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LHC and analytical Higgs amplitude

After the discovery of Higgs particle in 2012, the next very
important task in LHC is establishing the properties (coupling,
spin and CP) of Higgs particles.

In order to interpret the high precision data in LHC, the
analytical computation of Higgs amplitudes is desirable.

Gluon fusion is the main channel of Higgs production.
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When the transverse momentum of Higgs particle is Iess than the
top quark mass, the HEFT [wilczek 19771 is good approximation.
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The leading (dimension 5) contribution of Higgs to 3 parton
amplitude was com PUtEd IN [Gehrmann, Jaquier, Glover, Koukoutsakis 201 1].

The contributions of . [Q), Yang 2018] and [Q), Yang
2019].



The maximally transcendental principle

-

The maximally transcendental principle: the maximal transcendental
part of N=4 SYM and QCD amplitudes are the same.

® Classify the amplitude by the transcendental degree.
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The maximally transcendental principle

Anomalous dimensions of twist-two operators [Kotikov, Lipatov,
Onishchenko, Velizhanin 2004]

The dimension 5 contribution of Higgs to 3 gluon (H — 3¢q)
amplitude in HEFT [Brandhuber, Travaglini, Yang 201 7].

The dimension 7 contribution of [ — 3¢ amplitude in HEFT
[Q), Yang 2018].

Higgs to 2 quark | gluon (HH — ggg )amplitudes [QJ, Yang 2019].
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Feynman diagram and unitarity cut

two on shell tree amplitudes

loop amplitude

The H — 3¢ amplitudes are computed indendently using
unitarity cut method and Feynman diagram approach, and the
results are consistent.

The I — qqg amplitudes are computed in Feynman diagram
approach.



Integration by parts (IBP) reduction

Loop integrand can be reduced using integration by parts (IBP)
relations. The complicated integrand is reduced to only a few
master integrals. Coefficients which does not
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31 master integrals for Higgs to 3 gluon 2 loop amplitude:
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Simplify the multi-polylog functions using Symbol

1 ,
AD = [— —Gl— =21 —2,0,y) —G(1 — 2,—2,0,1 — z,9) + G(1 — 2,1 — 2,0,0,1
« 2 = #0.9) ( ’ W)+ G #0,0,9) G(l—z,—-2z1-2zy) +H(, z)G(l72472.];)7(?(0111011/)) (2)

1-2,0,-21-2y)+G(1—-20,1-20y)—G(1-201,0y)
G0, 1y) + H(1,1,2) — G(1,0,) + H(0,0,2) + G(o.o.y))

+ G(
+G(1-20,0,1—zy)+ H(1,1,0,0,2) + H(1,0,1,0,z) + H(1,0,0,1, 2)
+ H(1,0,0,2)G(1 — z,y) — H(1,0,2)G(—2,0,y) + H(1,0,2)G(1 — z,—z,y)

G(1,0,y)H(1,0,2) + H(1,2)G(1 — z,—2,0,y) + H(1,2)G(1 — 2,0, —z,y)

— H(1,2)G(1 = 2,0,0,y) — G(0,—2,1 — z,y) + G(0,—z,y)H(1,0, z)

—G0,1-2,-2,1-2,y)+G0,1-21-20,y) +G(0,1—-20,1-2zy)

+G(0,1 -z, —2,y)H(1,2) = G(0,—2,1 — 2,y) + G(0,1 — 2,1 — 2,y) H(0, 2)
G(0,1-2,1,0,y) — G(0,1 - 2,0,y)H(1,z) — G(0,1 — 2,0,y)H(0,2)
H(0,2)G(1 — 2,0,1 — z,y) — H(0, 2)G(1 — 2,0,0,3) — G(0,y)H(1,1,0,2)
G(0,5)H(1,0,1,2) + G(0,5)H(1,0,0,2) — G(0,1,1 — 2,0,) + H(0,1,1,0, 2)
H(0,1,1,2)G(0,y) — G(0,1,0,1 — z,y) + H(0,1,0,1,2)

H(0,1,0,2)G(1 — z,y) + H(0,1,0,2)G(0,y) + G(0,1,0,y)H(1, 2)
G(0,1,0,y)H(0,z) — H(0,1,2)G(—=2,0,y) — H(0,1,2)G(1,0,y)
H(0,1,2)G(0, —2,y) + G(0,0,1 — 2,1 — z,y) — G(0,0,1 — z,y)H(1, 2)
G(0,0,1 — 2,y)H(0,2) + H(0,0,1,1,2) + H(0,0,1,2)G(0,y)
H(0,0,2)G(1 — 2,1 — z,y) + H(0,0,2)G(1 — 2,0,) + H(0,0,2)G(0,1 — z,y)

+G(0,0,9)H(1,1,2) — G(0,0,y)H(1,0,2) — G(0,0,y)H (0,1, z)
G(0,0,y)H(0,0,2) + H(0,2)G(—2,1 — 2,0,y) + H(0,2)G(—2,0,1 — 2,3)
H(0,2)G(1 —z,—2z,1—zy) — H(0,2)G(1 — 2,1 — 2,0,y)

H(0,2)G(1 —2,1,0,y) + H(0,2)G(1,1 — 2,0,y) + H(0,2)G(1,0,1 — z, 1/))

+(—G(—z.1 —2,1-2,0,y) — G(—2,1—2,0,1 - z,y)

-G(-2,0,1-21-2zy)-G(l—-21-2z,-21-2,y)+G(l — 2,1 - 2,1,0,y)
FG(1=21,1—20y) +G1 —21,0,1 - z,y) — G1 - 2,1,0,0,y)

—G(1=2,0,—21—2y) — G(1,1 — 2,0,0,y) — H(1,1,0,2)G(~zy)
(1,1, 2)G(~2,0.y) — G(1,0,1 — 2,0,y) + H(1,0,1,2)G(~2y)
~G(1,0,0,1 — z,y) + G(1,0,0,9)H (L, 2) — H(1,0,2) + H(L,0,2)G(~2 1 — 2,y)
(1,0,2)G(1 — z,1 — z,y) + H(1,0,2)G(1 — 2,0,y) + H(1,2)G(—=2,1 — 2,0,y)
+H(1,2)G(=2,0,1 —z,y) + H(1,2)G(1 — 2,1 — z, —z,y)
(L,2)G(1 = 2,1,0,y) — G(0,—2,1 — 2,1 — 2,9) + G(0,—2,1 — 2,0,y)
+G(0,-2,0,1 — z,y) + G(0,—2,1 — z,y) — G(0,—z,y)H(1,1,2)
+ G(0,—2,1 —2,y)H(0,2) — G(0,—2,0,y)H(1,2) + G(0, —2,1 — z,y)H(1,2)
+ H(0,1,1,2)G(~z2,y) — H(0,1,2)G(—z,1 — z,y) + H(0,1,2)G(1 — 2,1 — z,y)
+ H(0,1,2)G(1 — 2,0,y) + G(0,0, —2,1 — z,y) — G(0,0,—=2,y)H(1,2)

—G(0,0,1,0,y) — H(0,2)G(—2,1 — 2,1 — z,y) + H(0,2)G(1 — 2,0,0,y)
- H(O.z)G(l.O‘O.y))
+%( —G(0,~2.1 — 2,y)H(0, 2) — H(0,1,2)G(1 — 2, ~2,3)
~ H(0,0,1,2)G(1 — :.y))
+2( —G(—2,—2,—2,1—2,y) + G(—2,—2,1 — 2,1 — z,y)
+G(—21—2—-21-2y)+Gl—2z—2z—21-2y) —G(1,1,1,0,y)
+G(1,1,0,0,y) + H(1,1,0,2)G(1 — z,y) + H(1,1,2)G(—-z,—z,y) + G(1,0,1,0,y)
+H(1,2)G(—z,—z,—z,y) —H(1,2)G(—z,—2,1 — z,y)
—H(1,2)G(-2,1—-2,—2.y) — H(1,2)G(1 — z, -z, —=2,y) + G(0.1,1,0,y)
+ H(0,1,2)G(~2 —zy) + H(0,0,1,2)G(~z, y))

+;( G(0.1 = 2, y)H(0,2) + H(0. 1, 2)G(0,y) — H(0,2)G(1 — 2,0,3)
+G(0,9)H(1,0, z))
+%( —G(—z,—2,1—-2z,y)+ G(1 —2,1—-2,0,y) + G(1 — 2,0,1 — z,y)

+G(1-2,0,0,y) — G(1.1,0,y) + H(1,0,0,2) — H(1,0,2)G(1 — z,y)
+H(1,2)G(—z,—z,y) — H(1,z2)G(1 — 2,0,y) + G(0,1 — 2,1 — z,y)
—G(0,1—-zy)H(1,2) +G(0,1—2,0,y) —H(0,1,1,2) + H(0,1,2)G(—z,y)
+G(0,0,1 - z,y)+ H(0,0,2)G(1 — z,y) + H(0,0,2)G(0,y) — G(0,0,y)H(1,z)
+G(0,0,y)H(0, 2) + H(0,2)G(1 — 2,1 — z,y) + G(0,y) H(1, 1, z))

+14_1( —H(1,0,1,2) + HO,1,2)G(1 - 2,y) + H(0,1,0,2))
+13_1( ~G(L,0,0,y) = G(=21-z1-2y) - H(1,12)G(~zy)
+ H(1,2)G(~2,1 - z,y))

wmma

(-
( (L1y) -

+

T-E0)(-e

( GO - 2y)+ H(1,2) — H(O,z)fG(O,y))
(-4 121 ”2)( G = 21— 2y)— H(L1,2) + H(L2)G( - 2.1)

— H(0,0, z) - G(o, o,y))
7I'2
+(% - g) (-G =20.4) - GO.1- 2y - HO.2)G(1 - 2,y)
£ G(0,y)H(1, 2) — G(0,y)H(0, z))

+(% + g) (G(=21=29) + G(L,0.y) - H(1,2)G(-2y))

- (- 5000 - (- F)uo s
(24 B o+ (2 B

1 /502972 99¢;  3rt 1321
i — 72 D L AT b
36( DY R I TR )}

é((y +2)(1-y) - ) [ +G(1,0.y) + G(=21 - 2,y) — H(1,2)G(~2y)
GO,y H(L.2) — G(0,y)H(0,2)
(—G(l —2,0,y) — H1,0,2) — G(0,1— z,y) — H(0,1,2)

+
+

+

b=

— H(0,2)G(1 — z,y) — G(0,y)H(1,z) + G(0, y)H(().z))
41
12
+ (%( _ ;) __ I oy
N 1
A-y—2)?
(2)J 9y

(60~ 29) - H(L2)) + HO.2) - :

Yz
12: 476 4z V7T
[G(lfzﬂy) G(1,0,y) = G(—=z,1—z,y) + H(1,2)G(-z,y) + G(0,1 — z,y)

15y° 5y% 2 1
z 2+i(%+ (172q+l/)))

+ H(0,1,z) — G(0, y)H(l.z)]

25z 9z yz 1522, 522 22 1
B 2 E -2+ ) x
(12y 4 6 4y 6 (y yz( )

[H(()AZ)G(I —z,y)— G(=z,1—z,y) + H(l,z)G(—z.y)]

30z

+—<6‘i—9'§(u+z)+4uz+ - 2:+22)+Ty(1—2y+y1)

+30(y% + = )) [0(1 —zy) - H(l.z)]

L 2 2 1 1 :
_36(—63~+6()z ~ 30z (l_z)(y+1,y,ZHQGy(l—y—Z))H(Ow)
1/,932(1—2) 145y 2Tyz  79y° 302 o,
36( 2 2 2 B) 17%( 142z —2%)
301/ 1—y
=9 6(0.9)
+7r_2( = -2y = (2279+ ! (1-2z2+22)
2\36(1-y—2) 9 181-y-—=2) I z

36 36 36
tim [;( — H(0,2)G(1 — z,y) — H(0,2)G(0,y) — H(0,1,2)
—2H(1,2)G(-z,y) + H(1,2)G(0,y) — H(1,0,2) — G(1 — 2,0,y)
$2G(=21 - 2,y) — G0,1 — 2,y) +2G(1,0,y) + %( — H(0,2) + H(1,2)

722 19yz . 17y(1 — y))

‘,))) 77n? +3C;;

—G(l—zfy)—G(o.y>)+§<y(1—y—) +a(1-2)) - oy 20 T

Ra==2 [ (=) + 4 (=) + (-]

3 4
=83 |Lia(1- )+ | -2 Zng(l -
1=1 ! ’ 1=1
. 2
> log* (uvw)

1 2 2
+ 5 Zlog wi | +2(J5 — (J2) — Al

=1

123
— Glog(uvw) — ?(4-,

Jy(x) = Lig(z) — log(—x)Liz(z) + %ng( )

S ogh(—z
- %Lil(a:) - %, (15)

3

.]2 = Z ng(l - ’ll,.,j) +

1=1

1
2 log(u;)log(uit1) ),

tr(F,, F") — 3¢



Content

® Motivations

® Computations

® Summary and outlook



The dimension 7 contribution of
the H — 3g amplitude

1
Aqgep = ZAQCD;i

1=0
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+ 2 [510g?(w) — 2log(v) log(w)] — 14 — +Galog(~?) + perms(u,v,w).
u=8£, v=8£ ‘w=8£ q2=3123.




The H — qqg amplitude

The leading operator Op = tr(F,u,qu/)

The maximal transcdental part can be decomposed to 3 pieces
with different color factors:

RD), = CARE,TA + CaCrRE, 4 4 C2RE)CF

Cr and (4 are the quadratic Casimir of SU(N) group in the
fundamental and adjoint representation, respectively.



The new maximal transcendentality principle

The H — qqgg amplitude:
RZ), = C3RECA 4 CuCpRECACr 4 C2RECF

Set CF — CA
We found the [ — 3¢g amplitude!

Hidden relation between two amplitudes with different external
states.



The other operators in Higgs EFT?

o v
® The subleading operator O = tr(F,u Fupru)

® The correspondence is still satisfied!
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Another operator Oy = tT(FMprDUFJ'u)
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O4 — qqg e S SN 01 — 3¢



Operators not in Higgs EFT?

® The simplest quark operator ww

® The correspondence is again satisfied!

_ Crp —C y
D) — qGg ————s t1(E,, M) — 3g

® A more complicated operator F,L(Z/I/ (ZE’Y'UJVTOJID)

F$ ("™ T) = q§g ————— Oy — qqg



Does the spin matter?

Consider the scalar Yang-Mills theory, which can be obtained by
replacing quarks by scalars in QCD.

The maximal transcendental part is exactly the same in QCD and
scalar Yang-Mills theory!

@Ew — qqg —————> P — oy
tr(F,, ") — qqg —> tr(F,, FH) — dog

The maximal transcendental principle is
insensitive to the spin!
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Summary

Analytical Higgs to 3 parton amplitude at two loops.

Extend the maximally transcendental principle to H — qQqg
amplitude.

Various examples showing the universality of maximally
transcendental principle. It is insensitive to the exact form and
type of the operators, or the spin of the external particles.



Outlook

® Test the maximal transcendental principle in Higgs to 4 parton

amplitude.

Even more constraints than maximal transcendentality principle.
Towards the determination of scattering amplitude by physical
constraints.



Thank you!



