DFG Deutsche
Forschungsgemeinschaft

Production and decay of the Higgs boson
in association with top quarks

Daniel Stremmer, Malgorzata Worek
Based on JHEP 02 (2022) 196

Institute for Rm
Theoretical

Particle Physics

and Cosmology

Young Scientists Meeting of the CRC TRR 257



Motivation

= Observation of ttH in 2018 by ATLAS and = H - bb has largest BR ~58%, but large
CMS using a combination of decay channels irreducible background ttbb

= Direct probe of Y, at tree level = H — yy has clean signature, but small BR

= Only 1% of total Higgs production pp — H > Precise predictions for fully realistic final

states are required
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Theory status (ttH)
State of the art: NLO (QCD + EW) + NNLL

= Parton level

. st 1__' H Beenakker et al. ‘01’03 Frixione et al. ‘1415 Kulesza et al. “1618'20
PP Reina, Dawson "01 Zhang et al. "14 Broggio et al. “16"17°19
Dawson et al. ‘02’03 Frederix et al. "18

Martin, Moch, Saibel ‘21

. T - T Denner, Feger 15
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= Parton Shower

« POWHEG matching Garzelli, Kardos, Papadopoulos, Trocsanyi "11
Hartanto, Jager, Reina, Wackeroth "15

« MC@NLO matching Frederix, Frixione, Hirschi, Maltoni, Pittau, Torrielli "11
Maltoni, Pagani, Tsinikos 16



Setup
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pp — € v 7, bb H at the LHC with /s = 13 TeV
NLO QCD corrections
Breit Wigner propagators for the top quark and gauge bosons in the complex-mass scheme
Diagonal CKM matrix
5 flavour scheme (m, = 0, ¥, = 0)

Top-quark width treated as fixed parameter
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Narrow-width approximation (NWA)

= Unstable particles in the limit I"'/m — 0

= Neglect all single and non-resonant diagrams
> Assess impact of off-shell effects for pp — ttH

> Model Higgs boson decays in NWA
Double resonant Single resonant Non resonant
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HELAC-NLO

Ossola, Papadopoulos, Pittau ‘08

van Hameren, Papadopoulos, Pittau “09
CuTTOOLS

Bevilacqua, Czakon, Garzelli, van
Hameren, Kardos, Papadopotilos,

Pittau, Worek 13 HELAC-ILOOP

ONELOOP

van Hameren ‘11

HELAC-DIPOLES

van Hameren 10

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

. . . . . e . Bern, Dixon, Febres Cordero,
= Theoretical prediction are stored in modified Les Houches Event Files (LHEFs) 0 1 " kocower. Maitre 14

= Events can be reweighted to different renormalisation/factorisation scales and PDF sets

= Model Higgs decays in the NWA with LHEFs



Numerical Checks

= Comparison with results from Denner, Feger ‘15

140 HELAC-NLO DF
fagn  oro [fh]  2.2650(2) 73050 2.2656(1) 305"
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ppiw  oLo [fh]  2.2402(2)T30% 2.2401(1)F3L0%
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K 1.175(1) 1.176(1)
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Fiducial cross sections

PDF set  onLo [fD] Oscale OPDF
+0.030(1.1%)  +40.030 (1.1%)
NNPDF3.1 2'728(2) —0.127 (4.7%)  —0.030(1.1%)
| +0.029 (1.1%)  +0.065 (2.4%)
CTI18 2'660(2) —0.121 (4.6%) —0.062(2.3%)
,, ; +0.030(1.1%)  +40.050 (1.9%)
MSHT20 2'689(2) —0.123 (4.6%) —0.042(1.6%)
' MMHT2014 I . — NNPDF3.1
Mo = Hr/2
L CT14 | I
' NNPDF3.0 b . |
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| CT18 | . I
' NNPDF3.1 |
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o [fb]

130.1%
OLONNPDF31 = 2-2130(2)_21,60,//0

NLO QCD corrections ~20%

5% scale uncertainties

1% — 2% PDF uncertainties

All PDF sets are consistent

Hr = prb, + PT.b, + PT e+ + PT =~ + PT.miss + PT,H



Differential distributions
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= NLO QCD corrections ~ 20% — 35%
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Differential distributions
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= PDF uncertainties increases towards the tails

= Comparable in size to scale uncertainties in tails



Top quark modeling
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Top quark modeling

dU}'de, byb, [fb/GeV]
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= Off-shell effects ~ 15% — 20% in the tails

= NWA, 4. further shape distortions
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Initial-state b quark contribution

- Charge—blind:bandl_)cannotbe distinguished bb — g bb — g, bb N g
u Charge—aware:bandt_)can be distinguished bb — g bb — b b b — b
I Onob T aware Oblind éaware 5b1ind
[fb] [fb) [fb]

LO  Hr/2 2-2130(2)i§§’j£§ 2.2160(2)F300%  2.2170(2)F300% 10.18%  0.18%

NLO Hr/2 2728(2)Ig  2742)%5y 36(2)715% 10.22%  0.29%

0 e oS Tow@RE Twew o o

NLO ppir  2731QTRG  278QIFTE 27407200 0.26%  0.33%

= Bottom quark contribution negligible ~ 0.2% — 0.3%
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Initial-state b quark contribution

10_2 + NI—Onob
_ NLOpjing
E }  NLOaware
a
=103
S
I~
Q
8
S 107*
1.10
o Dl 05
= O R
'E,‘ —=1.00
ox <
9 0.95
O'900 100 200 300 400 500 600
pr,b, [GeV]

2 1.25

Ratio
tO NLOnob

1.50

"§1.00
% 0.75
T 0.50
0.25
0.00

NI—Onob
NLOpjing
N LOaWare

1.06
1.03

1.00
0.97

0.94
-1.0

-0.5 0.0 0.5
cos (Bp,p,)

= Bottom quark contributions enhanced in the tails of hadronic observables (3%)

= Only minor effects in angular distributions and non-hadronic observables
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Production and decay of the Higgs boson
pp — € Ve |1 I, bb H (H — X)

= Model Higgs decay in the NWA using the LHEFs

= Generate unweighted events of the decay process in the rest frame of the Higgs boson

drlr
dO':dO'ﬁH H=X
[ H
dro dro dri
= dogy ?’:X + dogey ?’:X + dogey ?:X
(i) H— bb (iii) H — ~y

(i) H— 777~ (iv) H— Z*Z* - eTe eTe”
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Production and decay of the Higgs boson

OLO ONLO K
[fb) [fb]
Stable Higgs 2.2130(2) 301 2.728(2) T 1k 1.23
H — bb 0.8304(2) a2 0.9456(8)725%  1.14
H -7t 0.11426(2)590% 0.1418(1)742%  1.24
H — vy 0.0037754(8)T309%  0.004552(4)7)Y% 121
H — etemete™  1.0083(7)- 10751502%  1.313(4) - 107571 5% 1.30

ONLO, ogec,, (H — bb) = 0.8956(8)1,5¢¢ 1b
= H - bb: Y, renormalised in MS scheme with scale 15 40 = my
= Similar scale uncertainties except for (H - bb)
= Corrections in the decay about 5% and scale uncertainties reduced by 5%

= Only 15% of stored events pass the event selection for H - eTe™ e e~ (70% — 80% for other decay channels)
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Production and decay of the Higgs boson (H — bb)
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= Reduction of scale uncertainties by 30% from LO to NLO,¢4ec,,

= Additional reduction of scale uncertainties by 5% from NLO, 4., to NLO



Production and decay of the Higgs boson
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Conclusion

NLO QCD corrections to pp — e v, 1=, bb H(H — X)
Theoretical uncertainties dominated by scale uncertainties

NWA sufficient for most distributions,
Still sizeable off-shell effects around kinematical edges and in high energy regions

Initial-state bottom quark contribution negligible for most distributions

Inclusion of different Higgs decay channels

(i) H— bb
(i) H—7t7"
(i) H— vy

(iv) H— Z*Z* — ete eTe”
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Input Parameters

M2
o = *@GMM@ ( - —W>

2
7 M5
m; = 173 GeV

My = 80.385 GeV
m9> = 91.1876 GeV

Complex-mass scheme

py = my —imxlx

G, = 1.16637 - 107> GeV ?

My = 126 GeV
[ = 2.0850 GeV
[9° = 2.4952 GeV

OS

ros

v = 1 —
V1 (g5 /M)

2 2 2
2 =1— iy /1%
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Event selection

= Jets clustered using the anti-k; algorithm with R = 0.4

pTp > 25 GeV mp| < 2.5
pr.; > 20 GeV m| < 2.5

PT.miss -~ 20 GeV
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Scale Uncertainties

1 1
5 1o < pR,pF < 2 1o

"?-\-.

< —

— <2
2 HE

('”_R,'“—F) :{(2,1) (0.5,1).(1,2). (1,1),(1,0.5),(2,2),(0.5,0.5)}

Ho Mo

In addition for H — bb

5 My < 1R .dec <2 My

HR.dec { }
—=+<05.1.2.0
( M ) -
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Fiducial cross section

140 PDF TLO TNLO K
[fb] [fb]
+30.1% +1.1%
Hr/2 NNPDF31 22130(2)7 4 2728(2)770; 1.23
i NNPDF3.1 2.3005(2) 73752 2.731(2)70 0. 1.19
payn  NNPDF3.1 2.3320(2)750 00 2.754(2)%9 7 1.18

Hdyn = (mT.t mr ¢ mT.H)§

1 ]

1

with my = \/m2 + p%—

Hr = pr.by + PT.by + PT e+ + PT = + PT,miss + PT.H
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Higgs decays - Parameters

m, = 177682 GeV,  m> =4.92 GeV, () = 4.18 GeV.
[y =4.226-107° GeV

R(v,v) > 0.3 R(~,l) > 0.3 R(v.b) > 0.3

[ /

pT~ > 25 GeV Iy < 2.5

Frixione photon isoloation
e Partonic event has to satisfy following condition for both photons
e e, =1n=1, R(yj)=0.3
e Sum runs over all finale state partons

1 — cos(R)
1 — cos(R(~j

> Er(NO(R - R < o Er(2) ) YR=RO)
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Production and decay of the Higgs boson (H — bb)

Bottom quark mass neglected in complete calculation

Y, neglected in Higgs production

Y, renormalised in MS scheme with scale (i g0 = My

Virtual corrections and integrated dipoles calculated with LHEFs

Subtracted Real emission calculated with HELAC-DIPOLES
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MS mass running

_ __ c(as())
mpl ) = Mp o
(1) (1 )C(é‘s(ﬁi-o))
with as = ag/7m and c(as) = a’ [1 + (c1 — bico)as]
~ M 3;
c; = and by = .
Jx'jo ,.*"30
11 1
30 = I — ng ’};5” =1
51 19 101 5
31 — — — —INf T{n - - Nf




Input Parameters (H — bb)

e Factorization and renormalization scale set to g = Ht /2

Ht = pT.by + PT by + PT.et + PT .~ + PT,miss + PT,H

e Higgs boson reconstructed by minimizing Q;;

® PT.b, PT.b, b-jets from top quarks
Qj = |Mp,b, — M|
LO
mp(My/2) = 3.160804 GeV, mp(Mpy) = 2.999774 GeV, mp(2Mpy) = 2.860548 GeV
NLO

mp(Mpy/2) = 2.977119 GeV,  mp(My) = 2.805836 GeV, m1,(2My) = 2.660844 GeV
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