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Double Higgs production in SM (2) AT

Karlsruhe Institute of Technology

[Baglio,Djouadi,Gréber,Muhlleitner,Quevillon,Spira’12]
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[CMs-PAS-HIG-17-030]) —11.8 < )\//\SM < 18.8
[ATLAS-CONF-2018-043]; —5.0 < )\/)\SM <121
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99 — HH: known results

Karlsruhe Institute of Technology

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

m NLO for My —» OO [Dawson,Dittmaier,Spira'98]
NLO incl. 1/m; terms (arigoHoftMeinikov,Steinhauser13; Degrassi Giardine, Grdber16]
NLO exact (real rad.): meattonivryonidou,zaro'14]
NLO exact (numerical): [Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk, Zicke'16]
NLO Padé: [Grober,Maier,Rauh'17]
NLO smaII-pT: [Bonciani,Degrassi,Giardino,Grober 18]

a NNLO mt — Q0 [de Florian,Mazzitelli'13; Grigo,Melnikov,Steinhauser’'14]
NNLO incl. 1/mt terms [Grigo,Hoff,Steinhauser'15]
NNLO finite'mt apprOX. ...,[Grazzini,Heinrich,Jones,Kallweit,Kerner,Lindert,Mazzitelli'18]

a NSLO CHH [Gerlach,Herren,Steinhauser'18]
NSLO maSS|eSS 2-|00p bOX diagl’ams: [Banerjee,Borowka,Dhani,Gehrmann,Ravindran’18]

m resummations [Shao,Li,Li,Wang'13],.. . ,[de Florian,Mazzitelli'18]
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Why high energy/small-m; limit at NLO? AT

Karlsruhe Institute of Technology

a Independent cross check of exact numerical calculation

[Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk,Zicke'16]

a Combine with large-my;, threshold, small-pr expansion
[Grdber,Maier,Rauh’17; Bonciani,Degrassi,Giardino,Grober’18]

o> efficient approximation
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Why high energy/small-m; limit at NLO?

T A
this talk

>

center of mass energy
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Why high energy/small-m; limit at NLO? AT

Karlsruhe Institute of Technology

a Independent cross check of exact numerical calculation

[Borowka,Greiner,Heinrich,Jones,Kerner,Schlenk,Zicke’16]

a Combine with large-my;, threshold, small-pr expansion
[Gréber,Maier,Rauh’17; Bonciani,Degrassi,Giardino,Gréber'18]

o> efficient approximation
a techniques and Mls useful for other processes
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LO: exact vs s, t > m? > mZ expansion

SKIT

Karlsruhe Institute of Technology
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Techniques
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Generation of amplitude/reduction to
Mis

a Amplitude
qgraf [Nogueira], q2e/exp [Harlander,Seidelsticker,Steinhauser]
FORM 4 . 2 [Ruijl,Ueda,Vermaseren’'17]

a Reduction to Mls
FIRE 5.2 [smimovi4, LiteRed [ee3

| my expansion
simple, since H couples to massive top

but: my dependence not explicit
use: LiteRed [ee13

> 10 (LO) + 221 (NLO) Mls
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Minimize Mis AT

221 (NLO) Mls

® use FIRE command FindRules [] (based on tsort paxin)
a apply to many integrals J:

FindRules[J] = J

> extra reduction relations

161 (NLO) Mis
161 = 131 (planar) + 30 (non-planar)

Up to this point the m; dependence is exact
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planar Mis

Karlsruhe Institute of Technology

O OP.CONONNOND =

Gor(0,0,0,0,1,0,1) Go1(1,0,0,1,0,1,0) Goi(1,0,0,2,0,1,0) Go(0,0,1,0,1,1,0) Ga(0.1,0,0,2,0,1)

9(1,0,1,0,0,0,1)

ool B X B X

Go(L 1011000 Gy g1.0,0,1,1) Gra(1,0.1,0,1,0,1) Gra(1,0,1,0,2,0.1) G

(1,0,1,0,1,0,2) Go1(0,0,1,0,1,1,1)

]I 7 > Dot

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

1,0,1,1,1,0,1

Gor(1,1,0,1,0,1,1) Gor(1,1,0,2,0,1,1) Gor(1,1,0,3,0,1,1) Gro(1,1,1,0,1,0,1) Gyz(1,1,1,2,1,0,0) Gro(1,2,1,0,1,0,1)

B A 0 3 B 0 e

Gn(LLL1L1L0,1) Gr(1,1,2,1,1,0,1) Ge(LL,L11L,1L1) Ge(L1,1,1,1,1,2) Ge(1,1,1,1,1,2,1) Gro(1,1,1,0,0,1,1)

>l Deod DeC Lk XX

Ga(1,1,0,1,0,0,0) G20(1,1,0,1,1,0,0) Gao(1,1,1,1,1,0,0) Gas(1,1,0,1,0,1,0) Gas(1,1,0,1,0,2,0) Gao(1,1,0,1,1,0,1)

> 10 20 A A X[

Gagl1,1,1,1,0,1,0) G33(1,1,0,1,1,1,0) Gss(1,1,0,1,2,1,0) Gor(1,0,1,1,1,1,0) Gor(1,0,1,1,1,2,0) Gao(1,1,1,1,1,0,1)

A 0 G I e

Gis(1,1,1,1,1,1,0) Gao(1,1,1,1,1,1,1) Gao(1,1,1,1,1,1,2) Gao(1,1,2,1,1,1,1) Gao(1,1,1,1,1,2,1)

772(1,0,2,1,1,0,1) Ge(1,1,0,1,1,1,0)  Gg(1,1,1,1,1,1,0)

[Davies,Mishima,Steinhauser,Wellmann'18]
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non-planar Mis

DX XX

Ga3(1,1,1,1,0,1,1,0,0)  (35(1,1,1,1,0,2,1,0,0)  Gs1(1,1,0,1,1,1,1,0,0)  Giso(1,0,1,1,1,1,1,0,0)

Ga7(1,1,1,0,1,2,1,0,0) Go1(1,1,1,1,0,1,1,0,0) G47(1,0,1,1,2,1,1,0,0) Gs3(1,1,1,1,1,1,1,0,0)

—(l1 +1)? I +q1)?)?

IX X

Ga(1,1,1,1,1,1,1,-1,0) Gas(1,1,1,1,1,1,1,-2,0) Gas(1,1,1,1,1,1,1,0,-2)  Gs1(1,1,1,1,1,1,1,0,0)

—(l +@)?

(12 + 42)%)?

Gs1(1,1,1,1,1,1,1,-1,0)  G51(1,1,1,1,1,1,1,0,—1)  Gs1
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(1,1,1,1,1,1,1,-2,0)  Gs1(1,1,1,1,1,1,1,0,—2)

[ ¢

Karlsruhe Institute of Technology

[Davies,Mishima,Steinhauser,Wellmann in prep.]
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Non-planar Mis (T

Karlsruhe Institute of Technology

AT N AT TN -

m crucial: choice of nice basis such that coefficients of (7-line) Mls
have no poles = MIs/BCs only needed up to weight 4

m find such a basis by considering massless case

S A Y A

Gar(1,1,1,0,1,2,1,0,0)  Goi(1,1,1,1,0,1,1,0,0)  Gar(1,0,1,1,2,1,1,0,0)  Gaa(1,1,1,1,1,1,1,0,0)
—(h +a2)? (L +40)%)? (12 +q1)

Gs3(1,1,1,1,1,1,1,-1,0)  Gss(1,1,1,1,1,1,1,-2,0)  Gs3(1,1,1,1,1,1,1,0,-2) (1,1,1,1,1,1,1,0,0)
—(h +a)? —(l2+42)? ((h +a4)?)? (2 + 42)2)2

Gs1(1,1,1,1,1,1,1,-1,0)  G51(1,1,1,1,1,1,1,0,=1)  Gs1(1,1,1,1,1,1,1,-2,0) Gs1(1,1,1,1,1,1,1,0,-2)
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Compute Mis ﬂ(“

w differentiate Mis (X = s, t, m?)
d - -
d7J - M(S) ta mt2’ 6) -J

a eXpand il”l m‘t? '::> ansatz see, e.g., [Melnikov,Tancredi,Wever'16]
i (2 2k
Jo= 22> Cils.t)e (mf) log(m?)
ik

> system of linear equations for Cj(s, t)
a solution requires BCs for m; — 0
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Compute BCs (T

Karlsruhe Institute of Technology

® use “expansion by regions” (seneke,smimovos]

asy . I [Pak,Smirnov'10; Jantzen, Smirnov, Smirnov 12]

> Mellin-Barnes integrals for leading m? terms ~ (used: MB.m (czaoros))
a Main method to compute Cjx(s, t):

m set s = —1, keep t dependence
a expand MB integrals around t = 0 (50-250 terms)
= fit basis of HPLs to obtain Cjy(—1, t)

details: [Mishima in prep.]
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Compute BCs ﬂ("‘

m use “expansion by regions” (seneke,smimovos]
asy . I [Pak,Smirnov’10; Jantzen, Smirnov, Smirnov 12]
> Mellin-Barnes integrals for leading m? terms  (used: MB.m (czakonos])
® Main method to compute Cix(s, t):
m set s = —1, keep t dependence
a expand MB integrals around t = 0 (50-250 terms)
= fit basis of HPLs to obtain Cjy(—1, t)
a Example

Cooo = — 8(3 — 24 — 4n® — 77* /15 + (8(3 — 8 + 2072 /3)t
— (572 + 18)% — (44/9 + 1672 /)t — (41/18 + 1172 /12)¢*
— (33/25 + 1472 /25)° — (194/225 + 177 /45)t°

0(m2)0 210
(i) log(mr’) — (4/9 + 407% 147 + - + O(t?)

=—8(1 — t)¢3 — 24 — 4n® — 77* /15 + 87°t/3
+87m2(1 — t)Hi (1) — 4P Ha(t) + 16(1 — t)Ha(t) — 24Hy(t)
4+
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Compute BCs (T

Karlsruhe Institute of Technology

& use “expansion by regions” (seneke sminovas)
asy « Il [Pak,Smirnov’10; Jantzen, Smirnov, Smirnov 12]
> Mellin-Barnes integrals for leading m? terms  (used: MB . m (czakonos))

® Main method to compute Cix(s, t):

m set s = —1, keep f dependence
a expand MB integrals around t = 0 (50-250 terms)
u fit basis of HPLs to obtain Cj(—1, t)

a (some) non-planar MIs compared {0 (udashkinmenikowwever171 & agreement

details: [Mishima in prep.]
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Example: planar Ml

Karlsruhe Institute of Technology

m? expansion vs. pySecDec

[Borowka,Heinrich,Jahn,Jones,Kerner,Schlenk,Zirke*18]
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Example: non-planar MI
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mt2 eXpanSion VS. pySecDec [Borowka,Heinrich,Jahn,Jones,Kerner,Schlenk, Zirke'18]
and FIESTA [Smirnov'15]

T TP, ,

Real part, €°

25 e pySecDec
° FIESTA

Re(G91[1,1,1,1,1,1,1,0,0] - 7)|,__,

)
250 500 750 1000 1250 1500 1750 2000

V5 (G
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Results
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G000 <

Form factors ﬂ("‘

M = 81“u€27,, (M1A'§W + MQA‘LQW)

3m?
H
M1 ~ 72Ftri + Fboxl
S—my
MZ ~ Fh()XQ

m Analytic results for Fiyi, Fhoxi, Fhoxz Up to O(m]®) and O(m2)

a NLO: Cr (planar) and C4 (planar and non-planar) colour factors
a subtraction of IR divergences (cataniss)
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Ftris Fboxls Fbox2
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Vs(GeV)

real and imaginary part; m24 and m;G tel’ms [Davies,Mishima,Steinhauser,Wellmann]
1/m;2 tel'ms from [Grigo,Hoff,Steinhauser'15]
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Ftris Fboxls Fbox2 ﬂ(IT
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Ftris Fboxl; Fbox2 ﬂ(IT
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Ftris Fboxl; Fbox2 (Preliminary)
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Ftris Fboxl; Fbox2 (Preliminary)
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Ftris Fboxl; Fbox2 (Preliminary)
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Conclusions A\KIT

a analytic NLO corrections to gg — HH
® planar and non-planar boxes X
= consider m? < s, t = expand up to m;®

expand up to m2,

Next steps: combine with other limits to construct approximations
(Padeé, ...)
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