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Motivation

Higgs is important in the Standard Model.

The dominant decay mode of the Higgs boson is H — bb [P.D.G 2024].

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 2024].
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Decay channel Branching ratio Rel. uncertainty
H— vy 2.27 x 1073 2.1%
H—Z2Z 2.62 x 1072 +1.5%
H— WHw- 2.14 x 1071 +1.5%
H—7rhr— 6.27 x10~2
@,h 5.82 x 1071

H — cé 2.89 x 1072

H — Z~y 1.53 x 1073

H—ptp 2.18 x 1074 +1.7%

Analytic decay width of H — bb

2024-10-27 2/18



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(a3) [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

_ — 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.
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(6) (5)
y, — Cy, top quark loop (y,) = C;, a5’ — as (2)

This approximation works exceedingly well.
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Effective theory

Higgs boson decay to bottom quarks can be written as

H
(CLOF + CL08) + Locp »

Leff = =~
=(GY W) . Oy =mp00. (3)
agy 1 211
01:7(75)727(?) 48
) (550 + aont s (i — 5] + o1
Cy=1+ (%) [ = 5
+ () [ + 560 - gttt + o (g + )] +oteth 9
L, = log(u®/m7) in the on-shell scheme, n is the number of quark flavors
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Effective theory

H
Lot = Y (C10f + C,08) + Lacp »

(Gg p,u)27 02 = mgéobo' (5)
H — bb can be decomposed into three parts

0,0, C,Cy C,Cy
Ly = FHabb + FHabb + FHab’b' (6)

up to O(a?),

C,C. (eNe; c. ,C. s C,C
FH:;B:CQC2{A02b2+< )Albb2+( >A2bb2+< >A3;’b2+0< Ik
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Lo =06 [(32) Al + o), @
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Optical Theorem

The optical theorem,

g = Ir;(j) ) (8)

where ¥ represents the forward scattering amplitudes of the process H — bb — H.

The complicated multi-body phase space integration can be avoided.
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CyCy ( YpYp )
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The analytical result of Azcz% have been calculated in the massive m,;,. [Wang, Wang,

Zhang 2023]

1% _ CZCZ[A 202+( ) ad;

H—bb 0,bb 2 + ( ) A S + ( ) ACZCI + 0( )

1,bb 2,bb 3,bb

Af2(2 have been calculated in the massless m,; long time ago. [Gorishnii, Kataev,

Larin, Surguladze 1990, Chetyrkin 1997, Baikov, Chetyrkin, Kuhn 2006]
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CyC C,C. C,C. s C,C. s C,C.
FH:;Z:CZCZ{AObe2+( )Alzbb2+< )A21b2+( >A52bb2+0( )

At O(a?), the finite bottom quark mass effect is quite small, since 7, /m% ~ 5 x 1074,

CyCy

Therefore we neglect the bottom quark mass in the O(a2) corrections to As o

1945¢(5)  57*  80095¢(3) 1022572 34873057
AC2Ca () = AC2C ((19496(0)  om _
gop 0=y = 0) = Ay 36 108 216 324 46656
(9)
Only the bottom mass in Yukawa coupling are kept,
c.C 3%127777,
oib’ = T 1 MM (10)
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C1C, ( YoYUt ) CCy <1’/1,Z/t )
U (Fpy) and Ty (T

c,c. feNe; .
Hoih and It cannot be Taylor expanded in m? because of

the logarithmic dependence even in leading power.

However, the results of T

rclcz:cchK%)A e (2 )A( % 4 O(a )}

H—bb 1,bb 2,bb
fe}eh [eel
FH*)bb GG [( T ) A1 woT Ol )] (11)

The bottom mass need to be kept in the calculations.
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The imaginary part comes from cut diagrams. For example,

H — bb, H — bbg, H — bbbb and H — gg.

The last cut diagram needs to be subtracted.
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Asymptotic expansion

0102‘
1,bf) 2—00

H—bb

1,bb

%% ¢, {( ) AfeE + (2 ) A+ 0(a )]

H—bb —

1,bb

iy =i [(2) a5 o).

2 =m%/m,?

C1Cy
Al,b?} |z~>oo - 7T’U2

2
Ci ¢y | _ 7nH
1,bb 200 7”)2

FHR (BARIFERFE)

_ 1 3 2
m gy, (1) CACF{* 5 logz(z) -3 log <MT) 4

1log” 1 2 2
+—%(Z)+2°gz()+ lo (“ )—1+—5}+0(z*2)7

Analytic decay width of H — bb

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

(12)

(13)
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CiCy Qs C,Cy Qg 2 C,C, 3
%% —c,c, {(?)Am +(?) AS +0(ad) (14)
z=mi/m,?
1 Cy gy g ()
A ==y 5 CaCr (Cy = Cp)log'(2) + -+ (15)

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 of H — bb in MS scheme,
CyCy C,C. Ne} Ne) C,C.
IﬂHQ ybb =G0 {A()be2 + ( )Albb2 + ( ) Abe2 + ( ) A32b2 +0(a3) |,
C,C. Q. C. leXe}
D = G0 {(f) A1 wo T ( ) A, 0l )}

T =G0 [(5) AT o],
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3 f 2
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with Z = m2 /i, and © = m% /m2. The large logarithmic terms provide significant

corrections to the decay width.
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= 2
z=m%/m, and z =m? /m?

—2 2 2
mymy, o 1 2, T 1
Liisgg = =03 {(*) [~ 55108 @) + 55 + ]

veT Vs
(o7 3 5 4, 59 3, 317‘(’2 2, 989 2,
L) -2 ~ 2 2T L
+(3) [ s ') — g 08" () + g 08" ) — 5 o)
4¢(3) . . 4l 137 1377 29¢(3)
G/ ’ ) 220 og(z) — -
08(2) + 55 108(2) — 76 1oe(2) — s 36

e (5) 7 (%) [t s+ Gl )

 Smpy,” a\ 17 a2 2 97¢(3) 477> 9299

Lo shadron = =500 (*> 3t (?) [7 3 log(®) — =5 36 144 ]

a\31 23 1945¢(5)  5m*  81703¢(3)

puat 4 — " log — il e A
+(w) [ 1§ o8’ (@) g(n) + =55 108 216

1050772 38056609 m¥ [ a2 1 a,\? 215
— ZH)(Zs) —s) =< 16

324 T 46656 }} Uzﬂ{(ﬂ'> 72+<7r> 864} (16)

Large logarithmic are canceled in hadronic state, the result is consistent with

[Chetyrkin, Steinhauser 1997, Davies, Steinhauser, Wellmann 2017]
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Numerical result

g (my /2) = 2.95631 GeV, My (myy) = 2.78425 GeV, T, (2my) = 2.63908 GeV
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The O(a?) correction increases the NNLO decay rate by 1%.

[N'LO QCD (NS) = 2.410%9997 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?).
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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