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ttH provides direct access to Y;.

Motivations  olppoti

o(pp—~H+X)

» ttjj background to ttH(H — bb).  * BR(H — bb) = 58%.

~ 1%.
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e ttH(H — bb) at least 4 b jets in the
final state W W ~bbbb.
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ttbb

e Large NLO QCD corrections and
theoretical uncertainty.

* Full off-shell effects important for

observables with kinematic edges.

e Study of b-jet activity.
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Large NLO QCD corrections and
theoretical uncertainty.

Full off-shell effects important for
observables with kinematic edges.

Study of b-jet activity.

Found agreement with experimental
results from ATLAS.
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Motivations

e Along with ttbb and ttcc playground for b- and c-jet tagging.
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ttjj theory state-of-the-art
 NLO QCD predictions with stable top quarks:

 NLO QCD predictions matched to parton shower:

 NLO QCD predictions in the NWA including additional radiation and
NLO QCD corrections in top-quark decays:
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ttjj theory state-of-the-art

 NLO QCD predictions with stable top quarks:

 NLO QCD predictions matched to parton shower:

 NLO QCD predictions in the NWA including additional radiation and
NLO QCD corrections in top-quark decays:
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Latest theoretical predictions for ttjj

« Dilepton channel: pp — [*v,l"V,bbjj + X.

* NLO in QCD - «y corrections to O(aza*) Born level (both in
production and decay).

* Narrow Width Approximation. _ Q
e 5-flavour scheme.

o LHC+/s = 13 TeV.
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Narrow-width approximation

1 1l
— 35 2 2

* Forces on-shell production of the unstable particle.
Fﬁ\z * Neglects O(I'/m) effects > = 0.8% for top quark.

° _ . .
Double resonant Preserves top quark Spin correlations.

* Allows for treatment of top-quark decays beyond LO.

 |nduces a factorization of the cross section into
production x decays = only DR contributions.
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Ossola, Papadopoulos, Pittau 08

van Hameren, Papadopoulos, Pittau ‘09

CUTTOOLS

Bevilacqua, Czakon, Garzelli, van
Hameren, Kardos, Papadopoulos,

Pittau, Worek ‘13 HELAC-1LOOP

HELAC-NLO ONELOOP

van Hameren ‘11

HELAC-DIPOLES

van Hameren ‘10

Czakon, Papadopoulos, Worek "09
Bevilacqua, Czakon, Kubocz, Worek ‘13

KALEU

Theoretical predictions stored in the form of modified Les Houches Event Files?
and ROOT Ntuples?. They allow to:

° C h an ge k| nemat | c cut S; 1Alwall et al., Comput.Phys.Commun. 176 (2007) 300-304

. 2Bern et al., Comput.Phys.Commun. 185 (2014) 1443-1460
* Cha nge Ur, UF d nd PDF Setl Antchetva et al., gofnpu);.Phys.Commun. 180 (2009) 2499-2512
* define new observables.
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ttjj in the NWA (LO)

Prod. Decay Mix
r—— —— —
LO LO —2 LO LO LO LO LO LO
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ttjj in the NWA (LO)
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tZjj in the NWA (LO) m‘@%@

q ttig ttg

Prod. Decay Mix
LO __ LO —2 LO LO LO 3;pLO LO o, LO
dUPuH — (Ft?NWA) (dﬁ'ff‘? dFt; do_tf dF T -|— dO'hrJ dF )

* Decay contribution included for the first time at the matrix-element level.
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ttjj in the NWA (LO)

00000000 ¥

e

§ 0000000000

e

Prod. Decay

LO LO —2 LO LO LO jpLO LO oLO
dO_PuH — (Pt,NWA) (dO' 7 dftf —|—d0' dl'; —+ do_tfj dl' =

ttjj tt ttig

Mix

ttj

)

* Mix contribution included for the first time at the matrix-element level.
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ttjj in the NWA (NLO)
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> Mix

Predictions for default set of cuts +

* AR(jb) > 0.8: suppresses jet activity in top-quark decays (setup of

* AR(jb) > 0.4: more inclusive towards jet activity in top-quark decays.
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Integrated fiducial cross section

AR(jb) > 0.8
o9 [tb]  oifopa oM [b]  oifopa K= oNO/oMO
Full  868.8(2)50% - 1225(1) 1% - 1.41
Prod. 843.2(2)T50% 097  1462(1)T1Z% 119 1.73
Mix — 25.465(5)  0.029  —236(1) -0.19 -9.27
Decay ~ 0.2099(1)  0.0002  0.1840(8)  0.0002 0.88
o = Hr /2
2
m
Hyp =Y pr(t;)+ ZPT (Ji) + ZPT + PP
i=1
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Integrated fiducial cross section

AR(jb) > 0.8
o0 [fb]  oifopa 'O [fb]  oifopan K =oNO/ot0
60% 199K 1%
Full  868.8(2) 0% : 1225(1 | 7156 - |1.41
pem—t
Prod. 843.2(2)T50% 097  1462(1|712% 1.19 1.73
Mix  25465(5)  0.029 —236(1) -0.19 -9.27
Decay ~ 0.2099(1)  0.0002  0.1840(8)  0.0002 0.88

 NLO QCD corrections of medium size (41%).
* LO->NLO: reduction of theoretical uncertainty.

* Full calculation slightly more accurate (14% uncertainty against 19%)
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Integrated fiducial cross section

AR(jb) > 0.8
o0 [fb]  oifopa 'O [fb]  oifopan K =oNO/ot0
Full - sess(2fS%] - 1as(*, - 141
‘ /0 (" 0 - A6 0
Prod. 843.2(2)T50% [ 097 | 1462(1)*12%  1.19 1.73
Mix  25.465(5) | 0.029 | —236(1) -0.19 -9.27
Decay ~ 0.2099(1) | 0.0002 ] 0.1840(8)  0.0002 0.88

Cross-section decomposition at LO:

* Prod. contribution dominant (97%).

* Mix contribution (3%) negligible compared to theoretical uncertainty (60%).

* Decay contribution imperceptible.
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Integrated fiducial cross section

AR(jb) > 0.8
o0 [fb]  oifopa 'O [fb]  oifopan K =oNO/ot0
Full  ses8(2)9% - 1as(|t] - 141
‘ /0 1 A /0 ( )
Prod. 843.2(2)T50% 097  1462(1)T1Z% [ 1.19 1.73
Mix — 25.465(5)  0.029  —236(1) -0.19 -9.27
Decay ~ 0.2099(1)  0.0002  0.1840(8) | 0.0002 0.88

Cross-section decomposition at NLO:

* Mix contribution negative and enhanced in absolute value (-19%) - now
comparable to theoretical uncertainty (14%).
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Integrated fiducial cross section

AR(jb) > 0.4

a0 [fb] oi/opn 0N O[fb]  oifopm K =oNO /MO
Full  1074.5(3)75% - waeo(n)tl% - 1.36
Prod.  983.1(3)75% 091  1662(1)71L% 114 1.69
Mix 80.42(3) 0.083  —205(1)  -0.14 -2.30

Decay — 1.909(1) 0.002 2.436(6) 0.002 1.28




Integrated fiducial cross section

AR(jb) > 0.4

o [fb] oifopar o0 [fb]  oifopn K =00 /g0
Full 1074537507 - ueo)lE - 1.36
Prod.  983.1(3)75% (091 | 1662(1)* 1% 1.4 1.69
Mix  8942(3) | 0083 | —205(1)  -0.14 2.30
Decay ~ 1.909(1) | 0002 ] 2436(6)  0.002 1.28

Cross-section decomposition at LO:
* Prod. contribution still dominant (91%).

* Mix contribution slightly larger (8%) but still negligible compared to theoretical
uncertainty (60%).



Integrated fiducial cross section

AR(jb) > 0.4

o [fb] oifopar o0 [fb]  oifopn K =00 /g0
Full  10745(3)750% - ueoft1E] - 1.36
Prod.  983.1(3)7%% 091 1662(1)* 17 [ 114 ] 1.69
Mix  8942(3) 0083  —205(1) | -0.14 2.30
Decay ~ 1.909(1) 0002  2436(6) | 0.002 1.28

Cross-section decomposition at NLO:

* Mix contribution slightly smaller absolute value (-14%) compared to the AR(jb) >
0.8 cut case - still non negligible.
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dopy

dARhJ’Q

/

do
dARj 172

The Mix contribution at the differential level

1.75¢
{ Ful } Mix

1.50} , ¢ Prod. ¥ Decay

AROb)<O'8 NNPDF3.1 o = Hr/2
1.250 .

T L—— ___l_':"_|:
1.00 A

/
0.75| AR(jb) > 0.4
0.50!
0.25!
0.00|
—0.25] ket e
0 i 2 3 4

Solid line: AR(jb) > 0.8 cut.
Dashed line: AR(jb) > 0.4 cut.

Vlix contribution negative: can reach
-25%.

Non-trivial kinematic dependence of
Prod. and Mix for AR(jb) > 0.4 cut.
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The Mix contribution at the differential level

do/dAR;,j, [fb]

Ratio
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500t

400}
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¢ Full
+ PrOdLOdeC
NNPDF3.1
po = Hr/2
ARG = 0.4
Loy A E MR I o o
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* Prod. with LO decays prediction is a
mere rescaling of Prod. by a factor

'NLO \ 2

( t,NWA)
O

L' Nwa

* Prod. with LO decays is the fixed-order
part of matched to parton shower
predictions.
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The Mix contribution at the differential level

600 e * Mix contribution affects shape of
§ Prodio observables for AR(jb) > 0.4 cut.

500) J—I—ﬁh_ NNPDFB/.I
| Ho = HT 2
400} M AR =04 * Differences in the range [-11%,+4%] -
300| | shape distortion of 15%.
200t =

do/dAR;,;, [fb]

* Prod. with LO decays lies outside the
uncertainty band of the full calculation in

19 ’ ‘ ' | few bins.

1.1}
10 I—._‘—t—-—ﬁ—l JJJJJ —_— |

il i T * Slight reduction of theoretical uncertainty:

! - Full uncertainty in range [12%,14%],
0 1 I 4 g - Prod. (LOdec) in range [17%,19%].

100t

Ratio
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The Mix contribution at the differential level

10t
¢ Full
+ 1:)rOdLOdec
% - NNPDF3.1
o - po = Hr/2
2 0l ARG = 0.4
§
e
~
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=
1071}
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= 1.15¢
o= _I_,_;
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600
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summary

e pp = 1Tv;I7V,bbjj + X at NLO in QCD with light jets
consistently included in production and decay of top-quark pair.

* NLO QCD corrections of 41% (AR(jb) > 0.8), 36% (AR(jb) > 0.4).

* Mix contribution -19% (AR(jb) > 0.8),-14% (AR(jb) > 0.4)
comparable with theoretical uncertainty (14% and 13%
respectively).

* For more inclusive AR(jb) > 0.4 cut, Mix affects the shape of
differential distributions.

* At fixed order, inclusion of the Mix contribution is imperative.
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Outlook

Comparison to parton shower:

20l S—

§ OOOO000E00
Prod. Mix Decay.

 Parton shower includes all order effects.

* Includes emissions in top-quark decays in the soft/collinear approximation.
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Outlook Thank you!

Comparison to parton shower:

20l S—

] | [

Prod. Mix Decay.

 Parton shower includes all order effects.

* Includes emissions in top-quark decays in the soft/collinear approximation.
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Full off-shell calculation

|

T TR T
m{:vmz . g

Double resonant Single resonant Non-resonant

1
p? —m? + iml
* Every possible double-, single- and non-resonant contribution included.

* Unstable particles described by Breit-Wigner propagators.

* Interferences consistently incorporated at the matrix-element level.

39




Full off-shell calculation

m;l:vmz . g

Double resonant Single resonant Non-resonant

* Preserves top-quark spin correlations.

* Allows for treatment of top-quark decays beyond LO.
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Integrated fiducial cross section ttbb

pr(b) [GeV]

scale

O'LO [fb] O.NLO [fb] O‘NLO OP NLO K = O.NLO/O.LO

[R = [LF = [lo = 1M

25 6.998 1324 SR % 1.89
30 5.113 925 Tl T 1.81
35 3.775 657 w2 1.74
40 2.805 470 % 2 1.68
pp = pp = po = Hy/3
25 6.813 1322 X% 1.94
30 4.809 9.09 T8 2% 1.89
35 3.431 637 A% 2 1.86
40 2.464 451  TI% 2 1.83

—21% —2%

Very large NLO QCD corrections.
Large theoretical uncertainty.

Scales up and yur main source of
theoretical uncertainty.

Predictions are stable under
variation of the cut on p;(b).

HT—ZPT b+ Y el + ]

bi=et . u—
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Various predictions for ttbb

—2 ) — ) — N ! .
dalﬁ%\’g&ﬁﬂl - ( tl\]g_j%A) X iiR ;U*F "-ID HT/?)
I Il i
- —~ N ~ N Approach oNO [fb]  oNLO T NEO G —1
[(derzgy + oy + dait%j)dl“ i +dogy (dDE + dUE) + : :;s; : - e
. ! . . _ © = 07
da&o(df gé% +dI’ it%j) + (da%o +doy" + dcr;%ﬂ)df }]‘f%] : Off-shell 13.22(2) —22% +0.5%
h s o N g +20%
111 v NWA .1 13.16(1) _229?2 -
+24%
JoNLO 4 NLO ( t,NWA) 10 (IiNwa — Fexwa e
exp W. u - u 24975 iy
| NWA Lo 13.01(1) 2% —1.1%
[ ) i ] o
All the predictions are equally valid. NWAwpprod  1225(1)  +2% 6.9%
29% 107
NWAodecproda 13.11(1) J_F%% —0.4%
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Charge aware labelling: the reconstruction is sensitive

b _j et | d e nt|f| Cat | O n to the electric charge of the b jets.

Charge blind labelling: the reconstruction is not

Theoretical a pprQach sensitive to the electric charge of the b jets.

Q = [M () = | x [M () = my| x M (bb)

Resonant Histories to reconstruct t and t decay products (charge blind labelling):

t—‘rWer,i t — W_bj (i¢j=1,2,3,4)
t - W"b, t - W™ bybsby,  and permutations
t — WTbobsby t—>W7bhy and permutations

Similar for charge aware labelling.



Comparison to Machine Learning (ttbb)

Jang, Ko, Noh, Choi, Lim, Kim, Eur.Phys.J.Plus 137 (2022) 7, 870 Bevilacqua, Bi, Hartanto, Kraus, Lupattelli, Worek, Phys.Rev.D 107 (2023) 1, 014028
16 - - ; ;
.+- [ true sig —— prompt aware
0.16 i : [ true bkg — from top aware
| H £~ BCE sig I v == prompt NWAgy
0.14 i I 773 BCE bkg - - from top NWAgy
I.J: !-}-: C_-1 CEsig 12 + / - - prompt blind
,, 0.12 } +l CZZ71 CE bkg % -~ from top blind
()] —
EO 0 : é
Q 1 i _
3 ) 7
£0.08 ~ 8 7 %
= 0.
£ <
5 < %
Z0.06 ,_g Z LAZ
0.04 4t Z e
0.02
- LHCy3 NLO
0.00
0
O 1
0 1 2 3 4 5

Very good agreement in shape and location of the peaks.
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Comparison to stable-top predictions (ttbb)

10%
- 10~ p= Hp/3
= NNPDF3.1
. c
) U — LO
2 = —— NLO
= —
had =
5 = 1072
X g
"g" 2
N s
S T
© o
=
1071 b L L L 100 200 300 400
0 100 200 300 400 ! e ‘ |
proimp
P (b) [GeV]
Py [GeV]

Very good agreement in shape and location of the peaks.



ttbb summary plot

| ' | | | | | | | | ! |
CT14 - scale [H /3]
no b
DF3.0 L charge aware
NNI ' charge blind
ABMPI16 o —
CT18 ——
MMHT2014 e
NNPDF3.1 H
| L | | 1 | L | L | 1 | | | 1 |
Y 10 11 12 13 14 15 16 17 18

O-NLD [fb]
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