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Motivation

Higgs is important in the Standard Model.

The dominant decay mode of the Higgs boson is H — bb.

The process H — bb has been observed in LHC. [CMS 2018, ATLAS 2018].

The accuracy of y;, will be improved at future electron colliders. [CEPC group 2025].

Decay channels bb cc gg WW* ZZ*
BR 577% 2.9% 8.6% 21.5% 2.6%
Rel Stat. Un.  0.3% 22% 13% 1.1% 7.6%
Rel. Syst. Un.  0.1% 3.6% 1.8% 0.4% 4.3%
Rel Total Un.  0.3% 4.2% 22% 12% 8.7%
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Motivation
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Inclusive decay width up to O(y2a?) with massless bottom quarks [Gorishnii, Kataev,

Larin, Surguladze 1990, Chetyrkin 1997, Baikov, Chetyrkin, Kuhn 2006]

Differential decay width at O(yZa?) with massive bottom quarks [Bernreuther, Chen,

Si 2018, Behring, Bizon 2020, Somogyi, Tramontano 2020]

Large m, limit, differential decay width at @(a?) [Mondini, Schubert, Williams 2020,
Chen, Jakub¢ik, Marcoli, Stagnitto 2023]

Large m, limit, analytic calculations at O(a2) and O(a?) [This talk]
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H — bb with bottom quark Yukawa coupling and top quark Yukawa coupling up to
O(a?).
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The decay width can be decomposed to

_ — T Y YvYt Yt Yt
FU%MJ - FH*)II?) + FH*)II?) + FH*)II?)' (1)
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Effective theory

In the effective theory, the top quark can be integrated in the large top quark mass

limit, m, — oo.

’ b
Y, o
Heoor — [ -
’ b
And
top quark loop () =+ C10,, ol — ol ()
01 = HGHV’HVGLL,[JJ/ (3)

This approximation works exceedingly well.
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Effective theory

The Lagrangian can be written as

H
Lot = . (C,07 + CL08) + Locp »

0, =(G5,,)? Oy =mib'b’.

5 .

—ZL 3
(5 - §Ee) + 00, %)
L, = log(12/m?) in the on-shell scheme. H — bb can be decomposed into three parts

C,Cy
FHahB

C,Cy
H—bb

foXea

+I H—bb" (6)

Prwy = +T
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Optical Theorem

Im(X)
Ty = — 7
Hbb my (7)
where ¥ represents the forward scattering amplitudes of the process H — bb — H.

The imaginary part comes from cut diagrams. For example,
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The analytical result of A (2 have been calculated in the massive m,. [Wang, Wang,

Zhang 2023]

2
CyC, C. C, eNe?
L = 20 {Ao?ﬂ;z + ( )Albbz + ( ) Azbbz +
A(; / * and :. ' have been calculated in the massless m,,. [Gorishnii, Kataev, Larin,

Surguladze 1990, Chetyrkin 1997, Baikov, Chetyrkin, Kuhn 2006]

Ca(ys) Ca(ys) Ca(ys) Cayw) Calws) Ca(ws)

Ca(yw) Ca(ys)
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FHi;Z:CZCZ {Aoib2+( )Alzbbz_'_( > A2ib2+<7r> +<7> }’
2 2 3/2 —2
AC2Ca _ 3mymy 1— 4my ~ 3Smymy )
0,60 8mv? m?, 8mv?

At O(a?), the finite bottom quark mass effect is quite small, since mg/qu ~5x 1074

Therefore m,, in propagators for the corrections to and can be neglected.

AC:2Cs

€2 (= g m, — 0) =

3mem ( 427735¢(7) 2570 N 116945¢(3)2
82 2304 3402 864
. 469675¢(5) N 116945m2¢(3) N 6677 12308897¢(3) 196376517
432 864 288 1728 31104
5005075879
497664 )

Cy=3,Cp=4/3,n; =5. (9)

Ca(m)

0000000090
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C1Cy ( YV )
FH—)b?) FH—)b?)

H — bb includes H — bb, H — bbbb, H — bbg, H — bbgg, H — bbqq...
H — gg includes H — gg, H — gg9, H — 9999, H — ggqq...

o c. _ mpgmyg, (1) 1. o (mi 3 42 2 19 m2
AT lmy—0 = — 2 CaCr { —glos w2 ) log m; tg g 19 ma;
el _ mHmbmb( ) mj ™ 1 b
Al,_i]g2 ‘mh%O - ) CACF|: 10g <m%{ - § - 5 + 0 (qu (10)

H — hadron has been calculated to a? [Chetyrkin, Steinhauser 1997, Davies,

Steinhauser, Wellmann 2017], in which the m; in propagators can be set to zero.
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H—bb

The bottom mass need to be kept in the calculations.
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We analytically calculate three-loop self-energy with massive bottom quarks.

a 1 a\2 11
ue-(%) - () f vot :
! )12 \T) o) (12)
C, 0, leReA
Hbb Hbb
0(a?) —E - -
O(ay) i3 - -
Ly O(a?) = i B
O(a?) = M
O(ay) mE (kM) =HE
Ca(ys) Ca(ys) Ci(ye) Ca(ys) Ci(ye) Ci(ye)
feXe; leXel feXxe]
Az,ii; : Az,tb : Az,}ﬂy !
The higher order bottom mass effects in and are small.
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Calculation framework

1. Generating diagrams and amplitudes.
2. Reducing amplitudes to master integrals -IBP (integration-by-parts) Reduction

3. Analytic master integrals calculation (canonical differential equations) -see [& Z3#'s

talk, #$'s talk
The solutions of most Mls are multiple polylogarithms (MPLs).

Todt
Gyt @ = [ £5G 0,0 (13)
0

t—1,

The boundary conditions or integration constants can be reconstructed by numerical
results with AMFlow [Liu, Ma 2021] and PSLQ method [Ferguson, Beiley, Arno 1992
1999]
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Master integrals calculations

We define z = m3?,/m?. Two square roots can be rationalized simultaneously.

r = z2(z—4), ry =/ 2(z +4). (14)

Five symbol letters:

z 4 —4
W= vE =Y e, = YR i )
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Master integrals calculations

Some Mls contain elliptic integrals and cannot be written as MPLs

O P

They have been calculated in [Lee, Onishchenko 2019] for the process ete™ — QQQQ.

After choosing a regular basis, only the O(¢®) parts of the Mls are needed.

Complete elliptic integrals or one-fold integrals of them. For example,

Fb(e) = (2= 16)(z) = “TE 10

CBsFB() [T 4Bz + DFP(z)
S R )

[K(1— kK (k,) — K(k K(1— k).
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Master integrals calculations

<X~ =X~

Fipotop,1 Fip-top,2

The two Mls are finite and only the ((e®) parts are needed. K (z) and E(x) are the

first and second kind elliptic integrals.

(0) (0) (0) (0)
OF\p 1op.1 OF\p 1op.2 FNP-top1 Fptop2(22 +16)

0z _4ZF'£'(2*°"'2’ 9z B(z+16) 2(z + 16) + R(z),
= [ (3R 1) ) ()
X MR(%M@
2 .
= [ (95 ) 55) () (5 +0) - 5 0)
2(z + 16)2%/?

R(z)dx, R(x) depends on the sub-sectors. (17)
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Master integrals calculations

Consider H — bbbb

Pl = [ (6 () 1 (1) =5 (g +1) ¢ (- 5)) Y e

©

R(o) = | HERS (s)ds (18)
16
How to express these integrals in the beautiful forms? — see F£'s talk

EllipticK

EllipticK[m]

LAHBE—SSTRWERD Kon).

EllipticE

EllipticE [m]
BUESIHERL Lo,
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Asymptotic expansion

Acl ?|,n, 0 is induced by soft quarks, which is differs from Sudakov double logarithm.
=mi;/m,”
(eXe; gy (1) mj
A1,}>B *limy—0 = TCACF log” (E + o
c,c _ mymyTy (i) 4 mj
AQ by lmy—0 = _WCACF (Cq —Cp)log (mifi +o (19)
Ci(ye) Ca(ys) Ci(ye) Ca(yn)
- feNe
A Bt

This color structure distinguishes it from the Sudakov double logarithms and shares
the same features as the results for the quark-gluon splitting function [Vogt 2010],
Hbb form factor [Liu, Penin 2017], and off-diagonal “gluon” thrust [Moult, Stewart,
Vita, Zhu 2020, Beneke, Garny, Jaskiewicz, Szafron, Vernazza, Wang 2020].
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Asymptotic expansion

3 2
m m
Acl?ll 0= _7HCACF log (717 +
b 2
1bb Imy— 62 me
3 2
feNe; MY 3 (M}
AT = gty CACplog” (1) 4 (20)
2,bb My T27mv2 2
Ci(ye) Ci(ye)
el Yol
Al AC1C1

2,bb

The logarithm in AIC;)% from the collinear bottom quark pair.

The logarithm in AQCZBC“" from the soft gluon splitting to soft bottom quark pair.
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We transform all on-shell m;, to MS bottom mass 7,

my () =my (17 (%) CF[IJrglog(%)] +0(af)> , (21)
My (e =mp) =2.787 GeV, my =125.09 GeV, m, =172.57 GeV,
a,(p=mpg) = 0.1180 + 0.0009
e g e Top
9(a?)  1.9076 . .
O(al) 0.3873 - -
Ly (MS)  0(a?) 0.0735  0.0183 -
O(a?) 0.0048 0.0142 0.0090
O(a?)  -0.0025 * 0.0087
NNLO EW corrections, see Z2#7's talk
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The results in the MS schemes. The error bars denote the scale uncertainties.
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(MS) = 2.4215:535 (sel.) 15603 (er, ) MeV.
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Conclusion

We have calculated the analytic result of the dominant decay channel of the Higgs
boson, H — bb, at O(a?) and O(a?).

The O(a?) correction increases the NNLO decay rate by 1% due to the large logarithms

The coefficient of the double logarithm at @(a?) is proportional to C'y — Cf., which is

a typical color structure in the next-to-leading power resummation with soft quarks.

Our analytic results provide a useful reference to check the resummation formula in

future.
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