ¢

Data -agreewwithy prediciions!

Background Single top ¥V boson (W), tt + 1 bosorH, W, 2 and
dilepton events froml or 2 gauge boson¥\ 2.
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Observabld) in validation and signal regions

Particle-level D

o4l ATLAS Sonm
- /s=13TeV, 140 fb'
-0.2}
ﬁ |
S Y
-0.3f
e
-0.4 o o
B —-— Limit (Powheg + Herwig7) |
---- Limit (Powheg + Pythia8) |
o B Theory Uncertainty
-05 @ Data .
é @ Powheg + Pythia8 (hvg) |
B Powheg + Herwig7 (hvq) |
-0.6
340 < myz < 380 380 < myi < 500 my > 500

Particle-level Invariant Mass Range [GeV]

Measurement of the partickdevel D in the validationandsignalregions:
380<m, <500GeV: D =-0.265% 0.00L(stat.}- 0.019((syst.)

m, >500GeV:
Signal-region:

25-Jutl2

D

Nature633 (2024) 542

SM:Entanglement cond
D <-1/3(partonlevel)

Entanglement limit for
Powhegt Pythia:
--0.322° 0.009 Y-

Entanglementbobservatioh
>> 5s limit below

-0.093° 0.001(stat.} 0.021 (syst.)

D =-0.537% 0.002(stat.}- 0.019((syst.)

S. Tokar, top quark physics, THESP 2025
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CMS: DiIeEton analxsis: strategx

A

A

Focus on lownass regiong45< m, <400GeV ) to increase &X1\:2406.03976
entanglementg expected inggfusion channel.

Cut on velocity along the beam line of the  system to 5
iIncrease fraction:

LA PP
E +E
: : CMS Simulation (13 TeV)
Top quark reconstructions withn,, o T T T
weighting method 9. 700

To measure helicity angleog’ = E Sos0l
RS QL - MC tt~ simulation (gg fusion):

600}
fully encapsulates spin correlatlons  boundary for entanglement

information forgg channel 550[ \

Perform a profile maximum likelihood . [Focused phase spage
fit of the cosjp distribution in them,-b
signal region

D=-(1+D)/3<-1/3- entangled.

D =0(D=1) : no spincorrelationsin tt,

()
D = -1 (D=0): maximally entanglet™. 1+D €, &, G&G; 3D

25-Jutl2 S. Tokar, top quark physics, THESP 2025 33



do / dM [pb/GeV]

Signamodeling

A Combined signal modetf +toponium (h,)

A PowhegBox+Pythia8 (NLO) as nomitiahmple
- inclusion of EWK corrections at NLO with HATHOR
- p; reweighting to NNLO QCD calculations

A Toponiummodel generated wititMG5

Toponium predicted top
guarkantiquark quasbound
state with a mass @343GeV
and a width of7 GeV

Resultof likelihoodfit: the bestfit PH+P8h,.

36.3 fb~1 (13 TeV)

o

—_
o

aMC@NLQ@O)+Pythia8 PRDLO4 034023

B i dileptonic
777, Stat@ Syst

[ Diboson

only pseudoscalagg coloursinglet and
spin0 state accounted for

improves data modelingt th'reshold

-

14 F

12 F

08 F

06
0.4 B qa__>3s1|8|

0.2 r LHC Vs = 14 TeV

[ 1, dileptonic

Bl Z+jets

—- Nop}rew. &7 |

Pred.

[ ! ! |
== PH+Hpp+n, MG5_aMC@NLO(FxFx)+P8

Pred.

m(t) [GeV]

o b b b b b by b 1

0
335 340 345 350 355 360 365 370 375 380

Dilepton analysis regio345< m. <400GeV

M [GeV] JHEP 06(2020) 158

25-Jutl2
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DiIeEton results With/withouttogonium

A Scan of the2Din L distribution yields aparton level, accounting ~ 2X11:2406.03976
for all detector effects.

CMS 36.3 fo~' (13 TeV)
— 0 016 0 020 T ] T |l I ] 1 1 T I 1 1 T T ] T T T 1 I T L] T Ll l 1
D, = 90.480, 017(812611) 0 023( sys) I/ POWHEGv2 + HERWIG++-+1 / A,
/8 MG5_aMC@NLO(FxFx) + PYTHIAS + 17, / #,
- 0.016 +0.021 /! POWHEGvV2 + PYTHIAS + 17, /
D - 0'4670.017(Stat)-0.024( sys) /| MC Stat.
/11/ MC Stat. & Syst.
A S |gn|f|cance 5.tbbs(4.7 exp.) —  Entanglement boundary 1B S AR
1 Data extr. with PH+P8 - # ©
LSCMs %63 (13Tey) @ Datacxir. with PHePay,  o(t6) <09
= 30; m(tD <400 GCV | : ]
< 30p :
S| B0 <09 , :
B P | W B i
ook b -0.491:3%28  —+—o—+
| Dep. = —0.46779.928
15[ Dobs. = - 0.48073:055 N | -
| 3
~ ' 0
107 - ‘ 8_
- With 7, ] -0.480:3%%¢  ——e— )
[ — Expected %)
5,_ Sa— Observed 'g_ [2 1 1 1 l 1 1 L L l 1 1 L L l 1 L 1 J L L A J 1 8 l L 1 1 L
" Ebseradstat : 1 060 -055 -050 -045 -040 -0.35 -0.30
b v 1 v 1L OF D
-0.8 -0.7

s
w

G@@@Iméeememvwﬁmsmrpﬁadlch@ms '
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Forwardbackward /chargeasymmetry

In tt-bar iroduction
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Forwardbackward/ chargeasymmetry intt-bar

The pp collisions(Tevatronexperiments)

A FB asymmetryN(t- p)tinpdirection vsN(t- P) :tin pdirection

A Charge asymmetryN(t- p) vsN(T- p)

At pp collisions (LHC experiments) oohargeasymmety!

SM: LOstrong interaction processeg+q - Q fQ and g § Q G noAl
Acg: interference of amplitudes with the same initial/final state particles

Glluamn ffuston gs\ﬁymmetrm in| allconders asymmetrryeam@tdum £®kqgu~arlh|anmhllat|c

- e — 1-*'_ e
LI uan v &, [ SLTir Py L
Wit R R Yt = b ":"é"'E:,';rf-‘-"::'
Juoaoon bbbl [y = o e
" o "y & "y

(a) (b) (a) (b) <
R © (@ @©
(c) (d)
V Interference of finabktate (a) with initialstate (b) Charge asymmetry through flavor
gluon radiation amplitude excitation in quarlkgluon interaction

V Interference of the box (c) with Born diagra) (small contribution)



Forwardbackward asymmetry iti-bar production

The dependence of the SM asymmetry on QCD radiation is strong:
Negative asymmetry

q Q
> 000006 X ’ +>\ SR Negatlve aSymmetry
q ﬁ . - . -
@ ) PR 2 In reality both are infinite
A]('R) +ial) AR A (1) Contribution~ as and cannot be treated
—— g y— 2 2 independently
+ >fffff“ - Positive asymmetry

Az

L@ (@) asymmetry

Cross sectior |AR Y [A*=(A +A)(A +A) =A +|A/ -I‘:A;A; + A’;A;/\(l)

e e

Non negligible contribution from td A(A;) comes fronEW processes-20% of
QCDHollikand PaganiarXiv.1107.2608

t t
s /
q T .--. q ﬁﬁﬁﬁﬁ
A Purelyelectroweak processes diehs . '\s\ \/’ 7N\

A QELx QCD’nterferenceatO(aé a): fromgq- tt,qg- tig,qq- ttg




SM:A-JA-formulae, g rest frame

At partoniclevel: charge asymmetry forward-backward asymmetry

= N (cosc}:-) Ns (coscf N (COSLF) N, (- cosd
/%h(cosca N (coscF)+N (cosql "( éB (coscﬁ N (cosd':—)+N (- cosd

ﬁ Q (=,b) production angle ilqgrest frame N (cosca = d_( coscy

Integrated charge/FB asymmetry:
= N (coscF2 0) -Ng (coquGJ

K= (5)
N (coscf2 0) N4 (coque

Assuming CP conservation:
No(cos)=Ng (-cosgs ¥ &, =AE ()

£ SMprediction for tt A,
Z'1 (ddrest frame:

pp collisions,1199deY

V IntegratedA; ° 6-8.5%

V Differential Acg: maximum
at cog=+1
Kuhn et al., PRD3%4017(199%

A (cos 8) (%)

1000 1500
V8 (GeV)

Top quarks preferentially emittedin quark direction

J8




AgIn tt-bar atTevatron

Using rapidity instead afosg for Az (diff. andintegrated)in pp rest frame one ge

_l E+ P v pp =N(yt)' N( -yt) p|_3=N(yt>O) 'N(yt @:)
=SnE ¥ AT A

N(y)+ N( %) N(%>0) N(y, © (©)
Chargeasymmetry is got by:N(- y,) - N(y;)

y

co(@BrvationN(- y.) =N(y,) )

Assuming CP the_; can be expressed through variadi®, =y, -y  inveignt
underaboostalongbeam-the same in botlpp and ttrest frame.

Thet-quark production angleg, intt rest frame vy, :
Dy, =2tanh™*( fos ¥, t(/l 4m; /E (7)

The asymmetry ifitegratedand differential):

tt_=N(Dyt>O) -N(@t 9 tt
N0y wip g

NCHD N W (8)
N(C ®) N D
Theory Inclusiveparton-level asymmetries it frames

NNLQO: A, =0.095 °0.00'and aNLO @luonresumm)2: A%, =0.100 °0.00!
| 12 Phys. Rev. Lett. 115,052001 (2015) | % Phys. Rev. D 91, 071502 (2015).




Experimentalesultson to

CDF and Dd@ifferential Ac; reconstructedn ?+jetschannelsasa functionofm, vsSM

0.6

0.5

0.4

0.3

AFB

ti prediction
- ty, = (3.0£0.7) x10*(GeV/c?)’

—s— CDF data - Bkg, 9.4 fb"
- iy, = (1094 2.8) x 107*(GeV/c?)’

P

400 450 500 550 600 650 700 750 800

M, (GeVic?)

AL =0.164° 0.047

0.6

0.4

0.2

m
L
. 0

-0.2

-0.4

300 350 400 450 500 550 600

B

DO, 9.7 fb"

¢ Data
- -Fit to data

—MC@NLO
— Ref. [35]

m [GeV]

AL =0.106° 0.030

25-Jull12

650 700 750 ---

CDF, L=9.4fb"!

"+ jets, 27

=0.12 °0.17 0.0

DO, L=9.7fb?!

+ ets, 27

Al =0.175°0.6 :

Tevatrontt asymmetry summary

Tevatron {t asymmetry

Ay asymmetry (Alf)

CDF Lepton-+jets (9.4 tb™1)

PRD 87, 092002 (2013) = 16.4 +4.7
CDF Dilepton (9.1 fb™1) ° 12 + 13
This work i

DO Lepton-+jets (9.7 b~ 1) _ S
PRD 90, 072011 (2014) i 10.6x3.0
DO Dileptons (9.7 fb—1) - W
PRD 92, 052007 (2015) | —e— 17.5+63

qene asymmetry (Afg)

CDF Lepton+jets (9.4 fb™ 1) 0 4432
PRD 88, 072003 (2013) ® 94435
CDF Dileptons (9.1 fb™1) o
PRL 113, 042001 (2014) ¢ 7.2+6.0
DO Lepton+jets (9.7 fb~1) = 3.4
PRD 90, 072001 (2014) u 5.0+57
; . -1
DO Dileptons (9.7 fb™ ") 44439

PRD 88, 112002 (2013)
An asymmetry (Af)

CDF Dileptons (9.1 fb—1)
PRL 113, 042001 (2014)

DO Dileptons (9.7 fb~1)
PRD 88, 112002 (2013)
NLO SM, W. Bernreuther and Z.-G. S1
PRD 86, 034026 (2012)
NNLO SM, M. Czakon, P. Fiedler and A. Mitov
PRL 115r 052001 (2015)|

-20 0 20 40
Asymmetry (%)

. 7.6 £82

—— 123 5.6
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LHC/ATLAEhargeAsymmetry

V LHCitt produced mainlygg- tt events and an asymmetry can be seen
qg- ttandqg- fic Y Acis strongly diluted!
V Charge asymmetry foit  production:
_N(Dly >0) N(By<O)
N(Dly >0)+ N(Dly €]
V Top quarks preferentially emittedin quark directionproton@ quarks generally
carry a larger momentum fraction than antiquark : g

. whereD|y| 3y,|- |y (9)

(sea quarks)opstendsto be more forwardthan jiﬁﬁ %gj‘;{z;g;g;w EW;
anti-tops in the lab frame. gzz;: |
V SM: charge asymmetry is calculated at NNLO wb | N
accuracy in the strong coupling and withONEW T e B e
corrections predicts to be 100f ;
Ac*°=0.0064 5 gp0 (Crakoretal, PRD8201§014603) " . "™ i
uncertainty. variation ofng and i scales PDFRuncert i f e .
Contribution of EWhteradion is(5 ¢ 10° lower) | Al"yl

[0,0.5]
[0.5,5]

Compatisonidates predliction ffor
reconstructedpy,) in inclusiveA



CMSCharge asymmetry i production

V Charge asymmetry in top quark pairs usiafgts topology (=rmor e)

V ppcollisions aks=13TeV an integrated luminosity df38fb®1,

V Selection: optimized for top quarks produced widinge |l.orentz:boasted
(non-isolated leptons and overlapping jetsjt+ invariant mags0GeV

V unfolded distributions foe and nchannels: using a binned maximuikelihood fit.

The measured top quark charge asymmetry

-1

— 0.424-0.64) 0. Ao =(O_9440.05) 0% i | 138fb” (13 TeV)

'% ( = 0.69 'Ab -0.07 32_ CMS + Measured AC ;

The pred_lcted_and measured results for 255 \ Predicted A,

also two invariant mass ranges, < & g

A 750-900and>900GeV e S . T

A e+jetsandetjetschannels combined o | L E

M;(GeV) | Ac  Stat  Syst MCstat Total Prediction 0; ------------------------------------------------------ —%
>750 | 042 +044 0% +032 2% 09400 05 > 750 750-900 > 900

‘ ' ' M. (GeV)

0.37 0.87 0.06 i
750-900 | 0.53 £0.65 035 +£045 05 087 1008 f
0.43 0.82 0.0
>900 | 123 +£058 oo +041 08 1.01 H908

Main systematicsmg and /g, JEC, FSR, PDF, top qpai/+jets t-tag
Good agreement with the SM prediction at NNLO in QCD + NLO in EW correctior
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Thank xou!
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Quantumentaglement present distance records

Nonlocal correlation between entangled
subsystems

Atoms Dl =33 km, Dt = 0.0001sec

van Leent et al., Nature@07 (2022 69

Al =10 m
<< >
At ~ 0.00000003 s

Photons DI =1200km Dt =0.004 s
Yin et al., Science 356 (2017) 114

Chinese satellitdicius
guantum communication
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e
Gfitter: Exgerimental Ingufr Results

Parameter Input value lFree Fit Result Fit w/ O exp- input .Fi'.: w/o exp. input
i fit in line in line, no theo. unc.
My [GeV] 125.1 £0.2 yes 125.1 + 0.2 90 *3L g9 +30
My, [GeV] £0.370 +0.013 - 80.350 =+ 0.006 80.354 + 0.007 £0.354 4+ 0.005
Tw [GeV] 2.085 + 0.042 - 2.091 + 0.001 2.001 + 0.001 2.001 + 0.001
Mz [GeV] 01.1875 £0.0021  yes 91.1882+0.0020 91.2013+0.0095  91.2017 + 0.0089
I'z [GeV] 24952 +0.0023  —  24947+0.0014  2.4941 + 0.0016 2.4940 + 0.0016
ol 4 [nb] 41.540 +0.037 - 11.484 +0.015 11.475 + 0.016 41475+ 0.015
R) 20.767 4 0.025 - 20.742 +0.017 20.721 + 0.026 20.719 4+ 0.025
A%E 0.0171£0.0010 001620 +£0.0001  0.01619+0.0001  0.01619 + 0.0001
Ag ¥ 0.1499 +£0.0018  —  0.1470+0.0005  0.1470 %+ 0.0005 0.1469 + 0.0003
sin?0 (Qyp) 0.2324+0.0012  —  0.23153+0.00006 0.23153 +0.00006  0.23153 « 0.00004
sin?f;(Tevt.) 023148 £0.00033  —  0.23153+0.00006 0.23153 +0.00006  0.23153 + 0.00004
A, 0.670 + 0.027 ~ 0.6679+0.00021  0.6679 £0.00021  0.6679 + 0.00014
Ay 0.923 + 0.020 ~ 093475+ 0.00004 0.93475 £ 0.00004  0.93475 & 0.00002
AYS 0.0707 £0.0035  —  0.0736+0.0003  0.0736 + 0.0003 0.0736 & 0.0002
A%E 0.0992+0.0016  —  0.1030+0.0003  0.1032 + 0.0003 0.1031 = 0.0002
RY 0.17214+0.0030  —  0.17224+0.00008 0.17224 + 0.00008  0.17224 + 0.00006
Ry 0.21620 +0.00066 —  0.21582+0.00011 0.21581 £0.00011  0.21581 =+ 0.00004
. [GeV] 127597 yes 1.27 40407 - -
T, [GeV] 42010417 yes 1.20*0 17 - -
my [GeV](V) 17247+ 0.68  yes  172.83+£0.65 176.44 2.1 176.4 4+ 2.0
Aal®) (MZ) (12) 2760 + 9 yes 2758 + 9 2716 + 39 2715 + 37
s (M3) - yes  0.1194+0.0029  0.1194 + 0.0029 0.1194 + 0.0028

Input values andit results for the observables used in the global electrowigak

25-Jutl2
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Top-quark pole mass frortt-bar+1 jet

Thempoledependence of thet +1-jet cross sectiolfs
D S iterx o 5 DmPee

pole
S tt +1-jet+X m

The pole mass can be extracted froine normalized differential distribution
R( nfOIe, rs) - 1 dSt'[_+1-jet+X ( rlE'oole’ /S,) ’ SI, _Zrno\, “““ » 170GeV
\ St

) is enhanced:

tt +1jet

Y from NLO calculation§JHERL0 (2015) 12]L

S tt +1-jet+X d €

A template technique is used to extrac‘t‘g"’o'e

ATLASmeasured topquark pole mas§7 TeV L=.6fb): ; TS e ‘ j
Selection:|+jets(I= e or m) with two b-tags ﬁaj-‘ b o e
Background: Single topV/ Z+jet, fake leptons,... 5 L

mP*°=173.7 °1.§ sta}). °1{ sy$t;J thedry G T o=

Systematicsn, m variation JES, ISR/FSR, PDF i

CMS similar analysis based on observahlén dilepton =, f’*J

channelat 8 TeV L49.7b-1[TOR13-006]: o, oo eve)

mP**=169.9 °1.1 sta}.’ > syst3{ theoary G

Systematicsny, m variation, jetparton matching,hadronization color reconnection
202507-18 24th KSF, September 2019;T8kar 47




Top quark mass template method

Basic idea afhe template method- *+jets itopology.

V to find invariant mass of top decay productst - bqg, T- bh, t2 T

V Using reconstructed objects of candidate eventsreematic fitteris used to find 4
momenta of top decays products .

V Kinematic fitter minimizes? function, e.g.:

e a (p_ir,fit _ drmeas)2 i (Ujfit _Ujmeas)2 (J_M i - MW )2 ( r_rlrec)z (Mtlllg mrex;)z
2

+ a } } _ } }
i=l 4jets S, j 2.2 %2 Qf/ Q% tG tZG

F<
S

<
=
e
—
o~

Problem: for candidate event we can have several event configurations
connected withdifferent assignments of jets to quarksvithout b-tagging: 12
configurations per a LJ evef@dnd forl or 2btags?)

V Thec?fit is applied to all the event configurations
V KF gives for each event cbmationm®*° andc? - the correctm{*U minimalc?

Using MC for a given input top massxpected rec. mass distributiote(mplate) can
be found¢ data mass distr. is compared with mass templates
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TheProfile LikelihoodAEEroach
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