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- Higgs Boson measurements are stringent tests of the Standard Model

35.9-137 fb™' (13 TeV) . -
A DL L) I R LR L) B LR g - o A
E>|>> 1E oMs  [CMS. JHEP 01(2021) 14] (:)~ 2 1 ATLAS Preliminary ;
J : W,Z. < 3 = = Projection from Run 2 data }@E
_ I _ 1 n ~ Vs=14TeV, 3000 fb™ ]
o .l m,, = 125.38 GeV Lot | EJ; 10 SM Higgs boson W _
ELL|>10 E p-value = 44% = =
LL N i 7] — —
34 I ] - e N
102F "yt')?x E » e ay P E
I ,/"’ ¢ Vector bosons ] 10° =
10°%F .7 d . : E S 3
5 ;x ¢ 3" generation fermions 3 = ]
E' ¢ Muons 10 :_ [ATLAS, ATL-PHYS-PUB-2018-054] _:
o SMHigngOSOﬂ _ ,_,E.:esl ] - -+ } =
10 EllI 1 1 lllllII 1 1 llllIII 1 1 lllllll 1 E |£ 105-_ __
= 15 . -
3 15— S I T T — M P
e ¢ 11 +10% & -
5 1:--% -------------- f ------------------- #4--t-40 T 0¥ o951 -
‘&s’ X | o il oy il Vo il . 09— —
0.5™ : _
SERASTS 1 10 10° OBl
Particle mass (GeV) 10 1 10 10
+ BSM physics can manifest through Higgs coupling modifiers (k) with
effects up to few percents see e.g. Peskin, 1207.2516 [hep-ph]
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Why ttH(H — bb) ?

+ pp — ttH : probes tH coupling at tree level; H — bb : largest BR ( ~ 58%)

» Challenging theoretically and experimentally:

Backgrounds

Signal Irreducible

tt + jets
) _ background .
ttH(H — bb) o itV
ttbb

V + jets

— | Combinatorial background:

- smearing of Higgs peak in M(bb)
distribution

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

[CMS, JHEP 03 (2019) 026]
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+ ttbb : main background to
ttH(H — bb) for Ny, > 4

Tension with 17bb measurements
< improve modelling

[CMS, \.JHEP 07 (2020) 125] CMS 35.9 o' (13 TeV)
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Theory status

Parton level
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- MC@NLO matching Cascioli, Maierhofer, Moretti, Pozzorini, Siegert ‘14 [4FS]
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Focus: recent developments
on off-shell calculations
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The off-shell perspective

Complete matrix elements at fixed perturbative order:

< - release limit I',/m, — 0 [Narrow Width Approximation]

- include non-factorizable contributions

Example: gg — tthb @ O(a*al)

Off-shell
t
5 , mﬁi
“Single Resonant” “Non Resonant”
NWA
“Off-shell” = + SR + NR + interferences + Breit-Wigner effects

Genuine multiscale process!
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. Production of Higgs boson in association with #¢
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Predictions for pp — e* v, u~0,bbH

[Stremmer and Worek, JHEP 02 (2022) 196]

 Impact of scale choice and theory uncertainties
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Predictions for pp — e* v, u~0,bbH
[Stremmmer and Worek, JHEP 02 (2022) 196]
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cos (Gblbz)

PDF uncertainties smaller than scale dependence at the bulk, but comparable in
high-energy tails of dimensionful observables
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Predictions for pp — e* v, u~0,bbH

Off-shell effects for top-quark and W decays

[Stremmer and Worek, JHEP 02 (2022) 196]
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https://link.springer.com/article/10.1007/JHEP02(2022)196

Predictions for pp — e+1/e,u_17ﬂbl_9H(H > bb)

- Enhancements up to 30 % for small M, , and AR, ;,

Impact of QCD corrections to H — bb decay

-
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[Stremmer and Worek, JHEP 02 (2022) 196]
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NLO QCD modelling of H — bb influences scale uncertainties

< AR, = 3:
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ll. Irreducible QCD background to ttH(H — bb)
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Predictions for pp — e* v, u~0,bbbb

pr(f) > 20 GeV

Fiducial cross sections

pr(b) > 25 GeV

\/s =13 TeV

y(0)] <25,

ly(b)| <2.5

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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tthb: differential cross sections

 Theory uncertainties at differential level

[Denner, Lang, Pellen, Phys. Rev. D [GB, Bi, Hartanto, Kraus, Lupattelli,
. 104 (2021), 056018] Worek, JHEP 08 (2021) 008]
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*  PDF uncertainties systematically smaller than scale (but can reach 10% in tails)
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ttbb: impact of initial-state b quark contributions

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, JHEP 08 (2021) 008]
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ttbb: comparing modelling approaches

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]

Impact of off-shell effects and decay modelling accuracy

NWA LOdec, prod b

W+

Modelling oNO [fb]  Sscate [fD] ﬁ —1
Off-shell 13.22(2) 1380 Gow)  +0.5%
NWA a1 13.16(1) ooy o) -
NWALOdec 13.22(1) 7 ggz; +0.5%
NWA prod 13.01(1) Ty sy —L11%
NWALOdec,prod  13.11(1) tgg 8_37;3 —0.4%

- Complete off-shell effects: +0.5 %

- NWA asrees well with Off-shell
LOdec 28
but scale uncertainties are larger
g

< Interplay among different resonant
contributions to NWA, ;,
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https://arxiv.org/abs/2202.11186

ttbb: impact of off-shell effects

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]

- For most observables, off-shell effects are few permille also differentially

- Threshold observables are naturally more sensitive to off-shell effects:
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ttbb: prompt b-jet identification

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]

- Labelling prompt b-jets in t7bb is not free of ambiguities in a
full calculation (combinatorial background, interferences...)

- Kinematic-based prescription: reconstruct top quarks and pbr?jglgt
prompt b’s according to minimum principle for Q:
rompt
Q = |M(t) —my| x |[M(t) — my| x |MP*™PH(bb)|
*  Results consistent with expectations from NN studies
16 ! : /¢t i
—_— rompt aware rue si
. prompt o :'rmn ltup aware 0.16 :+: [ true bkgg
' / — —  prompt NWAq, | i’s £=1 BCE sig
— = from top NWAg,, 0.14 P {3 BCE bkg
12 | - |.)r(n|||)t l)lilr(l 1 H H' C___, CE sig
o -r — «  from top blind . 0.12 +' Pl ~__"! CE bkg
% .. [GBetal, 2202.11186 [hep-ph]] %0_10 j [Jang et al, 2103.09129 [hep-ex]]
= sl mb b5
S | =0.08 4t A4
ZZ =0.
) non-prompt 0:00
- 0.04
 — LHC;3 NLO
’ ‘ 0.02
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ttbb: comparison with ATLAS results

lepton+jets ( = 3b)

« ATLAS cuts:

DT ([) > 25 GeV . pT(b) > 25 GeV'. lepton+jets ( = 4b) |

ATLAS
(V5 =13TeV, 36.1 fb~1

%

[ | _tf =
.4 Data- tEX(X=H,V) @

Stat. uncert.

Total uncert.

Sherpa 2.2 ttbD (AFS)

—'-_—I_

[y(0)] < 2.5, ly(b)] < 2.5,
eu( = 3b) |
AR(bb) > 04,  AR(b) > 0.4, =
| u Powheg+Pythia8 ttbb (4FS)
eu(=4b)r '-.'-I- PowHel+Pythia8 ttbb (5FS)
[ | PowHel+Pythia8 ttbb (4FS)
10" 10° 10

3

[ATLAS, JHEP 04 (2019) 046)]

Theoretical predictions 0 cyss D]

SHERPA+OPENLOOPS (4FS) 172 +£4.2
POWHEG-BOX+PYTHIA 8 (4F 16.5
POWHEL+PYTHIA 8 (5FS) 18.7
POWHEL+PYTHIA 8 (4FS) 18.2

Experimental result (ATLAS) 25+ 6.5

G. Bevilacqua SM@LHC’22

Ofiq [fb]

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

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

*  Very good agreement with the
experimental result

- All predictions are compatible
within theoretical uncertainties

i

Pred/(Data - ttX)
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Remarkable progress in off-shell 17 + X calculations in past years

We have examined some recent developments concerning ttH(H — bb) and
ttbb (dilepton channel)

ttH(H — bb)

Scale and PDF uncertainties become comparable in high-energy tails
Off-shell effects for t and W can reach O(10%) differentially
NLO QCD modelling of H — bb decay impacts M,, , AR,, distributions

1tbb

Good agreement with ATLAS results

NWA is doing fine for most distributions of interest (but not for threshold obs.)

Kinematics-based prescription can help to categorise prompt b-jets

Next step: combine tfH(H — bb) and tbb into state-of-the-art pheno study

G. Bevilacqua SM@LHC’22
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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 ?
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- 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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ttbb: impact of off-shell effects

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]
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https://arxiv.org/abs/2202.11186

ttbb: prompt b-jet identification

[GB, Bi, Hartanto, Kraus, Lupattelli and Worek, 2202.11186 [hep-ph]]
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