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gg — HH

a NLO: approximations vs. exact
a NNLO: large m;
a N°LO: m; —

Matthias Steinhauser — Higgs boson pair production — RADCOR 2019



Double Higgs production in SM ﬂ(“
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Double Higgs production in SM (2) ﬂ(“

stitute of Technology

[Baglio,Djouadi,Gréber,Mihlleitner,Quevillon,Spira’12]
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AHHH from gg — HH A“(IT

Standard Model: gauge Q, Olyweaks Os
Yukawa  yf ~ my

Higgs V= ImZH? + AvH® + 4 H*
mZ =2 v A =0.13...
not yet measured

A from H pair production (?)
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AHHH from gg — HH A“(IT

Standard Model: gauge Q, Qlyweak, Xs
Yukawa  yr ~ my

Higgs V= ImZH? + AvH® + S H*
m? =2 \v2 e A =0.13...
not yet measured
A from H pair production (?)

’
7
!
[
!
I

very challenging; combine bbbb, bbr* 7=, bbyy, bbVV
ovis: anxiv:isossse); —11.8 < A\/Agm < 18.8
[ATL-PHYS-PUB-2019-009]; —3.2 < )\/)\SM <11.9
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99 — HH at NLO: known results AT
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QQQQQ -—-

& 00000
3

LO [Glover, van der Bij'88; Plehn,Spira,Zerwas’96]

NLO for My —» OO [Dawson,Dittmaier,Spira’98]

NLO incl. 1/m, terms [Grigo.Hoff,Melnikov,Steinhauser'13; Degrassi,Giardine, Grber 16]
NLO exact (real rad.): [Maltoni,Vryonidou,Zaro'14]

NLO Padé: [Gréber,Maier,Rauh’17]

NLO small-pr: Bonciani begrassi Giardino, Grober 18]

NLO high energy: paviesMishima,steinhauser. Wellmann'18'19; Mishima18]

NLO exact (numerical): [Borowka,Greiner,Heinrich,Jones, Kerner,Schlenk,Schubert, Zirke'16]

[Baglio,Campanario,Glaus,Muhlleitner,Spira,Streicher'18]
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LO: exact vs s, t > m? > m? expansion
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Non-planar Mis

XX

Gi3(1,1,1,1,0,1,1,0,0)

XX

Gs3(1,1,1,1,0,2,1,0,0)

G51(1,1,0,1,1,1,1,0,0)

Gio(1,0,1,1,1,1,1,0,0)

Ga7(1,1,1,0,1,2,1,0,0)

—(+a)?

/
/

Go1(1,1,1,1,0,1,1,0,0)

(L +42)%)?

Ga7(1,0,1,1,2,1,1,0,0)

(12 +@1)*)?

Gaa(1,1,1,1,1,1,1,0,0)

/
/

/

/

/

/

Gas(1,1,1,1,1,1,1,-1,0)

—(l +q1)?

Gs3(1,1,1,1,1,1,1,-2,0)

—(l2+42)?

Gis(1,1,1,1,1,1,1,0,~2)

(1 + 94)%)?

G51(1,1,1,1,1,1,1,0,0)

(12 +a2)%)?

Gs1(1,1,1,1,1,1,1,-1,0)

total: 161 Mlis(s, t > m?)

Gsi(1,1,1,1,1,1,1,0,—1)
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Gsi(1,1,1,1,1,1,1,-2,0)

Gsi(1,1,1,1,1,1,1,0,-2)
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Compute Mis ﬂ(“

ftute of Technology

w differentiate Mls (X = s, t, m?)

d - 5
aJ:M(S, t,m? e)-J

a eXpand in m,z > ansatz see, e.g., [Melnikov, Tancredi,Wever'16]
i 2\ 2\ k
J o= D > > Culs,t)é (mf) log(mf)
i j k

> system of linear equations for Cj(s, t)
a solution requires BCs for m; — 0
w compute Mis such that Fiyi, Fhox1, Fhox2 are available up to m32

[Davies,Mishima,Steinhauser,Wellmann'18'19; Mishima’18]

3m?
M = ey peay (MIAY + MoALY) My~ — Fipi + Fhox1 Mz ~ Fyoyxo
i
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NLO Vj, for pr = 250 GeV

T
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[Davies,Heinrich,Jones,Kerner,Mishima,Steinhauser,Wellmann’19]
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From NLO to NNLO ﬂ("

d

Q0 -—- QRQ0Q -—-

m exact: NO

a high-energy: box integrals with s, t and m;
> 3 scales: not yet at 3 loops (NNLO)

m large-m;: tadpoles + massless triangles (+ 1-loop massless box)
o> 1-scale integrals: doable at 3 loops

a threshold: some non-analytic terms (crevermaier,Raun17)
(s ~ 4m?)
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NLO approximation for gg — hh:
, N
large-m; + threshold + Pade (IT

[Grober,Maier,Rauh’17]

0.00080
0.00070 [ Pr =100 GeV 1
0.00060 [ ]
0.00050 [ x.x“**%ﬂﬂ%%%%% ]
s - i
S 0.00040 F ,’ ]
> 4
0.00030 F $
£ g
0.00020 [ & full .
. reweighted HEFT
0.00010 [ * [n/m] w/o thres 1
* [n/n+0,2] ——
350 400 450 500 550 600 650 700
]\/[HH [GeV]
. .. large-m;:upto 1/md
input for Padé: ge-m: up to 1/m; , o
threshold: non-analytic terms (“logs”)
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NNLO approximation for gg — h:
large-m; + threshold + Pade (Davies
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NNLO approximation for gg — hh:
, A
large-m; + threshold + Pade (IT

a large m;
= expansion up to order 1/m{ for cross section (arigo,Hoft steinhauser 15]
a form factors Fiox1, Fbox2 Up to order 1/ m? [Davies,Steinhauser19]
Firi up to order 1/m}*

a Expansion:
(afew x > 96 GB RAM, 12 cores; stored expression )
m Projection/integration:
(tasks are simpler: > 8 GB RAM, 4 cores; total time )

m heavy use of modern (T)FORM commands: [Ruij,Ueda,Vermaseren'17]
e.g. ArgToExtraSymbols

a theshold input from (crsbermaier,Raun'17)
> promising to obtain stable Padé results Firi: [Davies GroberMaier Rauh,Steinhauser19]

Fboxl ; Fb0X2 .[Davies,Gréber,Maier,Rauh,Steinhauser, WIP]
--- --- --- [CTTy - --- .
m,-, E@.-_ EEDH_ mg,.u \\;%%;D.,_
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NNLO real corrections for large m; AT

qu,v,;uf ---

@ my—oo:use NNLOgg — H + : + Cuy

’ [de Florian,Mazzitelli'14; Grigo,Melnikov,Steinhauser’'14]
a Motivation for 1/m? terms: input for Padé approximation (or similar)

a known numerically: gg — HH + gg and gg — HH + qq

[Grazzini,Heinrich,Jones,Kallweit,Kerner,Lindert,Mazzitelli’18]
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NNLO real corrections for large m; Q(IT

- Q009 -

1-loop2 — 4

Q0000

a use optical theorem

= asymptotic expansion for m? > mf,, s

1 and 2 loops

2 - 2
m; my, s
3-loop 3- and 4-particle cuts pHus wir

and 2-loop 3-particle cut prusi9
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NNLO real corrections for large m; (2)

T
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map to
amplitude — integral
family
diff. egs. Fuchsian
. form
— in — i1
X =k, /s epsilon
[Prausa’17]

IBP
reduction
FIRE

[Smirnov]

€ form
LIBRA
[Lee] [Henn'13]

minimal
set of Mls

solution
Goncharov
polylogs
ginac
[Vollinga,Weinzierl'05]|
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NNLO real corrections for large m; (2) A

Karlsruhe Institute of Technology

IBP
map to . .
. . reduction minimal
amplitude — integral — FIRE — tof MI
family setorMis
[Smirnov]

Fuchsian solution
diff. egs. € form Goncharov
. form

— in — . — LIBRA —  polylogs
> epsilon .
X = mH/S [Lee] [Henn'13] ginac

[Prausa’17]

[Vollinga,Weinzierl'05]|
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NNLO real corrections for large m; (2)

IBP
map to ]
amplitude ~ —  integral _, reduction -
i FIRE
family
[Smirnov]
diff. egs. leifnhS'aﬂ  form
- n — : — LIBRA N
I epsilon
xX= mH/S [Lee] [Henn'13]
[Prausa’17]

minimal
set of Mls

solution
Goncharov
polylogs
ginac
[Vollinga,Weinzierl'05]|

—»

E: X— &
0,1,1/4,—1,—1/4,e*™/3 —1/3

apply variable transformations, e.g., x = ﬁ
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NNLO real corrections for large m; (2)

T

Karlsruhe Institute.

map to
amplitude — integral —
family
diff. egs. Fuchsian
. form
— in — .
I epsilon
x=my/s
[Prausa’17]

IBP
reduction
FIRE

[Smirnov]

e form
LIBRA —
[Lee] [Henn'13]

minimal
set of Mls

solution
Goncharov
polylogs
ginac
[Vollinga,Weinzierl'05]|
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NNLO real corrections for large m; (2) AT

Karlsruhe Institute of Technology

IBP

map to reduction inimal
amplitude — integral — FIRE — mltmr?i/ll

family setorMis
[Smirnov]

Fuchsian solution
diff. egs. € form Goncharov
. form

— in — . — LIBRA —  polylogs
) epsilon K
X =mg/s [Lee] [Henn'13] ginac

[Prausa’17]

[Vollinga,Weinzierl'05]|
expand in > alternative: use diff. egs. to obtain
0=+/1—4mi/s L

— PolvLogTools expansion in §
y-og (>500 terms possible)
[Duhr,Dulat'19]
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NNLO real corrections for large m; (2) Q(IT
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NNLO real corrections for large m; (3) ﬂ(IT

Cross section for n3 diagrams

TOTD IO :ijﬁrr”“ Ny

:EZEJ:{:: T | [ e
I T i 2 M B

= expansion up to 1/m?

¢ 3

m combine with virtual corrections [Grigo,Hoff,Steinhauser'15; Davies,Steinhauser'19]
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NNLO real corrections for large m; (3) A

Karlsruhe Institute o

Cross section for n3 diagrams
= expansion upto 1/mg

® combine with virtual corrections [Grigo,Hoff,Steinhauser'15; Davies,Steinhauser'19]
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N3LO: m; — 0o AT
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Lo = —HC0Os + 15 Cp0; Oy =-G,, /4
123 ””” and 2@ have same operator

> most parts can be taken over from gg — H
N3LO: [Anastasiou,Duhr,Dulat,Furlan,Gehrmann,Herzog,Mistlberger'14]

NEW for gg — HH:

e
§ [de Florian,Mazzitelli'14]
©
o
a NLO: NNLO: g
: __ Cun#Cx
- N -
[Grigo,Melnikov,Steinhauser'14]
g -_- -
S.a,um/ g
a N3 LO g b [Banerjee,Borowka,Dhani,Gehrmann,Ravindran’18]
¢---  ud -

CHH ;é CH [Spira’16; Gerlach,Herren,Steinhauser'18]
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CuH to 4 loops AT
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Lo = —2CrOr + %%ZCHHO1 Crr = Ch + D
Apyy =0
Q0000 :::
3 Apy =0
e -
_ 172 11 5 1
AHH = §CA — @CACF - gCATF + §CFTF + nICFTF

[Grigo,Melnikov,Steinhauser'14]
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Cui to 4 loops A
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Log = —HCHo + %’%:CHH@ ChH = CH + Apn
Apyy =0
. -
_ 7,2 1 5 1
Apy = §C3 — 5 CaCF — 3CATF + 5C¢Tr + CeTE

[Grigo,Melnikov,Steinhauser'14]

Apy =7

000000000

~
~
~
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Renormalization and matching ﬂ(“

@, .-

-4

& A A - - - -

00000000

a Tricky renormalization:
(O104)7" = (20, ){O101)P¢ + 71 (Oy) P =1+ 0(af)

[Zoller'16]
a Matching ?

2 ff 2 72 ff _ h h
(CrHZo, + CuZ1 )AL o 1p1 + CHZ6,AT0 1pR A=0 = ATp1 T ATPR A=0

[Gerlach,Herren,Steinhauser'18]
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Apy AT
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[Gerlach, Herren Steinhauser'18]

A =205 - 1124849 CiCr — SN CaTr + 2 CaCE + S CACFTr + — CaT?
— 7CFTF + = CFT,: + |: CA — EC/.\C;: fCATF + — CACFTF:| In ('Li)
48 12 M2
+nTE l:_70A + *C Cr + @CATF — fCF + —CFTF:|
144 216

9 3

2 5 MZ
nCrTEIn
3/r':F (Mtz

ispirai6] LOW-energy theorem: [Cy=— C’;’: Bim,é-o‘s [Chetyrkin,Kniehl, Steinhauser'98]]

m 52 5 6
o= 2o -2 (220 o = (o 0l

s[5 1 7 o 11 2 u?
+n T¢ [*CA-Q- *CF:| + Tk |:_7CA+ — CaCF — *CFTF:| In (7
72 12 4 M,Z
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Conclusions A“(IT

m LO, NLO: exact
a NLO: many approximations

m exact result is expensive! & combine approximations and exact result
a test bed for NNLO

w NNLO: large-my (virt. + real)
m N3LO: effective-theory (m; — oo)

a Cpyy to 4 loops
m cross section in reach
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