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Motivation

Higgs is important in the Standard Model. - see talks in Z=j#l# and [

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.

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

<>

W
Ho=--

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?).

s
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The decay width can be decomposed to

_ — TY%Y% Yo Yt Yt Y
Uiowy = 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)

Py = +I
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Optical Theorem

Im(X)
mpy

@)

iy =

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 Agibcz have been calculated in the massive m,. [Wang, Wang,
Zhang 2023]

00 = 00y [AG0 o+ (22) A0+ (%) ag + (%) ag + (%) ag]

3,bb 4,bb

C,C. c C
A3?b2 and A7 have been calculated in the massless m,,. [Gorishnii, Kataev, Larin,

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

Ca(yp) Ca(yp) Ca(y) 2 (yp) Calys) Caln)
CyC:
AC2C 2C2
Co s 2C2 A
A 272 Al b 2,bb
0,bb
Colys) Ca(ys) g “““““; Ca(yp)
Soongenend
L —
CyCy CaCo
3,bb A4,b£
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CaCs = 0,0, {ACQCL’_( )AC2CZ+< ;) ACZCZ-&-( ;) AC2CZ+< g> ACZCQ}7

H—bb 0,bb 1,bb 2,bb 3,bb 4,bb
2 3/2 2
c,c,  dmpmpy 4m? 3Smymy
Ao’ = 5 (1= 3 ~ 2 (8)
) 8mv my 8mv

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

. . C,C. C,C
Therefore m,, in propagators for the corrections to A3 e and A4 55 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?)

There are four cuts at the diagram of ACICZ

H — bb includes H — bb, H — bbbb, H — bbg, H — bbgg, H — bbqq...
H — gg includes H — gg, H — gg9, H — 9999, H — g9qq...

(eXe} _ mymy (1) 1. o, mi 3 w2 72 19 m?
Aljﬁ)ﬂmbﬂoiiﬂ—v CACF|: 8log (miil)*ilog mir“;_l +§*§+0(m7%{)
c,c _ mgmyiy, () 1. o mi 72 1 m3
800 = PG, 0 [ 10d" () - T — 4O (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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C1C, (’!/bl‘/z ) CCy <1’/1,Z/t )
U (Fpy) and Ty (T

[C1Ce = 0,0, [(%) ACiCa <%>2A01?2 + (%>3Aclg}7
™ ? ™ ™

H-sbb 1,bb 2,bb 3,bb
2
C 0y _ Qg c,Cy Q. c,C,
FHabB =CiG [( T A1,b27 + T Azﬁbi; . (11)

The bottom mass need to be kept in the calculations.

Cr(ye) Ca(wp) Ci(ye) Ca(yn) Ci(ye) Ca(u)
C1Cy C1C2 €102
A b Az,bb A3,bb
Ci(ye) Ci(ye)
Ci(ye) Ci(ye)
felyen €161
1,bb 2,bb
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In our works, we analytically calculate three-loop self-energy with massive bottom

quarks.

F%Cg:%%{ACQQ_’_( )A c2+( )ZA 02+( >5 +(%)4 }7
—bb 0,bb 1,bb 2,bb p

MG =0 () AT+ () a0+ () a0

%% — 0,0 [(%)Al 101 +( )Q;;ﬂ, (12)

The higher order bottom mass effects in and are small.

To obtain full O(a?) corrections, we still need to calculate A("Cz in the future.
Cays) Cays) Ci(ye) Ca(ys) Cilye) Ci(y)
CaCa C1C2 141
Az.bi; Az,bL Az,bB
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Calculation framework

1. Generating diagrams and amplitudes with FeynArts [Hahn 2001] and FeyCalc
[Shtabovenko, Mertig, Orellana 2020].

2. Shifting loop momenta by CalcLoop [Ma 2023].

3. Reducing amplitudes to master integrals (Mls) by Kira [Klappert, Lange,
Maierhofer, Usovitsch 2021]. -IBP (integration-by-parts) Reduction

4. Master integrals calculation
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Master integrals calculations

To rationalize the square root r; = \/z(z — 4), we have
2 2
-1
L S Clt (13)
mj w

The differential equations of canonical basis F can be written as

dF 5N,
dwe(zw—lz)F’ D=4—2 (14)

i=1

For example,

OF(w,€) 2F, (Fy —2F;)
ow wal ¢ w (15)
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. . 1+ ROLG
Master integrals calculations in A2 })EQ

The solutions of canonical differential equations are multiple polylogarithms (MPLs, or

GPLs).

Codt
Grptyot, @)= [ 751Gy, (), (16)
0 1
1

In"z. (17)

The MPLs can be evaluated by PolyLogTools [Duhr, Dulat 2019] in the GiNaC
[Bauer, Frink, Kreckel 2002] framework.

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

Most Mls can be expressed as the multiple polylogarithms (MPLs) by canonical

differential equations.
We define z = m% /m2. Two square roots can be rationalized simultaneously.
ry =+z2(z—4), Ty = V2(2 +4). (18)

Five symbol letters:

I, =z, 12:\/2% VZ+47 Iy =vz+4, 14:\/2% M7 lsy=VvVz—4. (19)
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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

CBSFR() [F 4B(z + 2)F(z)
S R @0

[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 O(e°) parts are needed. K(z) and E(z) are the

first and second kind elliptic integrals.

aFIEI(:’)-top,l =) aFI&I%)-top,Z _ Flil?g—top,l FISIP top2(22 +16) R(2)
0z NP-top.27 0z 2(z+16) z(z +16) ’
z . .
Al = [ (55 % (55 +1) = (55 + 1) K (55)
X MR(.’I?)C{.T,
Fibana= [ (K (1) (-5 5 (- 55) (55 +1) - K (55+1)))
i<( 112; j;z R(z)dx, R(x) depends on the sub-sectors. (21)
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Master integrals calculations

Consider H — bbbb

©

R [ (6 (55 ()= (5 1) () 2

Rlz) = /16 HEERS (s)ds

How to express this integral in a beautiful form?
EllipticK
EllipticK[m]
AHE ST LWMERD Kon).
EllipticE
EllipticE [m]
UL IERS Eon).
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Asymptotic expansion

A%Cﬂmbﬁo is induced by soft quarks, which is differs from Sudakov double logarithm.

z=m%/m,?

2

leNe/ _ mymy g (p) 2, My
Al,})bz \mﬁo = *WCACF log (@) +e
o _ mymyig(p) 1, My
2bh lm,—0 = _WCACF (C4—Cp)log (@) + (23)
Ci(we) Ca(ys) Ci(y) Ca()
Cq C C4 C:
Al.iz, 2 Az,;;i 2

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
c.c m mj
1,25 ' \mmo = *ﬁcACF IOg(@) +
c,C my mj
2
2bp  lmy—0 = T 5 C4Crlog( H)+"' (24)
Ciye) Ci(yr)
cc
Al.;}?) !

The logarithm in A 02 from the collinear bottom quark pair.

C,Cy

The logarithm in A2 W

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,

o a, 3 w2 5
my (1) = my, <1—(?) CF[I-l—ilog(m—g)] +0(a3) |, (25)

my(p=my) = 2.78425 GeV, my =125.09 GeV, m, =172.69 GeV,

ay(pp=my) =0.112715

I‘C2 Cy Fcl Cy Fcl Cy

H=myg [MeV] Hbb Hbb Hbb

0(a®)  1.9036 - -

O(al) 0.3868 - -

Ty (MS)  O(a2) 00735  0.0183 .

O(a?) 0.0048 0.0142 0.0091

O(a?) -0.0025 * 0.0095
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25 2.5
2.4f T x = 2.4
2.3k 123

=22 I 2.2

= 2.1 WS 2.1

'8 2.0f 2.0

e J1.9
1.8f 1.8
1.7F 1.7
1.6 1.6

1 1 1 1 1
LO NLO  NNLO N3LO N*LO(part)

The results in the MS schemes. The error bars denote the scale uncertainties.

e [W?H 3 27nH]a
r2Ch (MS) = 2417099 MeV. (26)
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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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