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Motivation
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Branching ratios for intermediate Higgs-boson

Masses (Florian et al. 2016)
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Parameters and definitions

@ my = 125.09 GeV, m, = 4.92 GeV on-shell
o def. partial decay width

1
Mxof = R/LAX%f‘zd(DPS(f)

@ leading order decay width b
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diagram for A, ;
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NLO QCD correction - infrared divergences

virtual correction real correction

b b
H-- va H--«_ g &
b b
@ massless propagator attached to massive @ massless particle radiated off massive on-shell
on-shell leg leg

= loop integral divergent for ¢ — 0

= amplitude diverges in soft region ¢ — 0
= IR singularity

= phase-space integral diverges
= IR singularity

= regularize with dimensional reg.: 4 - D =4 — 2¢

= IR singularities show up as poles in ¢
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NLO QCD correction - infrared divergences

virtual correction
b

H-- va

V|rt — A~ /M(l) dcb

IR-divergent one- Ioop amplitude
@ KLN theorem (inoshits 1962

Lee and Nauenberg 1964).

real correction
b

H--«_ g &

b

reaI - 7/ bi)g d¢

IR- dlvergent phase-space integral

F(NEO) = [y + Myear = finite!

o valid order by order: T(NNLO) — [y 1 vire + Treatovirt + T double-real = finite!

= extract IR singularities, use subtraction scheme
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NLO QCD correction: FKS subtraction scheme - real correction

FKS subtraction scheme (ione, kunst, and Signer 1996; Engel, Signer, and Ulrich 2020)

@ integration over real-emission amplitude in dimensional regularization (D = 4 — 2¢)

d¢3M(° = dd, do, M(O ¢ = scaled gluon energy
— dd,dT de 51—26/\/1(0-)

=dd,dTde 122 M bbg

@ use distributions to split gluon phase-space integration

—2e¢ 1
gm1-2 — _5626 5(6)+ Qlﬁ)c & = fixed cut parameter
} N
— soft region — hard region

Emax 1 Emax f 0(c. — ¢
[ () o= [ R e
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NLO QCD correction: FKS subtraction scheme - real correction

= split phase-space integration d®3; = d®3 , + dP3

hard region: sy M) =do, deg( gmé) MY

= integrate numerlcally with e =0

e M,

= take soft I|m|t analytically using eikonal factorization

soft region: d¢375M§)°g =dd,dTde > —
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NLO QCD correction: FKS subtraction scheme - real correction

@ eikonal factorization in soft limit

I|m £ Mbbg = & x M

eikonal factor  porn-level
amplitude

2

Pj - Pk j+k+1
£ = 4draC — (1Y
"2 o) Y

@ analytical integration over angular gluon variables

A3 MO =dd,dT—— 5

bbg S./\/l

= d¢2 (gc) ME;O_b)
~——

contains 1/¢ poles
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NLO QCD correction: FKS subtraction scheme - real correction

~ 2 ~
e integrated eikonal £(&) = Y Ex(&e)
k=

Jj,k=1
En(&) = aSCF <A|R +In gzu;H) z‘tk In 1t2: - anékgj'zk. ikl) (J(ajkEo, vjk) — J(Ebvl/jk))l ,
J(x,z):ln21jrg i2<1—x(1j'8))+4LiZ<1—’<(12_6)>,
AR = w, vk =1/1— (pf’.’gpk>2, ax =1+ Wk)%, Vjk = 2E2 (ajx +1)
(Engel, Signer, and Urich 2020)
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NLO QCD correction: FKS subtraction scheme

= add integrated soft part do, é({c)Mg to virtual correction!

_ 1 W, ¢ 0
rvirt(gc) - m/d¢2 (MbE + 5(§C)Mb5)
free of 1/¢ poles
1 1
rreal(gc) = E/d(‘b@l (5) gMg;‘,)g

= r(O‘S) = rvirt(gc) + rrea|(£C)

dependence on & cancels

@ numerical result

r(@s) — —2.099 MeV

r(O‘S)
§tes) = - =—36.8%
LO
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Mixed NNLO QED-QCD corrections to H — bb

o four classes of diagrams

double-real H — bl_)g'y real-virtual H — bbg real-virtual H — bb~y double-virtual H — bb
b - b b b
/.,\/\ Y / / /
H--- H-- g H-- gl H--
\\% g \. \.:ﬁ
w Pw _
b b b b
MO M)
bb bb () (2
gy g M bhry Mz

o properties of H — bb at O(aas)
> only abelian couplings (no gluon self-interaction)
» simple factorization of double-real-emission amplitudes
» overlapping soft singularities = €2 & ¢! poles present
= generalize FKS subtraction to NNLO
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H — bb at O(aas): Double-real correction

double-real correction

exemplary diagrams for /\/léogmg

@ split photon & gluon phase space in soft and hard parts, respectively
(c a5) ss hs sh hh
= four contributions F bevg + rbbwg + rbbwg + rbbvg
= dependence on two cut parameters &,, &

@ use eikonal factorization for integration of the soft parts
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H — bb at O(aas): Real-virtual correction

real-virtual contribution

o
o
o

@ eikonal factorizes in the soft limit despite one-loop structure
@ FKS phase-space splitting via distributions & cut parameters &,, &

@ treatment of /\/lfjgl—j)7 analogous
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H — bb at O(ac): Double-virtual correction

two-loop amplitude contribution

ol

exemplary diagrams for /\/lf-b)
@ use analytical expression from literature (eeuter e ol 2005)

(2) _ 1 1 i
= MgGZ=[..1xz+[..]x¢+finite
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H — bb at O(aas): Combination

expressions after FKS subtraction

aas) _ plaas) (aas) (aas) (avars)
rlees) =2 T + g + g
(aas) _ 1 @) (ve) | ¢ @ , & (¢ 5 (0)
i) = / 005 (M + MU + Ea(€)ME + £ (IMY + EalCo)bu(CIMT)
(aas) 1 i (&) & (0)
Moby = 2my /d¢3 &/, <§” (be’v + Sas(gc)MbEv))

(o) _ 1
bbyg 2mH

rieed = 2 [ ao, (;g)(ig (M) +EateaM))

ng 2mH
1 1 (0)
£) (&) (eed,)

= ¢ 2 & ¢! poles cancel in I'E?O‘Bas)
= each integrand finite
= dependence on &, & &, drops out in sum ()
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H — bb at O(aas): Numerical implementation & results

@ numerical check of cancellation of &,, & dependence in (@)

x10~2
4 > set £, =&
X
s > vary over domain
& =¢6=01,02,...,1.0 = no
2 dependence on &, &
X
2 x
E ! X X i
2 . ) ) ) . . * 3 . .
g T b X X
=0 X % x x X X X
Q
j5)
=)
S -1
Q
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real-virtual Ty + T
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H — bb at O(aas): Numerical implementation & results

o final result as average

r(ees) = 5400 keV

r(aas)
slaes) — - =0.0947 %
LO

@ massless result deviates by a factor of ~ 1.8 (too high) winaia schmice, ana Steinavser 2015)
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Conclusion

summary
e dominant decay channel H — bb with full quark mass dependence
@ simple factorization of soft singularities at O(aas)
@ generalization of FKS to NNLO
o fully inclusive, IR finite prediction for I',_, 7 at O(aas)

@ results for relative correction

> 5es) = _36.8%
> §lee) = 0.0047 %

future prospects
@ clarify source of discrepancy compared to massless result
@ generalize to MS scheme

@ calculate NNLO QCD-elctroweak correction with full mass
dependence
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Thank you for your attention!
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