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Motivation
* Higgs discovery by Atlas and CMS

®* Need to determine s
properties: olm] |
® spin lo“;— o
® CP properties
® couplings
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Motivation ‘;9" NLO
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Higgs+jet at NNLO [Boughezal et al. (2013)] Top pair production at NNLO [Czakon, Fiedler, Mitov (2013)]

® Reduce theoretical error

® Strong dependence on renormalization and
factorization scale
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NLO calculations

oV LO :/ [d(4)aB —I—/ d gV +/d(d)US] —I—/ [d(4)aR —d(4)05]
m loop 1 m—+1

® NLO calculation consists of:
e |O: Born diagram
® Virtual corrections: loop diagrams € GoSam
® Real corrections: additional radiation
® Subtraction terms to regulate infinities
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GoSam

Collaboration

Cullen, HvD, Greiner, Heinrich, Luisoni, Mastrolia, Mirabella, Ossola, Peraro,
Reichel, Schlenk, von Soden-Fraunhofen, Tramontano

Reduction algorithms

® Samurai, Xsamurai

d-dimensional integrand-level reduction
current default

[Mastrolia, Ossola, Reiter, Tramontano]; [HvD (2013)]

® Golem95, Golem95 higherrank extension
Tensorial reduction

Numerically stable =» rescue system
[Binoth, Guillet, Heinrich, Pilon, Reiter]; [Guillet, Heinrich, von Soden-Fraunhofen]

® Ninja
Integrand-level+Laurent expansion
Stable and fast

[Mastrolia, Mirabella, Peraro]; [HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro]

e
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Amplitudes at one loop

Decompose:
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Amplitudes at one loop
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Parametric form integrand

Aijkim (g, 1?) Aijri(q, 1?)

An= D D;D,; DD Dy, +Z D.D;DD;
1gklm djls
17k Q7 7’ q’
+%; Dj D, Dy Z; J Z

® Residues multivariate polynomials
® Need rank to determine generic form

- ¢ Renormalizability requires rank < propagators
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Parametric form integrand

A = Z Aijklm(QalLL2) +Z Az’jkl(%,u2>
" : DiDjDleDm o DZ-DjDle

17klm

_l_z ngqbk Z zy Q7 Z

17k 1]

_|_

® Form residues process independent

® Values of coefficients process dependent
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Integrand decomposition

Aijkim (g, 1?) A (g, 1°)
Z D;D,;DyD;D,, +Z DD, Dle

Aijx(q, 1*) Aij(q, 1?) Ai(q, p?)
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‘ ‘Integrand decomposition

N(q .
Aijkem(7) = ReSijrom § = (9) 1 coefficient
Do+ D,,_1
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Integrand decomposition

Aijkem(q) = Resijrem {Do N(%) : } 1 coefficient
N(q T Auum(@ .
Asjke(@) = Resighe { o _(gn_l = i;m 5., 5 gj;—)m} 5 coefficients
Triple cut

I n—1 i n—1 o
Aiik(q) :Resijk{ i .]Y(q_) _ Z _'A_zﬂifm_(q)_ - Z _éijkg(qz

<</
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Integrand decomposition

N(a .
Aijkem(q) = Resijrem {Do- (%) 1} 1 coefficient
o~ N(_) = AZ m (g .
Asje(0) :Reszgke{ 5 ._%n_l -2 5 D;gk gj;—)m} 5 coefficients
1<<
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Integrand decomposition

N(g .
Aijkgm((j) = ReSijkgm {DO — (Cl]_)) 1 } 1 coefficient
N T _Auun(@ .
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Integrand decomposition

N(a .
Aijrem (@) = ReSijrem {D (%) } 1 coefficient
oDy,
i} N(q) S Aykm(@) .
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Effective vertices

e, M e YefP
oncq2

e Effective vertex in loop adds two
powers of g

~ © New rule: rank =< propagators + 1
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Integrand decomposition
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.
N(g TN Ayeem(@ .
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Discrete Fourier Transformation

P(x) = co + c1x + cpx® + ... + cpa”

P = c1p’ ex 271 [
- Z 7 exp [ (n+1) ]
' .
— . PN
2 exp |27 Nn exp g N = k! .
cl=n+1ZPkeXp [27mn+1l] ------- R

k=0

[Mastrolia, Ossola, Papadopoulos, Pittau (2008, >
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Sampling strategy

® Cuts impose conditions on the relation between
variables

® These can lead to infinities when using the DFT
naively

® Solution: Branch for each situation
® Especially in higherrank numerous instances

® Xsamurai: Systematic implementation

D, Acta Phys. Polon. B44 (2013) 11, 2223-2230]

Rt
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Higgs plus jets in GF@NLO

Computational challenges H-+0j 1 NLO
e Over 10,000 diagrams Hfle T NLO
® Higher-rank terms a9 — Hg i
gg — Hg 48 NLO

® 60 rank-7 hexagons H+2j 926 NLO
H(k3) qq’ — Hqq' 32 NLO

\ qq — Hqq 64 NLO

qg —» Hqg 179 NLO

gg — Hgg 651 NLO

H+4-3j 13179 NLO

qq’ — Hqq'g 467 NLO

qq — Hqqg 868 NLO

qg — Hqgg 2519 NLO

gg — Hgagg 9325 NLO

Complex calculations = GoSam enhanced

grouping, optimization through Form4.0, numerical polarization vectors, parallelization



Higgs + 2 jets iIn GF@NLO

Results obtained with GoSam+Sherpa

Agreement with MCFM (v6.4) campbell, Eilis, williams]

H + 2 jets: Higgs transverse momentum
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H + 2 jets: Higgs pseudorapidity
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Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, von Soden-Fraunhofen, Tramo
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Higgs + 3 jets GF@NLO: cross section

[Cullen, HvD, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, Tramontano (2013)]

® Cross section obtained with hybrid setup:

® (GoSam + Sherpa for Born and virtual contributions

e MadGraph+MadDipole+MadEvent for
real contributions, subtraction terms, integrated dipoles
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Higgs + 3 jets GF@NLO: cross section

[Cullen, HvD, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, Tramontano (2013)]

® Tests performed on the cross section

e NLO H+2j: Agreement between hybrid setup
and GoSam+Sherpa

® | O H+3j: Agreement MadGraph and Sherpa

® NLO H+3j: Independence from & -parameter
(subtr.+int.dipoles)
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Higgs + 3 jets GF@NLO: results

[Cullen, HvD, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, Tramontano (2013)]
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Higgs + 3 jets GF@NLO: distributions

[Cullen, HvD, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, Tramontano (2013)]
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® pp=>2Hjjj can be paired with available MC programs
for further phenomenological analyses
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® New reduction algorithm based on Laurent
exXpa nsion [Mastrolia, Mirabella, Peraro (2012)]

® Improved in all directions
® Faster (timings per PSP)
® More stable (less bad points)
® More precise (in correct digits)

® Higher rank included

- [Peraro (2014)]
[HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro (2013)]
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op - Htt +1 jet @ NLO

[HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro (2013)]
® First application of GoSam+Ninja

® Two different mass scales: Higgs and top

® 51 hexagons in the gluon-gluon channel
g(ks)

tH +1; 1895 NLO
qq — Httg 320 NLO
gg — Httg 1575 NLO
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op - Htt +1 jet results

[HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro (2013)]
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pp - Htt +1 jet results

[HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro (2013)]

H tt+ jet: Higgs pseudorapidity Htt+ jet: Higgs pseudorapidity
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pp - Htt +1 jet results

[HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro (2013)]

Htt+ jet: Higgs transverse momentum Htt+ jet: Higgs transverse momentum
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Vector Boson Fusion

-25 T T T T

us > Hdcg in VBF

H+2j 230 INIKO o AT %
us — Hdc 24 NLO all 3 f |
uc — Huc 24 NLO . 3L >§§§< 2 >%2%< il
us — Hus 24 NLO g )g;f%e X >; %%%K
ds — Hds 24 NLO T P I Foxo
ud — Hud 48 NLO 45;5 L F % o ’%5%6 —
uu — Huu 48 NLO - %ﬁg . . Iﬂ%§ . '

dd — Hdd 48 NLO ° 1 P eagerms ° !

H+3; 2160 NLO
us — Hdcg 216 NLO u(ky)
uc — Hucg 216 NLO d(ks)
us — Husg 216 NLO
ds — Hdsg 216 NLO
ud — Hudg 432 NLO

432 NLO
d — Hddg 432 NLO

uu — Huug
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Conclusions

Samurai has been extended to higher rank:
Xsamural

Higgs plus two and three jets in GF have been
calculated

Ninja has been introduced as new algorithm
Httj has been calculated

Higgs plus jets in VBF is no problem
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Backup slides
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Rank of the numerator

e

Nx1 N xq N x1

N x g
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Effective vertices

gs

9EW my — OO
- - — — = = YessFy
95 F, x ¢?
gs
2 9EW my —» OO
—>=-- — — > — = geffgski
9s
F3 x 1

Hans van Deurzen | 25 March 2014




Sampling strategy

A(p? ¢ =) wiel! = (1P, 1,22, 23, 14)

® Fjive variables

® Quintuple cut: 5 conditions on 5 variables
= Everything constrained

® Quadruple cut: 4 conditions on 5 variables A 2)
=> 1 free variable H

D, Acta Phys. Polon. B44 (2013) 11, 2223-2230]
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Sampling strategy

® Triple cut: 3 conditions on 5 variables
= 2 free variables

® One of those conditions constrains the product

34 = C(p?)

A(,LLQ, ) DFT C; X —
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Sampling strategy

Quadruple cut Triple cut C=0 C#O0
A0, q) 2 A0, x3,C/x3) 5 9
A(O, 0/5134, 5134) 4 0
A(+p3, q) 2 || A(+ps,3,C/x3) 3 D
A(_M§7Q) 2 A(_:ugv 170) 1 1

[HvD, Acta Phys. Polon. B44 (2013) 11, 2223-2230]



Sampling strategy

® Double cut: 2 conditions on 5 variables
= 3 free parameters

® One of those constraints the product
T3z = F(p?,21) = Ax? + Bz, + C(p?)

® Numerous branchings: F can be zero/non-zero,
equation can have 0,1 or 2 solutions

D, Acta Phys. Polon. B44 (2013) 11, 2223-2230]

———a.
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Sampling strategy

Double cut F=0 F#0 Single cut G=0 G#0
A(0,0, z3, F/z3) 4 7 A0, 21, G/z1,0,0) 3 5
A(0,0, F /x4, z4) 3 0 A0, G/, z2,0,0) 2 0
A(O,xla,xg,F/xg) 3 5) A(0,0,0,Zlﬁg,G/CBg) 3 5
A(O,xla,F/a:4,x4) 2 0 A(0,0,0,G/ZIJ4,.CI?4) 2 0
A(O,ZClb,a’Jg,F/a’,'g) 2 3 A(O,xl,—G/azl,l,O) 1 2
A(O,xlb,F/:z:4,a:4) 1 0 A(O, —G/IQ,ZEQ,LO) 1 0
A0, z1c, 1, F) 1 1 A0, z1,—G/x1,0,1) 1 2
A(O, —G/I'Q,(L'Q,O, 1) 1 0
A(p?,0,23, F/x3) 2 3 A(p2,0,0,0,0) 1 0
A(,ug, ,F/.’,U4,.’,U4) 1 0 A(,ug,l,G,0,0) 0 1
A2, 1,1, F) 1 1




Higgs + 3 jets in GF: virtual part

[Cullen, HvD, Greiner, Luisoni, Mastrolia, Mirabella, Ossola, Peraro, Tramontano (2013)]

® Virtual parts computed by GoSam

150 .

9q —~ Hq'qg 99 — Hqdg
100 qq — Hqqg ——  g9— Hggg |

/2 = 31/2 o
Angle 6 around y-axis

SUBPROCESS DIAGRAMS TIME/PS-POINT [sec]
qq — Hq'qd g 467 0.29 . :
qq — Hqqg 368 0.60 * gauge Invariance
99 — Hqqg 2519 : * |R poles

) — Hggg ppp—
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Ninja: precision correlation

5 Aquad_A‘ 0.14

= Aquad 0.12

£ 041
<

5o g Amt—A‘ S 008
— o

" Arot + A S 0.06
©

g 004

C . 10g10(57“0t) . 1 0.02 -
log ;¢ (dez) . ‘ 5

04 0.2 0 0.2 0.4
log10(0rot) / 10910(Dex) - 1

[HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro (2013)]
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Ninja: precision

0.05
0.045 -
0.04
0.035
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0.025
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0.015
0.01
0.005

fraction of points

T

T

T

T

T

log10(3)

T

T

doubie pole —
single pole
finite part —

Precision Plot for gg — ttHg: the distributions are obtained using 5 - 10* randomly

[HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro (201 3)]
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pp - Htt +1 jet results

[HvD, Luisoni, Mastrolia, Mirabella, Ossola, Peraro (2013)]

Htt+ jet: Higgs transverse momentum Htt+ jet: Higgs transverse momentum
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NLO calculations

oV LO :/ [d(4)aB —I—/ d gV +/d(d)US] —I—/ [d(4)aR —d(4)05]
m loop 1 m—+1

® NLO calculation consists of:
e |O: Born diagram
® Virtual corrections: loop diagrams € GoSam
® Real corrections: additional radiation
® Subtraction terms to regulate infinities
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Interfaces with external MC

® GoSam+MadGraph+MadDipole+MadEvent

> ad-hoc interface

® GoSam+Sherpa
> via BLHA

® GoSam+Powheg
» via BLHA

* GoSam+Herwig
» work in progress

* GoSam+aMC@NLO
» Work in progress
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