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Understanding the properties of the SM Higgs boson is central to the physics program of
the LHC (and of future colliders as well)
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- Measurements of Higgs signal strengths can provide stringent tests of the SM

- BSM physics can manifest through coupling modifiers (k) with effects up to few %

< Talk by Sinead Farrington
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Higgs coupling measurements

* Legacy results from the LHC Run 2

[ATLAS, Nature 607 (2022) 7917, 52-59]
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Why ttH(H — bb) ?

<° Top-quark Yukawa coupling is the largest among SM particles

+ H — bb is the decay channel with the largest Branching Ratio ( ~ 58% )

pp — ttH has direct sensitivity to top-quark Yukawa coupling at LHC

< Talk by Chiara Savoini

However pp — ttH(H — bb) is a tiny signal in a huge QCD background

Backgrounds

Signal Irreducible tt + jets
B background _
{TH(H — bb) o v
ttbb

V + jets
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ttbb: theoretical challenges

Events

Data / Pred.

[CMS, JHEP 03 (2019) 026]
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+ ttbb : main background to

ttH(H — bb) for Npjers 2= 4

- Slight tension with data reported
o(ttbb)

o(11jj)

in o(ttbb) and in & =

[CMS, JHEP 07 (2020) 125]
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orompt b-jet identification

Backgrounds

Signal Irreducible (7 + jets
) ) background .
ttH(H — bb) v

1tbb V + jets

-+ Combinatorial background:

- challenges in top reconstruction
& “prompt b-jet” identification

- smearing of Higgs peak in M(bb)
distribution
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Avenues to precision

(Higherw » Accurate predictions for inclusive production rates

orders * General idea on the impact of QCD corrections

to ttbb production

Shower
& hadr. * Global view on the size of dominant theory

uncertainties

Hesonant S f th NLO QCD
tate ot the art:
structures Q
t [pp — t1bb ] Bredenstein, Denner, Dittmaier, Pozzorini 08 '09
b GB, Czakon, Papadopoulos, Pittau, Worek ‘09
A Denner, Dittmaier, Kallweit, Pozzorini ‘10
= Worek ‘12
t
[pp — tfb[;]] Buccioni, Kallweit, Pozzorini, Zoller ‘19
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Avenues to precision

Higher * Most realistic description of hadronic observables

orders - Based on Narrow Width Approximation for

t and W decays (with spin correlations)

Shower
& hadr. * Decay matrix elements computed with LO

accuracy (radiative effects approximated by PS)

Resonant A . Lo OCD
structures tate of the art: Q
- POWHEG Garzelli, Kardos, Trocsanyi 1415 [5FS]
P, =t /vw\:':é matching GB, Garzelli, Kardos ‘17 [4FS]
qmm}mm\\/( Jezo, Lindert, Moretti, Pozzorini ‘|18 [4FS]
. / - MC@NLO  Cascioli, Maierhofer, Moretti, Pozzorini, Siegert ‘14 [4FS]
t e matching
- Dedicated comparison of tfbb MC'’s (LHC HXSWG)

Pozzorini, Buccioni, Siegert, Garzelli, GB, Jezo, Krause, [4FS]
Kardos, Lindert, Podskubka, Reuschle and Zaro 21
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Higher
orders

Resonant
structures

Avenues to precision

Shower
& hadr.

* Most realistic description of resonant structures

over phase space

* Drops the limits I',/m, — 0, I'y,/my, — 0

- Complete calculation of fully decayed process

at fixed order
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Avenues to precision

* Most realistic description of resonant structures

Higher over phase space

orders
* Drops the limits I',/m, — 0, I'y,/my, — 0

Shower » Complete calculation of fully decayed process

& hadr.
at fixed order
Focus of this talk
Resonant o bEbE Denner, Lang, Pellen 2|
structures pp—= el pr, GB, Bi, Hartanto, Kraus, Lupattelli, Worek "2 23
“Off-shell”
) / Y
“Single Resonant” “Non Resonant”
NWA terms terms
C‘M” = + SR + NR + interferences)
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Topics covered In this talk

> Dominant theory uncertainties in t7bb with dilepton signatures

o Impact of top-quark decay modelling accuracy
QCD corrections to top decays b b b
t t b
Multi b-jet top decays % %
t
o Impact of full off-shell effects e f% % <
for t and W decays oo v ﬁ_’i i

0000 %—>—— 700000 Y

© b-jet labelling and identification of prompt b-jets
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Computational framework

Z

WDdD—TC 2

Z
N

G. Ossola, C.G. Papadopoulos,
R. Pittau ‘08

CUTTOOLS

HELAC-1LOOP

A. van Hameren, C.G. Papadopoulos, ONELOOP
R. Pittau ‘09

HELAC-NLO | A. van Hameren “11 |

G. Bevilacqua, M. Czakon,

KALEU

M.V. Garzelli, A. van Hameren, ‘ HELAC-DIPOLES ‘

A. Kardos, C.G. Papadopoulos,
R. Pittau, M. Worek ‘13

M. Czakon, C.G. Papadopoulos, M. Worek "09 A. van Hameren ‘10

G. Bevilacqua, M. Czakon, M. Kubocz,
M. Worek “13

' HEPLOT I y On-Fhe-fIy eve|.1t reweighFing for scale/PDF variation Bern et al. ’14
- Flexible cuts, histogramming tools

G. Bevilacqua ‘19
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Technical aspects of off-shell t7bb at NLO

One-loop correction type Number of Feynman diagrams
N o - -
—>
Self-energy 93452 g8 € l/e//l U,M bb bb
Vertex 88164
Box-type 49000
Pentagon-type 25876 Partonic Number of Number of Number of
Subprocess Feynman diagrams __ CS Dipoles NS Subtractions
Hexagon-type 11372 — —
Hent ‘ 3398 99 — etV pT, bbbb g 41364 90 y
eptagon-type o
Oct . 336 qq — € v ", bbbb g 9576 50— 10
ctagon-type _
—— — 9q = € v pu~ i, bbbbq 9576 50 10
Total number [gg channel] 271528 07 — +ve =7, bhbb 0576 50 10
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|. Size of QCD corrections and dominant
theory uncertainties at NLO
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ttbb with dilepton signatures: full off-shell predictions

* Integrated fiducial cross sections Vs =13 TeV

Analysis cuts:  pr({) >20GeV, pr(b) >25GeV, |y(0)] <25, [y(b)] <25

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]

pT(b) ULO [fb] 55('ale UNLO Iﬂ)l (55(-319 51)[)}: K = O'NLO/O'LO

[Denner, Lang, Pellen, Phys.
Rev. D 104 (2021), 056018]
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Off-shell t#bb: differential cross sections

0.00 ‘ ‘ : : ‘ ‘ ; :

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Comparison with Denner, Lang and Pellen,
JHEP 08 (2021) 008] [Phys. Rev. D 104 (2021), 056018]
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Off-shell t#bb: differential cross sections

do/dM (bybs) [fb/GeV]

NLO/LO

K=

K = NLO/LO
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[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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https://link.springer.com/article/10.1007/JHEP08(2021)008

Off-shell ttbb: theoretical uncertainties at NLO

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]

I I I I I I I I I ! I
CT14 = scale [H,/3]
nob
charge aware
NNPDEF3.0 —— charge blind
ABMP16 —a—
CT18 —a—
MMHT2014 ——
NNPDEF3.1 -
| 1 | 1 1 1 1 1 | 1 | 1 | 1 1 1 1 1 |
9 10 11 12 13 14 15 16 17 18

C)_NLO [ﬂ)]

NLO theory uncertainties

[- Scale : ©(20%) -PDF :0(1% — 3%)]

< Relative sizes vary at high-energy tails

10°
107!
>
Q 192
=3

do
dpr (b2)

[o—
3
(o1}

Ratio to
PDF unc. NNPDF

o

o

o

[o—

10-3:

10~4 g

[a—
—_ DN
T 11

o0 = Do
||

T

Ho = HT/3

—— NNPDF3.1

----MMHT2014 |

----CT18NLO

G. Bevilacqua

RADCOR 2023


https://link.springer.com/article/10.1007/JHEP08(2021)008

ll. Accuracy of NWA and off-shell effects
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ttbb: comparing modelling approaches

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]

*  Full off-shell vs NWA

Modelling oNLO [fb]  Secate [fD] %ﬁ’n —1 . NWA
Off-shell 13.22(2) 200 200 4+0.5% MW Lowe )

NWA 13.16(1) oo o2 —

NWALOdec 13.22(1) 500 O3 +0.5%

NWA prod 13.01(1) 25 G —11%

2.87 (23%
NWAprod,exp ~ 1225(1) 7550 ) —6.9%

NWAprod, LOdec 13. 11(1) jggg ggé; —0.4%

\ -

* NWA cross sections based on
different levels of accuracy in
top decay modelling
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014028

ttbb: comparing modelling approaches

*  Full off-shell vs NWA

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]

1 NWAg,

Modelling oNLO [fb]  gcate [D] ﬁ‘;n _
Off-shell 13.22(2)\ e o) +0.5%
NWA g 13.16(1) | 261 G0 _
NWALoOdec 13.22(1) T30 038 +0.5%
Wt 1801) 35 0 1%
NWAprod,exp  12.25(1) 1550 (o) —6.9%
NWAprod,Lodee  13.11(1)  F370 020 —0.4%

+  Off-shell vs NWA, ;; :
S Off-shell effects: +0.5 %

G. Bevilacqua

RADCOR 2023
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ttbb: comparing modelling approaches

*  Full off-shell vs NWA

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]

1 NWA

Modelling oNLO [fb]  dscate [fb] % —
full

2.65 (20%

Off-shell 13.22(2) 1500 o) +0.5%
+2.61 (20%

(NWAfull 13.16(1)) 503 522%3 —

NWALoOdec 13.22(1) T30 038 +0.5%
+2.58 (20%)

( NWAr0q 13.01(1) ) "o o2 —L1%
+2.87 (23%

NWAprod,exp ~ 12.25(1) 7550 () —6.9%
3.74 (29%

NWAprod,Lodee  13.11(1)  F370 020 —0.4%

J NWAqu VS NWApI‘Od .

S Impact of t = Wbbb decays: +1 %
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ttbb: comparing modelling approaches

*  Full off-shell vs NWA

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]

oNLO

NWA LOdec, prod b

W+

Modelling oNLO [fb]  gcate [fb] N 1
Off-shell 13.22(2)  Fho0 B +0.5%
NWA fun 1316(1)  “Jos o) —
NWALoOdec 13.22(1) T30 038 +0.5%
( NWA 04 13.01(1)) 135 ey —11%
NWAprod,exp  12.25(1) 1550 (o) —6.9%
(NWAproq,Lodec  13-11(1))  T570 038 —0.4%

. NWAprod \& NWAprod,LOdeC :
S Tiny difference: 0.8 %

How shall this be interpreted?
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ttbb: comparing modelling approaches

Full off-shell vs NVVA

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]

oNLO

NWA LOdec, prod b

W+

Modelling oNLO [fb]  Sgcate [fB]  Fo— —1
NWAfun
Off-shell 13.22(2)  Fho0 B +0.5%
NWA fun 1316(1)  “Jos o) —
NWALoOdec 13.22(1) T30 038 +0.5%
NWA prod 13.01(1) 135 ) —11%
(NWAprod,exp  12.25(1)) 550 0300 —6.9%
(NWAproq,Lodec  13-11(1))  T570 038 —0.4%

G. Bevilacqua

- NWA

prod,exp

VS NWAprod,LOdec :

&  Genuine QCD corrections to
top decays: —7 %
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ttbb: comparing modelling approaches

*  Full off-shell vs NWA

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]

oNLO

Modelling oNLO [fb]  gcate [fb] N 1
Off-shell 13.22(2)  Fho0 B +0.5%
NWA a1 13.16(1) 29! gggggg _
NWALoOdec 13.22(1) T30 038 +0.5%
( NWA proq 13.01(1)) 135 ey —11%
(NWAprod,exp  12.25(1)) 550 0300 —6.9%
NWAprod,Lodee  13.11(1)  F370 020 —0.4%
+ NWA 04 Vs NWA dexp

< Impact of 'O expansion: +6 %

O(a?) effects (within NLO scale uncertainty)
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ttbb: anatomy of full off-shell effects at differential level

- Off-shell effects amount to few permille for most observables used in SM analyses

» Threshold observables used in BSM studies are naturally more sensitive:

[GB, BI, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]

_1 — off-shell - = SR
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o = -l_—- \7\3/ -5 L | -
— 10°° ¢} -2 & 10 oo T ey TS
z = | --—-_ il {111
G I S | | | _ T
% . Iy ! | e
~ - L - % _7 — J l [ S
.% 107" — off-shell - =GR P 107" '
- N\\'-’\fnll - - NR | ] | LHCl;; NLO
- bm i~ - 9 !
10" * * SRrise _10° -
= 20 - . =
2 CBE ] 90%
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~ ' Z 7 —
— | e - —— e — —— -
o e———— Q Z 00Fs===am = : -
() 50) 100 150 200 0 100 200 300 400 500 600 700
Min(€*b) [GeV] Mrs(t) [GeV]
/ Mrpo(t) = min  [max{MZ(pr(e™ X;), pr(v1)
+ 2 2 T2 P _ T\PT t)Pr\V1)),
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lll. ldentification of prompt b-jets
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ttbb: prompt b-jet identification

Labelling prompt b-jets in t7bb is not free of ambiguities in a full calculation
(due to combinatorial background and quantum interference)

+  Kinematic-based prescription: determine prompt b-jets

according to a minimum principle for Q: prompt

b-jets

Q = |M(t) — myg| x |M(f) — myg| x | MP™™P*(bb)|

- Results consistent with DNN-based studies:

16 y
— prompt aware [ true sig
- prompt — from top aware 0.16 :+-_ [ true bkg
; — -  prompt NWAq., ] :‘E 7% BCE Slg
— - from top NWAqn 0.14 E i {__ 5 BCE bkg
12 : — «  prompt blind H H- ~___: CE sig
- . (.
— +  from top blind T T°°7! CE bkg
= g 012 + [Jang et al,
= __ [GBetal, Phys. Rev. D (107) 2023] 2010 j Eur.Phys.J.Plus 137 (2022) 7 ]
& 8 | ki
= | L S =0.08
> || S
~= I o
) = 0.06
A non-prompt
0.04
LHC,3 NLO
0.02
0 -
0 1 > 3 1 5 0.00—

AR(bb)
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ttbb: prompt b-jet identification

|GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]

+ Kinematical differences between bb pairs 16

= prompt aware
. . 7 — from top aware
belonging to prompt and non-prompt categories e NV
— - from top NWAqn
12 — +  prompt blind
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014028

Conclusions

Summary

© Fixed-order analysis of based on off-shell pp — ttbb (dilepton signatures)

QCD corrections are large

Dominant uncertainties at NLO: ©(20%) [scale]

o Systematic comparison with NWA at different levels of accuracy

Off-shell effects small for most distributions used in SM analyses: 0(0.5%)

Impact of QCD corrections to top quark decays: —7 %

2 . _NLO NLO . L e
Impact of O(a;) effects in o\ywa and 6., . - 6 % (within the scale uncertainties)

< Kinematic-based method for prompt b-jet labelling and top-quark reconstruction

Outlook

o Comparison with LHC data at differential level based on off-shell predictions
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. scale dependence of the integrated cross section

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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https://link.springer.com/article/10.1007/JHEP08(2021)008

ttbb: impact of oft-shell effects at ditferential level

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, Phys. Rev. D (107) 2023]
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.014028

ttbb: impact of initial-state b quark contributions

- Contributions induced by initial state b-quarks are suppressed by PDFs

*  How good is the approximation of neglecting b-initiated contributions ?

Born Real

bb — e, u~ i, bbbb.
bb — eTv, 1, bbbb

bb — et ve 1, bbbb

gb — et ", bbbbb
gb — et v, bbbbb
bb — etv. ", bbbbg

bb — etv, ", bbbb g

bb — et v u" i, bbbbg

- Comparing two different approaches of identifying b-jets:

“Charge blind” Vs “Charge aware”

'

Cannot distinguish

b- from b-jets

G. Bevilacqua

[see e.g. ATLAS-
CONF-2018-022]

.

Can distinguish

b- from b-jets
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https://cds.cern.ch/record/2622370
https://cds.cern.ch/record/2622370
https://cds.cern.ch/record/2622370

ttbb: impact of initial-state b quark contributions

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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5NLO
bl ' =6.828(3) fb Opying = 13.38(3) fb
impact: ~0.2% impact: ~ 1%
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— charge aware
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10°
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107!
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1.2
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______________

081

________________

“Charge blind”

'

Cannot distinguish
b- from b-jets

400
pr(by) [GeV]

\'A

“Charge aware”

'

Can distinguish
b- from b-jets
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https://link.springer.com/article/10.1007/JHEP08(2021)008

Effects of I, expansion in NWA

- "Unexpanded” cross section in NWA:

o =r,+ T,

v v

NLO  — 0@’y O(a,)
AONWAprog = )

: daliIV\LV%P ,vields the same I'MO factors that are present in the full off-shell

calculation

- Most suitable setup to assess the impact of genuine off-shell effects
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Effects of I, expansion in NWA

- “Unexpanded” cross section in NWA:

o =r,+ T,

vV
Jdaﬁ{,;,% = 0@) Oa)
Prod
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Effects of I, expansion in NWA

- “Unexpanded” cross section in NWA:

o =r,+ T,

vV
Jdaﬁ@% = 0@) Oa)
Prod

Ly+T, X1y
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Effects of I, expansion in NWA

- “Unexpanded” cross section in NWA:

o =r,+ T,

vV
Jdaﬁ@% = 0@) Oa)
Prod

2 _ NLO 2
T @(Cls) o thbB, incl. T @(CZS)

Rigorous factorization at NLO spoiled by
formally suppressed O(a?) terms.
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Effects of I, expansion in NWA

- "Expanded” cross section in NWA:
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Effects of I, expansion in NWA

- "Expanded” cross section in NWA:
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Effects of I, expansion in NWA

! 1T )
~ — + O(ay)
g+ 1 Iy  Tp)?

- "Expanded” cross section in NWA:
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Effects of I, expansion in NWA

! 1T )
~ — + O(ay)
g+ 1 Iy  Tp)?

- "Expanded” cross section in NWA:

d GNLO —
J NWAProd ,eXp
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Effects of I, expansion in NWA

Rigorous expansion of "0 in NWA gets
rid of “spurious” @(asz) contributions

* Note: the same procedure does not apply

JNLO . straightforwardly to the off-shell calculation
NWAProd ,eXPp o
_ NLO
- thbﬁ, incl.

» The unusually large size of @_(asz) effects, O(6%), relates to the large size
of QCD corrections to ttbb production cross section

- These effects are well within the NLO scale uncertainties, ©(20%)
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ttbb: comparison with ATLAS analysis JHEP 04 (2019) 046

ATLAS cuts:
pr(l) > 25 GeV
[y ()] <2.5,
AR(bb) > 0.4,

pr(b) > 25 GeV .
ly(b)] < 2.5,
AR(h) > 0.4

[ATLAS, JHEP 04 (2019) 046]

lepton+jets ( = 3b)

lepton+jets ( = 4b)

eu(=3b)}

ATLAS
(V5 =13TeV, 36.1 fb-!

%

eu( = 4b)

10

02

Theoretical predictions

O ep+4b [fb]

SHERPA+OPENLOOPS (4FS)

POWHEG-BOX+PYTHIA 8 (4FS)
POWHEL+PYTHIA 8 (5FS)
POWHEL+PYTHIA 8 (4FS)

172442

Experimental result (ATLAS)

25£6.5
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Ofig [fb]

o
-

Pred/(Data - ttX)

Stat. uncert.
Total uncert.

Sherpa Z.Z ttbb (4FS)

- Powheg+Pythia8 ttbb (4FS)
! 'I.' PowHel+Pythia8 ttbb (5FS)
[ |
1

[ ] S HX(X =
_._4 Data- tEX(X=H,V) @

PowHel+Pythia8 ttbb (4FS)

[GB et al, JHEP 08 (2021) 008]

HELAC-NLO (5FS): 20.0 = 4.3 fb]
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