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1. LO, including full mr dependence

Glover, van der Bij 88

2. NLO ( m¢ — 00O limit)

Plehn, Spira, Zerwas 96, 98; Dawson, Dittmaier, Spira 98

including full m7 dependence in real radiation
Maltoni, Vryonidou, Zaro 14

including 1/m7p expansion
Grigo, Hoff, Melnikov, Steinhauser “13; Grigo, Hoff, Steinhauser "15
Degrassi, Giardino, Grober "16

3. NNLO ( m¢ — 00 limit)

De Florian, Mazzitelli 13

including all matching coetticients
Grigo, Melnikov, Steinhauser “14

including 1/mp expansion
Grigo, Hoff, Steinhauser 15

NNLL soft gluon resummation
Shao, Li, Li, Wang "13; de Florian, Mazzitelli "15
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> Z’;ga EFT valid for /s < 2mry
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| I ?;Zg);;*"' Higgs pair production:
oo 2mpyg < \/g

 Born improved NLO HEFT

dUNLO my — OO
donio ~ do LT = dm(fn - OOQ doro(me)

Spira et al. (HPAIR)
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e mr — 00 limit (Higgs EFT) | | _}}::«-

* Born-improved NLO HEFT

HEFT _ donro(ms — 00)

dUNLO ~ dO_NLO dO'LO (mt RN OO) dULO (mt) K ~ 2

Spira et al. (HPAIR)

e further improvements:

Maltoni Vryonidou, Zaro "14 Grigo, Hc6>ff, Melnikov, Steinhauser "13
2
V.HEFT B no My +10%
doNTo -10% Teap = Db P =
R 51O
donro(my) oM =00’ 15
exrp
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e mr — 00 limit (Higgs EFT) | | _}333::«-

* Born-improved NLO HEFT

HEFT _ donro(ms — 00)

dO-NLO ~ dUNLO dO'LO (mt RN OO) dULO (mt) K ~ 2

Spira et al. (HPAIR)

e further improvements:

Maltoni Vryonidou, Zaro "14 Grigo, Hoff, Steinhauser "15
V.HEFT = my +10%
doNTO -10% Texp = Zn I
dO‘NLO d LO/dQ2
don; o(m NLO _ /d 2 0exp OO
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e mr — 00 limit (Higgs EFT) | | _}}::«-

* Born-improved NLO HEFT

HEFT _ donro(ms — 00)

dUNLO ~ dUNLO dO'Lo(mt - OO) dO’LO(mt) K ~ 2

Spira et al. (HPAIR)

e further improvements:

Maltoni Vryonidou, Zaro "14 Grigo, Hoff, Steinhauser "15
V.HEFT = my +10%
doNTO -10% Texp = Zn P P2
dO‘NLO d LO/dQ2
don; o(m NLO _ /d 2 0exp OO

mass effects largest uncertainty

—calculation with full mass dependence needed
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MOost compllcated iIntegrals not known analytlcally
— numeric calculation using SecDec
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LO and Real Radiation

- Gosam

Cullen, van Deurzen, Greiner, Heinrich, Luisoni,
Mastrolia, Mirabella, Ossola, Peraro, Schlenk,

- dipole "

von Soden-Fraunhofen, Tramontano

e Virtual Corrections — GoSam- 2Loop

(e Reduze A
von Manteuffel, Studerus 12
e FIRE

Smirnov, Smirnov "13
e LiteRed
\ Lee "13 /

------------------------

'0

Mastrolia, Ossola, Peraro,
Schubert

-----------------------

A )
<

—talks by Mastrolia, Ossola

subtraction
Catani Seymour

Ch|s calculation )

-----------------------

-----------------------

reduction €+—> amplitude generatlon <+—> |o0p Integrals

g GoSam-2L.oop

GoSam-1L collaboration +
Jahn, Jones, MK, Zirke

using QGRAF (Nogueira "93)

@d FORM (Vermaseren et al. ‘12) ‘

: using QGRAF, Reduze, Mathematica

" H (ki)

‘e SecDec

Borowka, Heinrich, Jahn,
Jones, MK, Schlenk, Zirke

-------------------------
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LO and Real Radiation

- Gosam

Cullen, van Deurzen, Greiner, Heinrich, Luisoni,
Mastrolia, Mirabella, Ossola, Peraro, Schlenk,

- dipole "

von Soden-Fraunhofen, Tramontano

e Virtual Corrections — GoSam- 2Loop

/e Reduze )

von Manteuffel, Studerus 12

e FIRE

Smirnov, Smirnov "13

e | iteRead
\ Lee "13

------------------------

Mastrolia, Ossola, Peraro,

. Schubert N

-----------------------

—talks by Mastrolia, Ossola

subtraction  #
Catani Seymour

Ch|s calculation )

-----

g GoSam-2L.oop

GoSam-1L collaboration +

: using QGRAF, Reduze, Mathematica

-----------------------

------------------

Borowka, Heinrich, Jahn,
Jones, MK, Schlenk, Zirke

-------------------------

» integrand reduction’(HH: 2nd implementation ). Mastrolia, Schubert
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* tensor structure Giover, van der Bij 88

M = el-l(pla nl)el/(p27 TLQ) M

Aq(s,t,m3,mi, D) T!" + As(s,t,m3, m;:, D) T4

MM =
with — triangle diagrams gg—H—HH
WH = M = _Alpr only contribute to A+
" = ¢ - Pi o M = M_+=—A2J

D1 P2
v v 1 v v v
Y = ¢+ {mip{ ps — 2 (p1 - ps) Py Ph — 2 (D2 - p3) Py P +2 (p1 - p2) P s }

° p7 (p1 - p2)

* projectors
v v PPUMV:Al(Stmz m2D)

PHY — T L Yy
construct 1 an i such that PYYM,, = As(s,t,m3,m;,D)

J

Matthias Kerner — Higgs boson pair production in gluon fusion at NLO — Loops and Legs, April 26, 2016 12



Reduction to master integrals using Reduze

* integral families with 9 propagators:
5(3) planar(non-planar) families Integrals 1-loop 2-loop

* full dependence on

2 2 T —
s, t, Ty, T Challenglng |

. e . + Symmetries 21 1601
= simplification: fix "7 w0 b
my = 173GeV, myg = 125 GeV . ~260-270
o , + IBPs 3 i _
* (mostly) finite basis - currently: 327
von Manteuffel, Panzer, Schabinger
* non-planar sectors still unreduced
Non-planar integrals rewrite inverse prop. — scalar products

+ ky1)? 2
/ddplddpz (P 5 ) f(pi, ki) = /ddplddPQ (1 + = )

/ P1 p1 /p1

rank-2 rank-1

up to 4 inverse propagators — up to rank-4 tensors
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SecDec
* sector decomposition of loop integrals Binoth, Heinrich

e contour deformation Nagy, Soper
— numerical integration possible

v

interface |

\

Amplitude & numerical integration

* using Quasi-Monte-Carlo (QMC) integration
O(n~") scaling of integration error

* split each integral into sectors

* dynamically set n for each integral, minimizing

T= ) t¢+>\<02—20§> o; =cit;°

integral ¢
o; = error estimate (including coefficients in amplitude)

A = Lagrange multiplier o = precision goal
* avoid reevaluation of integrals for different

orders in € and form factors
e parallelization on gpu

fQI\/IC rank-1 lattice rule\

L] ° R
» ° °

{...} = fractional part "> """

g = generating vector

&k — randomized shift

m different estimates 17 ...1,,

t error estimate J

Review: Dick, Kuo, Sloan
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Vs = 327.25GeV, vV—t = 170.05GeV, M* = s/4

contributing integrals:

integral value error  time [s] g
F1.011111110_0rd0 (0.484, 4.96e-05)  (4.40e-05, 4.23¢-05)  11.8459
~ 700
N3_111111100_k1p2k2p2-ord0  (0.0929, -0.224)  (6.32e-05, 5.93e-05)  235.412 : 1
N3_111111100_1_ord0 (-0.0282, 0.179)  (8.01e-05, 9.18¢-05)  265.896 Integrals
N3_111111100 k1p2klp2_ord0  (0.0245, 0.0888) (5.06e-05, 5.31e-05) 282.794

3_111111100_1\:14;@ (-0.00692, -0.108)  (3.05¢-05, 3.05¢-05)  433.342

2 2 MZ % —4 A_Q A—l

I(S, t, mt,mh) —_ — W F(3‘|‘2€)M 62 _|_ 61 _'_AO +O(€)
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contributing integrals:

integral

Vs = 327.25GeV, /—t = 170.05GeV, M?* = s/4

value error

time [3 3

F1.011111110_ord0

N3_111111100_k1p2k2p2_ord0
N3_111111100_1_ord0

N3_111111100 k1p2klp2_ord0
3_111111100_5@

2 2e
I(s,t,m?,m;) = — <,u_> (34 2¢)M~* (

M2

sector decomposition

(0.484, 4.96e-05)

(0.0245, 0.0888
(-0.00692, -0.108

\

(4.40e-05, 4.23e-05)  11.8459

~ 700
} integrals

235.412
265.896
282.794
433.342

(0.0929, -0.224
(-0.0282, 0.179

(6.32e-05, 5.93e-05)
(8.01e-05, 9.18¢-05)
(5.06e-05, 5.31e-05)
(3.05e-05, 3.05e-05)

N—r e e N

A_ A_
22 ™ 11 + Ao +O(€>>

€ €

sector integral value error  time |[s] #points
5! (-1.34e-03, 2.00e-07) (2.38e-07, 2.69e-07) 0.255 1310420
6 (-1.58e-03, -9.23e-05)  (7.44e-07, 5.34e-07) 0.266 1310420
41 (0.179, -0.856)  (1.10e-05, 1.22¢-05)  29.484 79952820
42 (0.359, -1.308)  (1.40e-06, 1.58e-06) 80.24 211436900
44 (0.0752, -1.185)  (5.44e-07, 6.76e-07)  99.301 282904860
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contributing integrals:

Vs = 327.25GeV, vV—t = 170.05GeV, M* = s/4

integral value error  time [s] g
)
F1.011111110_ord0 (0.484, 4.96e-05)  (4.40e-05, 4.23e-05) 11.8459
N3 111111100 k1p? N3_111111100_k1p2_ord0, sector 44 9 } ~ 700
_ _ -1 .
N3.1111111001orc [ < = T T o 96 integrals
N3 111111100 K1p2  °, T "=
3111111100 k1p2 ™ [ TN T N - B
- 0% T —
B N -
Foytymdymd) = = | 5 109 [ Nt -
N T— A NS — S—
1008~ S R —
o | OMC e
10° =W — o I \ ””””””””” -
10— im —— A O —
sector in 10-11 | Ll . W Ll Ll ||
5 (-1.34e-0 10°* 10° 10° 10’ 10° 10° 10'°
(Function Evaluations/m)
6 (-1.58e-0: "
41 (0.179, -0.856)  (1.10e-05, 1.22e-05)  29.484 79952820
42 (0.359, -1.308)  (1.40e-06, 1.58e-06) 80.24 211436900
44 (0.0752, -1.185)  (5.44e-07, 6.76e-07)  99.301 282904860
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contributing integrals:

Vs = 327.25GeV, vV—t = 170.05GeV, M* = s/4

integral value error  time [s] 3
)
F1_011111110_ord0 (0.484, 4.96e-05)  (4.40e-05, 4.23e-05) 11.8459
N3 111111100 k1p? N3_111111100_k1p2_ord0, sector 44 9 } ~ 700
_ — -1 .
N3.1111111001orc [ < = T T oo 96 integrals
N3 111111100 K1p2  °, T -
3111111100 k1p2 ™ [ N~ T/ B
— 10t e T o -
R N -
oty mymi) = — | B 409 o Nt -
N T— A NS — S—
1008~ S R —
o | OMC —-—
107 =1 — o e \ ””””””””” N
10— 1n —— T e —
;ector — lg 10-11104 | | 1|(|)5 | | 1|(|)6 | | 1|(|)7 | | 1|(|)8 | | -;(|)9 | |1|010 amplitude result:
6 ((_1 5 866;) - n (Function Evaluations/m)
S gpu time: 2 h
41 (0.179, -0.856)  (1.10e-05, 1.22e-05) 29.484 79952820
42 (0.359, -1.308)  (1.40e-06, 1.58e-06) 80.24 211436900 daccuracy
44 (0.0752, -1.185)  (5.44e-07, 6.76e-07) 99.301 282904860 F1 (F2): 0.2% (11‘70)



O calculation

oV with 2.5% accuracy
 |Importance

sampling: unweighted events }

\

sampling points
virtual amplitude |

using

665 phase-space points

e Accuracy goal: - 3% for form factor F+
- 5-20% for form factor Fo (depending on Fo/Fq)

* Run time: - 80 min-2d (2wall-clock limit)
(gpu time) - median: 2h

* one point at s/m? = 4.01 excluded (huge integration error)
(stable results for points at s/m? = 3.98 and s/m; = 4.05)

19



Real Emission / Subtraction Terms

* Independence of dipole-cut « parameter Nagy 03
* Agreement with Maltoni, Vryonidou, Zaro "14

Virtual Corrections

 [wo calculations of amplitude up to reduction
« Amplitude result invariant under t< u
 Pole cancellation

Harlander,Liebler, Mantler
 Agreement of contributions gg = H — HH with SusHi

« Convergence of 1/mp expansion towards full result
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comparison with HEFT and expansion in 1/m;

S rr—----— ]
: — VNzl/VN:() —V :3/VN:0 7 ~ virt ~L.O dé‘LO(G)
. 1 VN =(dol, v + d0ep, n(€) @ ) —
7 : VN=2/VN=0 — V/VN=0 : ( PN p.v (€) ) da&X%,N(e)
5 B

- . N A 2p
| w doexpn = Y do” (—)

3 ‘h_\_,_l_  — . p=0 e

o e Ae (V5 Vi Vim

1.50 - — Vi=1/Vi=o — V=3/Vn=o -

1.95 ! Vi=2/Viizo — V/Vy—o ] B
| _\_’_’_1— e j Vi=Vy-—

LOOF == — — —. === - - — - By

0.75 | ‘_‘—\_\ﬁ ]
300 350 400 450 500 550
™mMuh [GGV]

Matthias Kerner — Higgs boson pair production in gluon fusion at NLO — Loops and Legs, April 26, 2016 21



0.20 ——7F——"———"—F——— - T — T 025||| T T I
[ — LO i T — LO
. i Lo — NLOHEFT ] . _ - — NLOHEFT ]
= 0.15F =L — NLOFTapprox ] = 0201 - = — NLOFTapprox |
% ; — NLO - 2 o1sk — NLO ’
< 010} — y % 5 Sl
S 3 S 0.10F = — .
5 : —— = i B
E 0.05 | S 0.05 ] i
:— E=‘ : = . :
0.00 p— :::::::::::::::::::l?:=:_ 0.00:::::l:::::::::::::::::::::::::T?%
=== | 3'25"%
= 0.8 —I_LL“\_.__\_I’_ %06k
06||||| 04|||||||
300 400 500 600 700 800 0 50 100 150 200 250 300 350 400
muhn [GeV] P1.h [GGV]
N L 13 :
oNEO = 32,8013 fb 4+ 0.4% (stat.) + 0.1% (int.)
—12%
: _ NLO __ +18%
Born-improved HEFT: o ppr = 38.327 ¢, 1b
28
LO: otO =19.85T2% fh
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Higgs pair production at NLO

e full m;dependence
e reduce cross section by 14% relative to Born-improved HEFT
— relevant contribution to cross section

* numerical integration of loop integrals using SecDec
- new interface to amplitude code
- dynamically adjust #sampling points
- Quasi Monte Carlo

e First step towards automated 2-loop calculations using GoSam-2L
more details: — talk by Stephen Jones
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Backup
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 master integrals

known analytically
3-point, 1 off-shell Ieg 3-point, 2 oft-shell leg

9 "06000000)

g Q0000
Spira, Djouadi et al. "93, 95
Bonciani, Mastrolia 03, 04 |
Anastasiou, Beerli et al. *06 — generalized HPLs,

—HPLs 12 letters

Gehrmann, Guns, Kara 15
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5 O.NLO [fb]
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SV(DF)+H ——

SV4+H -----
P
p!
p’
- p?
Z p!
= p°
p°

300 400 500 600 700 800
Vs [GeV]

Grigo, Hoff, Steinhauser 15
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Slawinska, van den Wollenberg,
van Eijk, Bentvelsen 14
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do/dQ (fb/GeV)

0.00 -

0.20
0.15
0.10

0.05

5 1.6 }’ _’1:__________..'.‘-‘.—.:-.-..—:,
B
O |reeesseressenes e
, , D 08 i
de FlOHan, MaZZ|te||| 15 00 400 500 &0 00 300 400 s00 60 700
Q (GeV) Q (GeV)
o = Q | NNLO (fb) scale unc. (%) NNLL (fb) scale unc. (%) PDF unc. (%) PDF+ag unc. (%)
8 TeV 9.92 +9.3 — 10 10.8 +5.4—5.9 +5.6 — 6.0 +9.3 —9.2
13 TeV 34.3 +8.3 — 8.9 36.8 +5.1 — 6.0 +4.0 — 4.3 +7.7—=7.5
14 TeV 40.9 +8.2 — 8.8 43.7 +5.1 — 6.0 +3.8 —4.0 +7.5—-17.3
33 TeV 247 +71-74 259 +5.0 —6.1 +2.2 —-2.8 +6.1 — 6.1
100 TeV 1660 +6.8 = 7.1 1723 +5.2 —6.1 +2.1 -3.0 +5.7— 5.8
po = Q/2 | NNLO (fb) scale unc. (%) NNLL (fb) scale unc. (%) PDF unc. (%) PDF+ag unc. (%)
8 TeV 10.8 +5.7 — 8.5 11.0 +4.0 — 5.6 +5.8 — 6.1 +9.6 — 9.3
13 TeV 37.2 +5.5 — 7.6 37.4 +4.2 — 5.8 +4.1 —4.3 +7.8—-7.6
14 TeV 44.2 +5.0 — 7.6 44.5 +4.2 -5.9 +3.9 —4.1 +7.6 —7.4
33 TeV 264 +95.3 — 6.6 265 +4.6 — 6.1 +2.4 —2.7 +6.3 — 6.1
100 TeV 1760 +5.3 — 6.7 1762 +4.9—-64 +2.2 —-3.1 +6.2 —-7.0
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