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Overview

1. HEFT Results & Motivation

2. Virtual MEs

Tool Chain

Integral Reduction

Numerical Computation of Master Integrals

3. Real Radiation & Cross-checks



Gluon Fusion

1. LO (1-loop), Dominated by top

(bottom contributes ~1%)
Glover, van der Bij 88 —l ..o

Born Improved NLO H(iggs)EFT my — oo K= 2

Plehn, Spira, Zerwas 96, 98; Dawson, Dittmaier, Spira 98
Including m7 in Real radiation -10%

Maltoni, Vryonidou, Zaro 14

Including O(1/mi?) terms in Virtual MEs £10%
Grigo, Hoff, Melnikov, Steinhauser 13; Grigo, Hoff 14; Grigo, Hoff, Steinhauser 15

Born Improved NNLO HEFT +20%

De Florian, Mazzitelli 13

Including matching coefficients
Grigo, Melnikov, Steinhauser 14

Including terms O(1/m#?)in Virtual MEs
Grigo, Hoff, Steinhauser 15

NNLL + NNLO Matching +9%

de Florian, Mazzitelli 15




Virtual MEs

Goal: Compute gg -+ HH @ NLO (2-Loop) including mr
Virtual MEs: g¢g — HH _qqg—HH <— NNLO

Yukawa only (< 4-point) Self-coupling (3-point)

w0~ Reducible .
H(k3/)// Non'planar

\\\\\\

101 Diagrams 21 Diagrams



Virtual MEs: Tool Chain

Partial cross-check: 2 Implementations

f Amplitude Generation
: QGRAF 5
§ foguer 7 GoSam-2Loop g

Cullen et al. 14 + Jahn, SJ, Kerner, Zirke

§ REDUZE 2 using QGRAF & FORM
von Manteuffel, Studerus 12 Vermaseren et al. 12

REDUZE 2/LiteRed/FIRE Integral

Lee 13: Smirnov, Smirnov 13 Reduction

Mathematica GoSam-2Loop §
SecDec & Analytic Results Code
Borowka et al. 15 Generation



Integral Reduction

Tensor integrals rewritten as inverse propagators

. Scalar products:

I(1+1) [ =2 #loops

9 - im m =3 # L.| External momenta

5-

. Choose 8 Integral families with 9 propagators each

Reduction with:

Integrals 1-loop 2-loop
i REDUZE, LiteRed, FIRE
Direct 63 9865 Simplification, fix:
B mp =173 GeV, my = 125 GeV
+ Symmetries 21 1601 . .
y (Mostly) Finite Basis
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' Panzer 14; von Manteuffel, Panzer,
+ IBPs ~260-270 Schabinger 15

(currently 327)
| Complete
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Master Integrals

Known Analytically:

Spira, Djouadi et al. 93, 95; Gehrmann, Guns, Kara 15
Bonciani, P. Mastrolia 03,04;

Anastasiou, Beerli et al. 06;
3-point, 1 off-shell leg 3-point, 2 oft-shell legs
HPLs Generalized HPLs, 12 Letters

Numeric Evaluation:

Up to 4-point,
2 2

4 scales s, t, m7, m%
SecDec

Thanks: Matthias Kerner



Master Integrals: Numerics

SecDec used at amplitude level: oo |

» Avoid reevaluation of integrals o |
* Target accuracy of integrals based |
on contribution to amplitude + i

time/evaluation

» Continue integration until desired
amplitude precision reached ant] 3

4 . .
-4.5 : T 5 6 7 8 9 10

s12/m?

Thanks: Heinrich
Current Status: Cross-checks anks: Gudrun Heinric

« Single Higgs Part vs Sushi - OK Next Step:
Harlander, Liebler, Mantler 13 Run on Cluster

e Pole cancellation - OK ( 4+ digits) (Hydra, Garching)

* H & HH vs HEFT - Underway Check & Run




Real Radiation

Real Radiation (HH + j...): Huge S|mp||f|cat|on|

1-j Channels:  Diagrams
gg — HH + g |
Tree ® Double 0
gg—~HH+q gg— HH +q
qq — HH + q 1-loop ® Single| 54+8+8+8
GoSam for MEs + Catani-Seymour Dipole Subtraction
Cullen et al. 14 Catani, Seymour 96
Checks:

gg — Hg etc. reproduced & compared to Sushi
Independence ot dipole-cut a parameter

Nagy 03
Complete
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Real Radiation + HEFT

02 —m——————— .18 e
- e | LO full ——— | — ‘NLO virt O(m{9) + full real —— -
0.18 - N - NLO approx virt + approxreal 1 4 0.16 NLO virt O(m¢2) + full real — —
- e NLO approx virt + full real ———— i NLO virt O(m¢*) + full real .
0.16 | - 1 0.14 NLO virt O(m¢®) + full real ' _|
014 - - - UR=UF=MHH/2 1 o1zl UR=MUF=MHH/2
> . - | 0. .
8 o2t - - MSTW2008 NLO PDFs 1 . MSTW2008 NLO PDFs
o) L T~ -~ i, . —
= kRS - T B - ] i B
N - - - sqri(s) = 14 TeV | 008 < sqri(s) = 14 TeV
= - - - . =
S 008 - . - i I
[o) L - - - ]
© 006 o - e | 0087
004 . e TR 1 0.04
002 .17 e TEea 1 0.02
0 *‘::T N T T ‘ ‘**r***ffffff‘ffff: 0 7‘ T N o L ‘
300 400 500 600 700 800 300 400 500 600 700 800
M [GeV] My [GeV]

Approx/Full Reals + Virtuals as asymptotic expansion in 1/m7 (g2e/exp+ Reduze + matad)
Harlander, Seidensticker, Steinhauser 97,99; Steinhauser 00

PDF4LHC15_nlo_30_pdfas

myg = 125 GeV gg — HH total cross section [fb]
mp = 172.5 GeV Vs [TeV] | NLO HEFT + Full Reals | Maltoni, Vryonidou, Zaro
Uncertainty: 7 5.939 T10% £ 4.6%(+4.1%) 5.82 T18¢(1:4.0%)
MHH +%%§ +%%§
pR === 8 8.590 1175 + 4.2%(£3.8%) 8.63 T17(£3.6%)
o 13 28.83 1157 + 3.3%(+2.8%) 28.4 15 (£2.7%)
HR = [iF € [77 QNO} 14 34.15 1150 £ 3.2%(£2.6%) 34.0 11550 (£2.6%)

PDF with (without) o, variation

Thanks: Tom Zirke
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Conclusion

HH Production
» Key measurement for probing the self coupling (HL-LHC era)
« HEFT implies that the NLO K factor for gluon fusion is large
Unknown top mass effects give large uncertainty
Full NLO corrections important

Ongoing/Future

» Complete checks of virtual amplitude

* Run on cluster, obtain enough phase-space points for
accurate total cross-section prediction

Thank you for listening!
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Slide: Approximate top-mass effects at NLO
Tom

Zirke UNLO (p) — / d¢3 ( < Z dULO ® dvdlpole>
R ,dlpole - |
/dx/d¢2 L0 (ap) @ <P+K><>L_0@
do" + do™P(e) @ I ~ dag(p NdiULZOJ\E(Z) +doCe) @1 AT ey N = i\f: do®) (A) "
) o0 (e) w=0 "

= (dogy N + Aokl y(e) ® I) — —

dog n(€)
=01 (g A€ s vt Vi mg

= (do, dokO I
( Uexp,N+ O-exp,N(e) & )dO-LX?)N( _ 0)

e full real-emission matrix elements and dipoles

* virtual corrections as asymptotic expansion in 1/mi?
with q2e/exp +
Reduze + matad

* not directly comparable with ,
(real radiation treated differently, expansion parameter (mn/mi)2) 13



Slide: Tom Zirke

Mass effects in Mun distribution (1)

0.2

0.18 I
0.16 I
0.14 I
0.12 I
0.1 |-
0.08 i

do/dM [fb/GeV]

0.06 -
0.04 -
0.02 - .~

Lo ful
NLO approx virt + approx real .
NLO approx virt + full real ———— -

Mmi=173 GeV
UR=UF=MHH/2
MSTW2008 NLO PDFs -
sqgrt(s) = 14 TeV

——
—— - =
—— ——
e

—— —
==
e —— S =
I - e o o

e approx” = rescaled expansion with N=0
 Known negative mass eftects from real radiation

14



Slide: Tom Zirke

Mass effects in Mun distribution (ll)

018 I T T T T T |

NLO virt O(m9) + full real ——— -

0.16 NLO virt O(m2) + full real + ' -
! NLO virt O(m¢#) + full real
0.14 NLO virt O(m¢®) + full real ~ 1 _
> 012 Mi=173 GeV -
O I
% 01 < UR=UF=MHH/2 )
< : . MSTW2008 NLO PDFs
= 008 X sqrt(s) = 14 TeV -
2 - =
3 0.06 s )
- =
=
0.04 = |
0.02
0 _ L
500
MyH [GeV]

» Slight tendency that -10% ef

‘ect persists, but:

spoilt cancellations?”? thresho

d effects”
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Slide: Tom Zirke

Mass effects In pr distribution ()

+ Mmi=173 GeV
UR=HUF=MHH/2

~ MSTW2008 NLO PDFs

. sqgrt(s) = 14 TeV

T T T | T T T T
LO full ——— 1
T NLO approx virt + approx real ]
+ NLO approx virt + full real ————

0.25 ———
02|
% I
¢ 0.15 -
é L
I..
= I
) 0.1 -
b L
o
0.05 |- U
O = ; [ R R
0 50

100
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Slide: Tom Zirke
Mass effects in pr distribution (ll)

0.25 .
' NL

02 -
0.15 — ﬁ e\ HR=HF=MHH/2

/* N MSTW2008 NLO PDFs
sqgrt(s) = 14 TeV

do/dpt H [fb/GeV]
o
I
o
S
/HW

T T | T T T T | T T T T
O virt O(m{) + full real = ]

_ NLO virt O(m;?) + full real — |
/{%\i\ NLO virt O(m4) + full real

/T[ X NLO virt O(m;®) + full real ~— '
XE\ Mi=173 GeV |

l / e
0.05 - Va = i
_ /E §\55\§\§§5\5\§E\
/‘E
A e
O __/I/i | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 250 300 350 400

max(pT 1) [GeV]
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Gluon Fusion (NLO HEFT)

HEFT Valid for: /s < 2m7 HH Production for: 2mpg < /s
Born Improved NLO QCD HEFT

dal‘\I/LO (mp — 00)

dal‘\T/LO (mT) ~ da—l‘\T/LO (mT) — dO'V (mT N OO)
LO

dot(mpr — 00)

K~ 2

Grigo, Hoff, Steinhauser 15




G.H.S Top Mass Expansion
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Grigo, Hoff, Steinhauser 15
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HEFT NNLO + NNLL

L I L L B A R
14 TeV, uo=Q/2

L
14 TeV, up=Q/2

0.20 -
S I
& 0.15
) I 5
o 010 3
5 ,
005 |
I ] ) DO 1
000 = - — |
300 400 500 600 700 | | | ——
Q (GeV) i Seusaasvssesssves | NEREVUNINUENNTIN
de Florian, I\/Iazzitelli 15 300 400 Q(SZZV) " " 400 Q(SS‘ZV)
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—15.9 +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—=17.5
14 TeV 40.9 +8.2 — 8.8 43.7 +5.1 — 6.0 +3.8 — 4.0 +7.5—-7.3
33 TeV 247 +7.1—-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
o = 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 +5.5 - 7.6 44.5 +4.2 —5.9 +3.9 —-4.1 +7.6 —74
33 TeV 264 +5.3 — 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 —-6.4 +2.2 -3.1 +6.2 — 7.0
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LO vs LO HEFT

;‘ : | | | | | | | | | | | | | | | | | | | | | | | :
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Slawinska, van den Wollenberg, Eijk, Bentvelsen 14
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Selt-Coupling Sensitivity

Goldilocks Zone

; : | | | | | | | | Ill | | | | | | | | | | | | | :
)
o N ]
s L LO _
f'—' = — (A + 0) -
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Slawinska, van den Wollenberg, Eijk, Bentvelsen 14
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Production Channels

opp — HH + X) @Q 13TeV

9 oo000 ,H g > ____H

Gluon Fusion b e lo |

. q
Vector Boson Fusion (TR g E ..... E
ST H O S SRR
(VBF) I,
. . g : ! g
Associated top pair g [--*::iZ q>m< >«m<:;
t
. N v
Double Higgs-strahlung qu W w

Baglio, Djouadi et al. 12
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Production Channels

 o(pp — HH + X)) [fb]
1000 | gg —~ HH
100 | .qq’ — Hqu—
X \IB‘EZ%_—_;_:-‘--“::.::--‘--‘" ?: qq/gg —> ttHH
| P "C'\ated 1op
10 NSO e ' - WHH-
----------- ZHH
_______________ ’ ra\ﬂ\uﬂg qq —
i el H\ggs St -
1 W ]
0.1 L—— ' ' '
8 20 50 75 100
Baglio, Djouadietal. 12 /s [TeV]
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' NLO QCD HEFT, HPAIR

Plehn, Spira, Zerwas 96, 98;
Dawson et al. 98

2 NLO QCD, VBFNLO
Baglio, Djouadi et al. 12

3 LO QCD (NLO, aMC@NLO)

Frederix, Frixione et al. 14

* NNLO QCD
Baglio, Djouadi et al. 12



Diagrams

Massive Double Box Massless/Massive Box

H(k3)/

/

Non-planar ey

H(ld) H(k3)

1

H(k3)

H (k)
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Form Factor Decomposition

4

9(p1)g(p2) — H(—ps)H(—ps) Y pi =0 € e
1=1 1\ /‘7
CDR (Dim =d )
AN
Expose tensor structure: M =emm P2 NG

Decompose:  MH* = agog"” +
- a21pl2ipf + a20ph Py + a23p§p§

a;; functions of /:'

| 2N % JVN
— Q + a + a
Mandelstams + ( 31P3P1 T G32Pp P2 T A33P3D3

~
. Pi linearly indep.
Transversity: | g(p1) : €,pf =0 y Incep

Ward/Gauge: pi, M* =0, p2, M" =0 Gives further identities

20



Form Factor Decomposition

Expose tensor structure: M = e ez MH*

DecompOSItIOﬂ. Form Factors (Contain integrals)

MM o< Ay (s, t,m3;, ma, d)TH

|
|

|

|

e

o
=)
7
O

-
9y
0
@
7

Choose: m*+ =
M~ = Mt = 4,

T,LLI/ L 1772 pgpllj 2 L Ut - m%{
1 — 9 Pr —
P1 - P2 S
T — g myphpy  2p1-Pspybs  2p2 - papspy | 2p3Dh
: pEpL P2 DPRPL - P2 PPy - Po P2

Glover, van der Bij 88
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Form Factor Decomposition

Construct Projectors: No Integrals

Ve
PJ’.LW — Z Bji(S, t, m%, d)Ti'LW
1=1

B\

Such that: Same Basis as amplitude

MV p— . .
Pryn MET = 4 Explicitly; separately calculate the
Py, M* = A, contraction of each projector with M*¥
15%

Recall: e Self-coupling diagrams are 1PR by
MTT =M"" =—-A, «— cutting a scalar propagator
Mt— =M1 = — A, * By angular momentum conservation

they contribute only to A;
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Integrals

k; Loop momenta, pi L.l. External momenta,

J m
N; = (¢¢ —a) Propagator, q; = Z bik; + Z CiDi
i=1 i=1

After Dirac algebra (Traces):
(Max) 7 Propagators in

Aj D /ddkl /d%f(kl st AL ';&—ZQ/ Diagram
Ni---N-

S > #Propagators: Irreducible

Numerators
Number of Scalar products: \

[ =2 # Loops
2 m =3 # L.| External momenta

29



Integral Reduction

Integral family: Add propagators s.t. all scalar products
can be expressed in terms of (inverse) propagators

1
Aj D/ddkl/ddkzN{Xl---Ngg :[(C\&l,...,Oég)

\

Encode all integrals by their propagator powers

Symmetries: I(ai,...,a9) = I(c(a),...,0(ay)) <— For some a; >0

Integration-by-parts (IBP) /Lorentz Invariance (LI) |[dentities

Tkachov 81; Chetyrkin, Tkachov 81 Gehrmann, Remiddi 99
Laporta/ S-Bases algorithms to automate application of

Laporta O1; Smirnov, Smirnov 06

these identities
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