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Spin density matrix (again)

Tops produced In pairs have their spins §,, S; correlated
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Spin correlation observables

15 observables are independent and can all

be measured by defining a set of axes
Based on lepton decay angles
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Need to reconstruct the top and anti-top
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What has been measured?
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Full density matrix measured

inclusively by CMS Entanglement observation by ATLAS
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What do we need from the Monte Carlo?

Measurements are always compared to SM predictions provided by MC generators
MC also needed for calibration

* Preserves the spin information
* Higher order predictions
e QCD corrections

e EW corrections We can’t have all!

Let’s try to see what matters

l’

* Corrections to decays
o Off-shell effects
* Threshold effects/bound state effects
* Matching to the Parton Shower
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Current Monte Carlo
hva/MG5_aMC+MadSpin/bb4l
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Reconstructed cosg

Used Monte Carlo:

* hvg

e MG5_aMC@NLO+FxFx
e bb4l

Used shower:
 Pythia8
e HWY7

NLO Monte Carlo for top+anti-top (2->2) with spin correlations & LO decays
bb4l includes 2->6 amplitudes (without demanding two tops)
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NLO generators

Label tt bb4l

Generator hvqg [20] bb4dl

Framework POWHEG-BOX POWHEG-BOX-RES
NLO matrix elements tt ¢tv, 17 v, bb

Decay accuracy LO+PS NLO+PS

NLO radiation Single Multiple

Spin correlations Approx. Exact

Off-shell ¢¢ effects BW smearing Exact

Wt and non-resonant effects No Exact

b Quark massive Yes Yes

Jezo et al arXiv:1607.04538

Eleni Vryonidou

Same for MG5_aMC+MadSpin
FXFx Is also allowing extra jet multiplicities

Decays in hvg and MadSpin are based on
the same algorithm for preserving spin
information from:

Frixione, Laenen, Motylinski and Webber,
JHEP 0704, 081 (2007) [hep-ph/0702198]

LO QCD NLO QCD
Real emission Virtual corrections
tt kinematics v v v
tt spin state v v Approximate

Includes single top backgrounds, which are
removed for top pair production samples

GGl, 10/11/23



How well does NLO MC describe the data?

Example 1: A¢ distribution
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https://arxiv.org/abs/1903.07570

AG@NNLO

NNLO results
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Behring at al arXiv:1901.05407
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NNLO production+ NNLO decay
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An important finding of the present work is that data
extrapolation to full phase space with existing event gen-
erators seems not to be compatible with the direct NNLO
QCD calculation. We believe that thanks to the very
high precision of both theory predictions and experimen-
tal measurements we begin to see clear evidence that top
quark measurements begin to resolve and constrain such
delicate modeling effects.

Behring at al arXiv:1901.05407
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Coefficient LO (x10%) NLO (x103) NNLO (x103) | CMS (x103)
Bk 1190 [sc] 1 [mc 119 [sc] + 2 [mc] —11Y[sc] £ 4 [mc 5+ 23
Bj 070 [sc] # 1 [mc] 0F5 [sc] £ 2 [mc 015 [sc] £ 2 [mc] —23 £ 17
B} 010 [sc] & 1 [mc 371 [sc] + 1 [mc] 475 [sc] & 3 [mc] 6+ 13
Bk 0719 [sc] £ 1 [mc] 079 [sc] & 1 [mc] ~572 [sc] % 3 [mc] 7+23
B} 019 [sc] & 1 [mc 073 [sc] & 1 [mc] —219sc] + 2 [mc] —10£20
BY 0719 [sc] £ 1 [mc] —21%[sc] & 1 [mc] ~315 [sc] % 3 [mc] 17413
Chk 324*7[sc] & 1[mc] | 33075 [sc] &3 [mc] | 323%Z[sc] & 6 [mc] 300 + 38
Cyr 672 [sc] £1[mc] | 58115 [sc] & 2 [mc] 6973 [sc] & 3 [mc 81 + 32
Con 3327  [sc] £ 1[mc] | 330F1[sc]+2[mc] | 32671 [sc] + 4 [mc] 329 + 20
Chr + Crn 119 [sc] £ 1 [mc] —175 [sc] £ 3 [mc] —475 [sc] £ 6 [mc —4 + 37
Crr — Crn, 079 [sc] % 1 [mc] —115 [sc] % 2 [mc] 2712 [sc] & 8 [mc] —1+38
Crk + Ckn 070 [sc] # 1 [mc] 273 [sc] + 1 [mc] 377 [sc] £ 3 [mc] —43 +41
Cnk — Ckn 175 [sc] £ 1 [mc] 117 [sc] & 2 [mc] 619 [sc] £ 7 [mc 40 £+ 29
Crk + Crr | —229%% [sc] = 1 [mc] | —203%2 [sc] & 2 [mc] | —194F5 [sc] & 7 [mc] —193 + 64
Cyri — Char 110 [sc] 1 [mc 119 [sc] + 4 [mc] —173 [sc] # 5 [mc] 57 + 46
Czakon, Mitov, Poncelet arXiv:2008.11133

* Perturbative series (QCD) under control
*Very small corrections at the inclusive level

 NNLO results within scale uncertainties of NLO results

* Agreement with CMS measurement

Eleni Vryonidou
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Spin density matrix@NNLO
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Czakon, Mitov, Poncelet arXiv:2008.11133
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NNLO+PS

MINNLOps

. pp — tt — ep + jets @13 TeV 100 pp = 1t — £+ jets @ 13Te\/5
A new computation: — e § o
il =101 The b CMS (35.807) ;
 NNLO accuracy for tt observables = | e S |
: < g 1072 ‘;
* NLO for tt+] N s 0 L -
» LO for tt+2] i - E
Mazzitelli et al, arXiv:2112.12135 e —— L —
| ERN = 5
Tree-level decay as in hvqg I
Decay implementation validated o W ey

against MadSpin Mazzitelli et al, arXiv:2112.12135
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NNLO+PS

MINNLOps
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Mazzitelli et al, arXiv:2112.12135
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NLO EW

How about EW corrections?

> O_QCD—I—EW NQCD
2 2 0 ,NLO
ELO(OZ, 045) — CY522,0 ‘|'CV50421,1 + 20,2 O = -2 = CDLE ﬁl(\?l?(])) — _DNLO unexpanded
——— N N — o g JCD+HEW DHACD
LO; LO3 LO3 NLO NLO
3 2 2 3
YNLo(@, ag) = Qigdig o+ agaXiag +asa Yy o+ a3 ATQCD
NLO; NLO2 NLOs3 NLO4 NLO — “*NLO ¥ NLO NLO DQCD
LO
Unexpanded Expanded
Asymmetry LO QCD [%] NLO QCD [%] NLO QCD+EW [%] NLO QCD [%] NLO QCD+EW [%]
+28.2% +3.4% +25.1% +2.4% +18.1% +3.3% +13.8% +2.3%
AG 0 0.453(5) 150 50, 349 0-946(6) 1500 “2a% 0.62(2) 11, 5% “33% 073311159 23%
+29.3% +3.8% +25.0% +3.8% +19.3% +3.7% +14.6% +3.9%
Ag 0 0.27(2) 151 4% “58% 0-33(3) 117 8% _58% 0.36(3) 159% ~37% 0-45(4H) 11500 “30%
3.2% +0.4% 8.3% +0.4% 8.7% +0.4% 7.2% +0.3% +7.4% +0.4%
A 17‘51(1)i2.8% fo.4% 12'65(2)1_14.8% J—r0.4% 12'42(3)J—r15.5<70 J—r0.4% 10‘88(3)J—r10.1% To3n  10:88(4)110 59 Tolan
+4.0% +1.5% +4.0% +1.4% +4.1% +1.4% +2.9% +1.3% +2.8% +1.3%
Aneg 14.63(1) "y 6o 1 50r 16.03(2) "5 00, "1 4r  16.24(2) 7000 1o 16.54(3) 17 767 D130, 1683(4) 1755 Tia

Frederix, Tsinikos, Vitos arXiv:2105.11478

Small EW corrections to the asymmetries
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NLO EW

How about

EW corrections?

Unexpanded Expanded
LO QCD [%] NLO QCD [%] NLO QCD+EW [%) NLO QCD [%] NLO QCD+EW [%)
Cu MO O RSOy ol RN o ST 0% 52600) yek ook
Con  SBOIE@TIE O siert0NE HOTE sisw(mUNE 0T sLse(n)tO *DIE  slas(o)iDTE 0%
G OMEIEM ST as@UER IR asrRE R eammiY AW eas@riy AT
Cnr+Crn —0.02(4)T152% +1.0% 0. 002(50)+°% +8‘§; 0.08(7)F80-6% +3.8% 0.01(10) 0% +9%  0.1(1)F332% +3- g‘;f;
Cor=Crn OOXOMEE Y 00@'IIE UYL 00NN —o0m0tEE L —0a0)tR T
Cnk +Crkn  —0.02(4)T13-1% +3.3% 0. 004(60)+0% 0% —0.14(9)130-8% +5.1% 0. 001(100)+0% jgg;; —0.2(2) 72 g‘;ﬁ T
Cuk = o —000AUOFELLE 33 —008(0)1 0T HENE 01207 IITE ANE 00400 T TS 024 v
Cot G —28TOTR R 051035 O 0as@T LT —ler I S —1ae()ti2E 0
Co=Cer  00ANMIREEN oms@RIE T om@RE T 20t T 0ae)tel v

Frederix, Tsinikos, Vitos arXiv:2105.11478

Small corrections to the Spin Correlation coefficients
NLO EW results fall with the uncertainties of the NLO QCD predictions

Eleni Vryonidou
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Modelling the decay

NLO in the decay?

Most currently used MC e.g. hvg, MG5_aMC have LO decays
Could corrections in the decays have an impact?

NLO x NLO 2008.11133  33.0(3) 33.0(2) 5.8(2) -20.3(2) coefficients relevant for

D ord C Cnn Chrr Cr r ' ' '
QCD order / [%) kk btk Small impact on Spin Correlation
NLO x LO (MCFM)  33.04(4) 33.09(4) 5.96(4) -20.71(7) ' entanglement measurement

How about the virtual corrections?

LO QCD [%)] NLO QCD [%)] 25% difference between the value of C rr
Crur 32.68(3)1.% +8.§<§> 3288(3#52? +8.;‘;6 due to approximation of virtual corrections
el Lo oo L aer 10 oo in MadSpin and Hv
Chn 33.01(3)10-3% +0.2% 31.97(3)“{-51’? +0.2% ( P a)
—0.5% —0.2% —1.1% —0.2% Relevant?
+45.1% +3.2% +28.9% +2.8%
C'r'r O°71(3)—51.5% —3.2% 4°80(3)—19.2% —2.8%

Frederix, Tsinikos, Vitos arXiv:2105.11478
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Parton shower dependence

_0_1:_ ATLAS Preliminary é..
- /s=13TeV, 140 fb! ‘
02 - i Big difference in low mass region
2 — : o | * Does this happen for other spin observables?
I | « Why is this region affected by the shower ordering?
5 . | * Does this go away with vetoing additional radiation?

- Limit (Powheg + Pythia8) |

B Theory uncertainty
—-— Limit (Powheg + Herwig7) |
-0.5 |
@ Data
@® Powheg + Pythia8 (hvg) |
_ B Powheg + Herwig7 (hvg) |
-0.6 - =

340 <m(it) <380 380 <m(tt) <500 m(tt) > 500

Invariant Mass Range [GeV]

ATLAS-CONF-2023-069
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Threshold issues?

Bound state

< 4.0

8 B
e — S [ LHC13TeV,m=1725 GeV

!! — % + E =32 NNPDF31_nnlo_as_0118

'Q -

T 8 [ w=w=Hi4
2.4 —
- LP
i — NLP
We can sum up: I —nLO
Qg " 161~ — n?LO
leading power (LP) F i v
0.8 B
n
. a % 0.0_IllIilIIlilIIIIIIIlIIIIlIlIII'IIIIIlIlI
next to leading power (NLP) s\ B 300 310 320 330 340 350 360 370 380
M(GeV)
. . . . o o . -~
This results in a complicated function (Sommerfeld factor): J ~ — ass/ b4 | 58 - Ju, Wang, Wang, Xu, Xu and Li Lin Yang arXiv:2004.03088
e 8 —1

From A. Mitov@top2023
Not included in current MC but a very localised effect

Split 340-380 GeV interval? Approximate effect by reweighting?
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Conclusions

* Significant advances in theory calculations of spin correlation
observables over the last years

* |Important to evaluate impact of higher order effects as well as
approximations in existing Monte Carlo

* Eventually MC should include more physics effects, interesting to see
if any of these will resolve the difference between MC and data

Eleni Vryonidou GGl, 10/11/23

18



Eleni Vryonidou

Thank you for your attention
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