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Introduction: ttH production

‘Motivations :

> the study of the Higgs boson 1s one of the priorities in the LHC experimental program

> the Higgs boson couplings to SM particles are proportional to their masses: special role played by the top quark!

> the production mode pp — ttH allows for a direct measurement of the top-quark Yukawa coupling




Introduction: ttH production

‘Motivations :

> the current experimental accuracy is ©(20%) but it is expected to go down to O(2%) at the end of HL-LHC

> the extraction of the #H signal is, at the moment, limited by the theoretical uncertainties in the modelling of the
backgrounds, mainly ##bb and 1t W + jets

> from the theoretical point of view:
[ NLO QCD corrections (on-shell top quarks)
M NLO EW corrections (on-shell top quarks)
[ NLO QCD corrections (leptonically decaying top quarks)

M current predictions based on: NLO QCD + EW corrections (off-shell top quarks), including NNLL soft-gluon
resummation

> the current predictions are affected by an uncertainty of ©O(10%)
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‘to match the expected experimental |

> the current predictions are affected by an uncertainty of ©O(10%)
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backgrounds, mainly ##bb and 1t W + jets

> from the theoretical point of view:
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M NLO EW corrections (on-shell top quarks)
[ NLO QCD corrections (leptonically decaying top quarks)

M current predictions based on: NLO QCD + EW corrections (off-shell top quarks), including NNLL soft-gluon
resummation

[ first step completed by the evaluation of NNLO QCD

| to atch the Xpecte pn ;
contributions for the off-diagonal partonic channels |




Introduction: ttH production

‘Motivations :

> the current experimental accuracy is ©(20%) but it is expected to go down to O(2%) at the end of HL-LHC

> the extraction of the #H signal is, at the moment, limited by the theoretical uncertainties in the modelling of the
backgrounds, mainly ##bb and 1t W + jets

> from the theoretical point of view:
[ NLO QCD corrections (on-shell top quarks)
M NLO EW corrections (on-shell top quarks)
[ NLO QCD corrections (leptonically decaying top quarks)

M current predictions based on: NLO QCD + EW corrections (off-shell top quarks), including NNLL soft-gluon
resummation

[ complete NNLO QCD with approximated two-loop

| to atch the Xpecte pn ;
amplitudes in this talk! |




Introduction: ttH production

’

the current experimental ag ; Ou;g‘s,i%a'rﬁfghfthe at the end of HL-LHC
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complete NNLO QCD with approximated two-loop xXpected experimental
amplitudes 1n this talk! accurac e inclusion of NNLO
corrections is mandatory!



Soft nggs bcson a,ppromma,mon

> the main 1dea 1s to find an analogous formula to the well known factorisation in the case of soft gluons

11<1_I>Ic1> M ({p,}, k) =T ({p;})

J(k) = gu(JOk) + gl D) + ...)

> for a soft scalar Higgs radiated off a heavy quark i, we have that

lim % ({p,}, k) =T O\ >*({p;})

k—0
m;o Mo
](O)k — 9 9
= 3 ol

l

> the naive factorisation formula does not hold at the level of renormalised amplitudes!



Soft nggs boson a,ppromma,mon

» there are diagrams that are not captured by the naive factorisation formula, but they give an additional contribution in
the soft Higgs limait




Soft nggs boson a,ppromma,tmn

> there are diagrams that are not captured by the naive factorisation formula, but they give an additional contribution in
the soft Higgs limait

> the renormalisation of the heavy-quark mass and wave function induces a modification of the Higgs coupling to the
heavy quark

im 2 ({p;}, k) = Fla(ug); m/ug) JOK)AM({p;})

k—0
Oy — m | m
6= 2

1' we assume that all heavy qua,rks 1nvolved

in the process have the same mass }, l

overall normalisation, finite, gauge-
independent and perturbatively computable



Soft Higgs boson approximation

1 bottleneek the two -loop amphtudes are at the frontler of the current teehmques |

[L solutlon development of a soft nggs boson approx1ma,t10n

> master formula in the soft Higgs limit (k — 0, my; < m,)

lim 4/({p;}, k) = Fa(ug)s mipg) J Ok).A {p;})

soft limit of the scalar form factor for the heavy quark

a 185 13 T
Fla(uy: mipg) = 1+ 2R 30y 4 (SWRY (3 CoCy+—Cp(ny + 1) — 6Cof In 2£) + 06(ad)
2T 2T 4 12 6 m?

> the form factor can also be derived by using Higgs low-energy theorems (LETS)

bare 1
hm/% QH(p, k) =

%bar
k—0 v dlogmy ~olP)

p2=m?



Soft Higgs boson approximation

1' bottleneok the two -loop amphtudes are at the frontler of the ourrent teohmques |

CL solutlon development of a soft nggs boson appromma,tlon

> master formula in the soft Higgs limit (k — 0, m; < m,))

lim 4/({p;}. k) = Fa(ug)s mipg) J Ok).A ({p;})

> how did we test it? ...in the strict soft Higgs limit (m; = 0.5GeV, E; < 1GeV')

M t7H : up to 1loop against OpenLoops

" loss than per mills difference. |
polntmse at the a,mphtude level |

M t#ttH : up to 1loop against Recola,



Soft Higgs beson approximation

1 bottleneek the two-loop amphtudes are a,t thefrontlr of thecurrent teehmques |

I solutlon development of a soft nggs boson approxuna,tlon

p— _———— —— — = ——

> master formula in the soft Higgs limit (k — 0, my; << m,)

lim 4/({p;}. k) = Fa(ug)s mipg) J Ok).A ({p;})

> how did we test it? ...in the strict soft Higgs limit (m; = 0.5GeV, E; < 1GeV')

M t7H : up to 1loop against OpenLoops

. less than er mille difference, “ﬂ,
pointwise, at the amplitude 19V91 |

M t#ttH : up to 1loop against Recola,

> can it be used to complete the NNLO calculation?

[ absolutely yes!!



Soft Higgs boson approximation

. the two-loop amplitudes are at the froptigr of the current techniques

/
y
f

how canthesoft \

approximation be
used for a physical
Higgs with

my = 125GeV ?

“~~ralopment of a so

master formula in the soft

ttH : up to 1loop a

ttttH : up to 1loo

absolutely yes!!



The computation: g -subtraction

> ¢ -subtraction was initially formulated for colour singlet processes and successfully applied for
the calculation of NNLO QCD corrections

> the formalism was extended to the case of heavy-quark production

> and successfully employed to calculate NNLO QCD corrections for ¢
and bb production

> the role of the heavy quark mass 1s crucial: g cannot regularise final-state collinear singularities

> the extension of the formalism to heavy-quark production in association of a colourless system does not pose any
additional conceptual complication but ...

| two-loop soft function for arbitrary kinematics 3}

= = — —_—— = = — = = _



The computation: g -subtraction

> we perturbatively expand the f7H partonic cross section, in the strong coupling,

do = do¥ 4

as(/’tR) dG(l) n <as(//tR)
2r

2
) do'? + O(a))

27

and we consider the contribution of order

. . () d Q are the transverse momentum
> the master formula is do"V =| \Q do, » + [do™ — do™ qr an
- LO [ real ctr m] G Q> T ey and invariant mass of the t7H system

* hard-collinear coefficient living at g, = 0

'+ in order to expose the irreducible virtual contribution, we introduce the following decomposition

UV renormalised and IR subtracted

%(n) — H(n)5(1 — Z1)5(1 — Zz) 5%@)(21, Zz) amplitudes at scale ;5
" " (overall normalisation (4x)e7£¢)
2R (MG paygs ) MO 2R (MG ygs ) AT
| O | 2O

where HD = and H® =

Ur=0 Ur=0



The computation: g -subtraction

> we perturbatively expand the f7H partonic cross section, in the strong coupling,

27

2
) do'? + O(a})

27

and we consider the contribution of order

. . () d Q are the transverse momentum
> the master formula is do"V =| \Q do, » + [do™ — do™ qr an
- LO [ real ctr m] G Q> T ey and invariant mass of the t7H system

* hard-collinear coefficient living at g, = 0

{* in order to expose the irreducible virtual contribution, we introduce the following decomposition

" = HV5(1 — 2))6(1 — 2p) + 67"z, 2) oy mlesing ingrediont
2R Gy ) M) | x
where HWD = — N _ 1
i pr=0 L - o 0 |

* for n = 2, H® contains the genuine two-loop virtual contribution while #® includes the one-loop squared plus finite
t remainders to restore the unitarity



The computation: our prescription

Strateqgy :
O

> we want to apply the soft approximation in the physical Higgs region ( m; = 125 GeV )

> construct a mapping that allows to project a ttH event {p;}._,

M (D} Pe) = Fla(ug); miug) J(O)(PH)%ﬁ({qi})

Hir = Mg = Oy Hir = Mg = Op

- the required tree-level and one-loop amplitudes are evaluated with OpenLoops
> the two-loop ¢f amplitudes are those provided by
> we test the quality of the approximation at born and one-loop level

> (NNLQO, all the ingredients are treated exactly except the H (2) contribution, on which we apply the same
prescription tested at one-loop



The computation: our prescription

’

we test the goodness of the app

we want to apply the soft aj

we are ready to
present some results

construct a mapping that ¢ d:};—1__4 | qprecoil prescription

|

’Tr h we apply the same

the required tree-level/

the two-loop #f amplj

@NNLO, all the ingredients are treated exactly exce
prescription tested at one-loop



Numerical Pesults LO benchma,rk

‘setup NN JO NNPDF31, mH

L -

> the soft Higgs approximation gives the right order of magnitude of the exact LO result but it overestimates it by

e qq : factor 1.11 (1.06) larger at \/E = 13 (100) TeV
o gg : factor 2.3 (2) larger at \/E = 13 (100) TeV

> for qq the approximation 1s expected to work better, for the absence of t-channel diagrams

not captured by the soft
approximation since they are
finite (not singular) in the
soft Higgs limit

effective reweighting

10



Numerical Pesults NLO benehma,rk

‘ setup 1\T1\T

L

> the soft Higgs approximation works better wrt LO (mainly due to the reweighting):

e qq : 5% of difference at \/E = 13 (100) TeV /s = 13TeV /5 = 100 TeV
« g2 :30% of difference at \/E = 13 (100) TeV o [fb] g9 qq 99 qaq
OLO 261.58 129.47 23005 2323.7
> in both channels, there are diagrams with virtual top AoNLOH 58.02 1826 5205 2170
| AoNLO H|soft 61.98 7.413 0612 206.0

quarks radiating a Higgs boson

but... 1n gg there are no diagrams like

H . .
not captured by the | the observed devla,tlon ea,n be used to ‘:

soft approximation | estimate the uncertainty at NNLO

! | the quality of the final result will depend on l&
the size of the eontmbutlon we appro:xunate |




Numerical Pesults unoertamtles‘7

‘setup NN JO NNPDF31, mH

L -

@NNLO, the hard contribution 1s about 1% of the LO cross section in gg and 2-3% 1n gg

Vs =13TeV Vs =100 TeV
> how do we estimate the uncertainties? o [fb] ” qd g9 qa
[ test different recoil prescriptions OLO 261.58 199 47 23055 2393 17
4 apply the soft factorisatien formula at different AoNLO H 88.62 7.826 8205 217.0
subtraction scales py;p = Q.7/2 and_u;p = 20, AoNLO,H|soft 61.98 7.413 9612 206.0
4] a conservative uncertainty cannot be smaller than Aonnromlsorr | —2980(3)  2.622(0) | —239.4(4)  65.45(1)
the NLO discrepancy
M multiply the NLO uncertainties for gg and gg by a tolerance factor 3
M combine the gg and ¢ linearly N FIN A UNCR — ‘

|

+0. 6% 0D OyNLo > ilS%on AO'NNLO |

P e e — ————




Numerical Pesults inclusive cross section

‘setup: NNLO NNPDF31, my, = 125GeV, mt7GeV,_P,u ﬂ(t '

L -

pp — ttH KR = pp = My + my/2
LO MATRIX framework o [pb] | /s=13TeV | /s =100TeV
oo | 0.3910F313% 25.38 +21.1%
onLo | 0.4875 T36% 36.43 197%

onnLo | 0.5070 (31)199% | 37.20(25) F9-1%

@NLO: +25 (+44)% at+/s = 13 (100) TeV
@NNLO: +4 (+2)% at+/s = 13(100) TeV

significant reduction of the perturbative uncertainties

— 10
X

| e ) .

Q e symmetmseq r7.-p01nt

3 . scale variation
~— ) 3

: B

° 10t - s t ti

' ' ' - — g systematic +
8 13 27 o0 100 soft-approximation 3



Conclusions

> the current and expected precision of LHC data requires NNLO QCD predictions
> the actual frontier 1s represented by NNLO corrections for 2 — 3 processes with several massive external legs

> the associated production of a Higgs boson with a top-quark pair (17H) belongs to this category and it is crucial for the
measurement of the top-Yukawa coupling

> the IR divergencies are regularised within the g -subtraction framework ' *

> the only missing ingredient 1s represented by the two-loop amplitudes fsig boson n

T ————————— —— ——

> our formula will provide a strong check of future computations of the exact tw-op pe

> this 1s the first (almost) exact computation, at this perturbative order, for a 2 — 3 process with massive coloured particles
> the quantitative impact of the genuine two-loop contribution, in our computation, 1s relatively small (~1% on oyp; 5 )

> significant reduction of the perturbative uncertainties

14
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> this 1s the first (almost) exact computation, at this perturbative order, for a 2 — 3 process with massive coloured particles
> the quantitative impact of the genuine two-loop contribution, in our computation, 1s relatively small (~1% on oyp; 5 )

> significant reduction of the perturbative uncertainties

- ]

| our predlctlon + NLO EW correctlons W111 prov1de the most a,dva,nced

[1 perturbative prediction to date! STAY TUNED !! y

_— e - — e p————— = — — ——— — — — e — — — __ N S
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BACKUP SLIDES



Differences wrt other approximations

> 1n our approximation we formally consider the limit in which the Higgs boson 1s purely soft (p,; — 0, m; <K m))

> 1n the main 1dea 1s to treat the Higgs boson as a parton radiating off of a top
quark. Both approaches are based on a collinear factorisation.

e in they consider the limit my; << m, << 4/ and they introduce a function expressing the probability
to extract a massless Higgs boson from a top quark (not full mass dependence + soft gluon approximation)

e 1IN they compute the perturbative fragmentation tunctions (PFFs) D, and D,_, 5y at NLO (full
mass dependence)

» this is an attempt towards an NNLO computation for ¢#H in the high p; ,; region

- another difference 1s that we apply the soft approximation only the finite part of the two-loop amplitudes



Soft approximation: more details

> the form factor can also be derived by using Higgs low-energy theorems (LETSs)

1 f: - I ft it, g I;I;%gs ‘?o ;
ynamical d.o.f.
llm %bdr (p k) _ %bar (p) 7‘ ‘
—QH\"> -0 | Its effect is to shift the mass of the heavy |
k=0 v dlog my e ‘ .

%bar Q(P) Qo {mo[—l + 2o(p)] +7¢WZV(P)} o

400 9 n +00 9 TN
ES(p) — = ; |:(47_‘_)Dg/02(p2)6:| (An(m?)/p2) — Bn(m(%/p2)) EV(p) — ; _(471_)5/02(292)6- Bn(m(z)/p2)

> renormalisation of the quark mass and wave function m,0,Q, = mQQZ, Z,

> MS renormalisation of the strong coupling + decoupling of the heavy quark



Soft approximation: scale variation

> 1n order to test our prescription, we vary the subtraction
scale u at which we apply the soft factorisation formula

> the renormalisation scale yip 1s kept fixed at (), 1n the
ttH amplitudes and at Q; in the 77 ones

> the running terms are added exactly

88 - _o59,

at 100TeV)

at 13TeV (similar pattern 1427

e ———

(as(:R))n (H(n) |“:“R:Q) MO2 (as(:R))n(

1
where n =1,2 and é = {5,1,2}

‘ gg channel @13TeV ‘
approximation 01\\171"1:813}6131 [fb]
p=Q/2 p=Q p=2Q
exact 123.12 4+ 0.04 88.61 £+ 0.02 4.568 £+ 0.013
H = Qproj/2 M= Qproj U= 2Qproj
Q,: 100.73 + 0.03 61.98 + 0.02 + 0.015
p=Qproj/2+(Q/2 = Q) | p= Qproj + (@ = Q) | 1= 2Qproj +(2Q = Q)
Q7 66.24 + 0.04 61.98 + 0.02 57.76 + 0.03
approximation al\éﬁigngclg M2MO- 1)
H = Qproj/z K= Qp'roj K= zQproj
O, 13.114 + 0.007 -2.977 + 0.002 -29.03 =+ 0.02
H = Qproj/2 + (Q/2 — Q) M= Qp'roj + (Q — Q) M= 2Qproj + (2Q — Q)
Q.; 1.882 + 0.005 -2.977 + 0.002 -3.715 + 0.005
F2(Q) = Qproj/2+(Q/2—= Q) | p = Qproj +(Q = Q) | 1 =2Qpr0; +(2Q — Q)
Qi 0.378 £ 0.005 -4.487 £+ 0.003 -5.222 + 0.005
Qproj — Qtf

softlﬂ':prroj;ﬂ'R:Qproj + (,LL : gQ — Q)) |‘/\/l(0)|2

exact running terms



Soft approximation: scale variation

> 1n order to test our prescription, we vary the subtraction
scale u at which we apply the soft factorisation formula

> the renormalisation scale yip 1s kept fixed at (), 1n the
ttH amplitudes and at Q; in the 77 ones

> the running terms are added exactly

—_— o — - - — e ===

lw qq : 4% at 13TeV (s1m11ar pattern +3% at lOOTeV) |

_0% —O%

—_— e e —— = — — — —— — — —_ = = __

‘ gq channel @13TeV ‘
approximation 1\\1111;815}61;1 [fb]
p=Q/2 p=Q p=2Q
exact 18.048 + 0.006 7.825 £ 0.005 -13.32 4+ 0.01
H= QPTOj/z M= QpTOj H = 2Qp'roj
Q:ir 18.380 + 0.006 7.413 £+ 0.005 -14.47 = 0.01
p=Qproj/2+(Q/2 2 Q) | b= Qproj + (R = Q) | 1 =2Qpro; +(2Q = Q)
Qi 8.156 £ 0.007 7.413 £+ 0.005 6.671 £+ 0.008
approximation Xgigngclg M2MO- rgpy]
/«L — Qp'ro]/2 /’L — QpT‘Oj lu' — zQpT‘Oj
Q:ir 2.7703 £ 0.0014 2.607 + 0.001 4.193 £ 0.002
/‘L:QPTOJ/2+(Q/2_)Q) M:QPTOj_I_(Q_)Q) M:2Qproj+(2Q_>QL
Q:r 2.6956 + 0.0014 2.607 £ 0.001 2.7099 £+ 0.0015
F2(Q) b= Qproj/2 +(Q/2 > Q) | p=Qproj +(Q = Q) | 1 =2Qp; +(2Q — Q)
Q:ir 1.8432 £ 0.0008 1.7550 £ 0.0007 1.8565 £ 0.0006
Qproj — Qtf

H =€ Qprogitn=Qproy + (11 €Q —>Q)) M2

exact running terms




Soft approximartion: different recoil

pp — ttH (gg) @ 13 TeV, up = pg = my + my /2 pp — ttH (gg) @ 13 TeV, up = pg = my + my /2
recoil prescriptions are | % 10-1F ! Lol |
negligible (aslongasthe | & : =
kinematics of the heavy | & —
quarks is left unchanged) | = =

\ £ Sy
| « the quality of the = =
approximation is not due | <
to phase space j 102t ]
cancellations: the offset is | : Aoxro.n : ' Aoxron
pretty stable in all the I : AONLO H|soft ; Sym gr — recoil : AONLO H|soft » Sym gr — recoil
ph&SG Space Pegion l - AoNLO,H|soft ; aSym g — recoil - 100 i AoNLO,H|soft » @Sym g7 — recoil i
| ' S S B <)
U 1 7 0f -
= B ] =
¢ —20] :
< < —20¢ :
& —407 1 =
-] o
S [ S
T Ty TR g ' ' — ' '
I 0 100 200 300 400 500 4 —2 —1 0 1 2



Soft approximartion: different recoil

dq channel @13TeV ‘

take-home messages:
|

recoil prescriptions are
negligible (as long as the
kinematics of the heavy

quarks is left unchanged)

e the quality of the
approximation is not due
to phase space

cancellations: the offset is |

pretty stable in all the
phase space region

e the approximation is able |
to catch the right shape of |
the distribution, also |
when it changes sign!

| « the effects due to different |

do | dmeg [/ GeV]

0.015}
0.0105-
0.0055-
0.000:;
~0.005

—0.010}

—20}

AoNLO Hlsoft/ Aonrom — 1[%)]
o

40!

pp — ttH (qq) @ 13 TeV, pp = pr = my + my/2

AonNto.H
AO-NLO,H|soft , Symaqr — recoil _

AO-NLO,H|soft ,asymaqr — recoil -

407

20

500

600

700 800 900 1000

MtH [GeV]

do [dys [fb]

AoNLo 1 soft/ Aonrom — 1 [%)]

20

pp — ttH (qq) @ 13 TeV, pup = pr = my + my/2

2.0

L.or

0.5

Ao NLO,H
Ao NLO,H\soft , Sym g7 — recoil

AoN1L,0.H |soft , asym g — recoil

—10}




