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*°°| H+jets in gluon-gluon fusion

Transverse momentum of the Higgs boson

Dominant channel of Higgs production

% L T T | L | T T ‘ L | T T \7
% ; pp — h +jets :

R | pp — h+0j@NLO
N W' E ey e pp—~+h+1j@NLO —
. AR = o ----— pp —+ h+2j@NLO 3
Large background makes it a prohibitive O P hHeIo
channel to directly study the Higgs boson e li IF: Krauss, M. Schonherr] |
Nonetheless precise knowledge of el
ggf-channel is crucial: T
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e When applying vetoes to jets
- H+jets cross section needed to estimate untertainties in efficiencies

¢ When studying VBF production channel

- Estimate contamination in VBF sample of events coming from gluon-gluon
fusion channel
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'"[H+jets in gluon-gluon fusion

H+3 jets
Calculation setup:

* Bamplitudes: Sherpa } PS integration: Sherpa (BLHA)
e Vamplitudes: GoSam

e IRS amplitudes: MG4/MadDipole } PS integration: MadEvent

L{> Full NLO

Checks:

v Gauge invariance of virtual amplitudes

v a-independence of IRS contribution
v" H+2j comparison and B comparison for combination
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"**| GoSam-2.0: a quick overview

[G. Cullen, H. Van Deurzen, N. Greiner, G. Heinrich, P. Mastrolia, E. Mirabella, G.
Ossola, T. Peraro, J. Reichel, J. Schlenk, J.F.G. von Soden-Fraunhofen, F. Tramontano]

Generation i
Reduction

@ama
NLO
% computations
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"**| GoSam-2.0: a quick overview

[us-;cr input (MC T'unc:md]]

MC| GoSam

read order file
BLHA

read contract file write contract ﬁ]e]

[ generate amplitudes
e

[ phase space points

compute Born, \

real radiation,

[compute one-loop amplitude]

IR subtraction

phase space
integration

full NLO result |

Qp-Dgzit

[G. Cullen, H. Van Deurzen, N. Greiner, G. Heinrich, P. Mastrolia, E. Mirabella, G.
Ossola, T. Peraro, J. Reichel, J. Schlenk, J.F.G. von Soden-Fraunhofen, F. Tramontano]

user input file process. inJ

L

GoSam ‘ GoSam 1

gosam.py process.in

diagram drawing and code generation:

QGraf | FORM | Spinney

ZAERN

[reductéon: Ninja | Golem95C | Samurai | ... J

.
- -7 |
e
)
- -~
i1

{integml libraries: OneLOop | Golem95C | QCDLoop | ... J

|

( virtual one-loop amplitude J

=
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[} [
***1 GoSam-2.0: a ck overview
m-2.0: a qui |
[uscr input (MC T'm:-c:m'd]] [G. Cullen, H. Van Deurzen, N. Greiner, G. Heinrich, P. Mastrolia, E. Mirabella, G.
Ossola, T. Peraro, J. Reichel, J. Schlenk, J.F.G. von Soden-Fraunhofen, F. Tramontano]

MC| GoSam — o —

- user input file process. inJ
— read order file

BLHA GoSam GoSam
. gosam.py process.in
1 write contract ﬁle] .
Generation
set parameters
{d-iagmm drawing and code generation:
QGraf | FORM | Spinney
[ generate a.rnplitudes]—\ | | |
VAR =%
[prepare runtime phase ) [rea’.uct'ion: Ninja | Golem95C | Samurai | ... J
— - =
[ phase space points ] {integml libraries: OneLOop | Golem95C | QCDLoop | ... J

compute Born, ( virtual one-loop amplitude J

real radiation, compute one-loop amplitude

IR subtraction ) p amp )
[ phase space |

integration
full NLO result |
ﬁ’:'i’
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[} [
***1 GoSam-2.0: a ck overview
m-2.0: a qui |
[u:-;cr input (MC T'm:-c:m'd]] [G. Cullen, H. Van Deurzen, N. Greiner, G. Heinrich, P. Mastrolia, E. Mirabella, G.
Ossola, T. Peraro, J. Reichel, J. Schlenk, J.F.G. von Soden-Fraunhofen, F. Tramontano]

MC| GoSam — o —

- user input file process. inJ
— read order file

BLHA GoSam GoSam
. gosam.py process.in
1 write contract ﬁle] .
Generation
set parameters
{d-iagmm drawing and code generation:
QGraf | FORM | Spinney
[ generate a,rnplitudes]—\ | | |
i | S
4 1 S
[prepare runtime phase ) [reduat-ion: Ninja | Golem95C | Samurai | ... J
[
[ phase space points ] integral libraries: OneL.Oop | Golem95C | QCDLoop | ...
\ Reduction |
p 1!

compute Born, \ virtual one-loop amplitude J

real radiation, (computc one-loop amplitudeJ

IR subtraction /
[ phase space |

integration
full NLO result |
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"**| GoSam-2.0: a quick overview

[uscr input (MC rzmcard]] [G. Cullen, H. Van Deurzen, N. Greiner, G. Heinrich, P. Mastrolia, E. Mirabella, G.
Ossola, T. Peraro, J. Reichel, J. Schlenk, J.F.G. von Soden-Fraunhofen, F. Tramontano]

MC| GoSam — —

user input file process. inJ

L5

write order file » read order file

BLHA GoSam GoSam
, gosam.py process.in
M}ilwrite contract ﬁle] .
Generation
{d-iagmm drawing and code generation:
QGraf | FORM | Spinney
[ generate a.rnplitudes]—\ |

i | .

7 1 <
[prepare runtime phase ) [reducm'on: Ninja | Golem95C | Samurai | ... J
J/ ,r‘_f)‘{",,»’
= e e
[ phase space points integral libraries: OneL.Oop | Golem95C | QCDLoop | ...
Reduction |
1!

compute Born, virtual one-loop amplitude J
real radiation, compute one-loop amplitude]

IR subtraction

phase space
integration

NLO
full NLO result | computation

-
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- [Generation

GoSam: a tool to compute virtual 1-loop amplitudes:

e Generation of numerators based on Feynman diagrams
= QGRAF [Nogueira]

e Algebraic manipulation in D-dimensions before reduction

> FORM-4 [Kuipers, Ueda, Vermaseren] w

e Optimization: caching/grouping/summing
> GoSam
e Generation on the fly of the full rational term
< Implicit: retaining full p>-dependent part for reduction

Explicit: computing u?>-dependent integral analytically

Ap Byz ot &
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e (Reduction

( ﬁ\
All reduction

programs support
higher rank integrals

& 4

[Mastrolia, Ossola, Reiter, Tramontano]| [Binoth, Cullen, Guillet, Heinrich, Pilon, Reiter]

[Mastrolia, Mirabella, Peraro]
[Van Deurzen, Luisoni, Mastrolia, Mirabella, Ossola, Peraro]

* Several reduction strategies/tools
* Switch among them on the fly at running time

e Use tensorial reduction as rescue system when integrand reduction fails

* Recent developments:
% Ninja Higher Rank Support

von Humboldt .s»’
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Higher rank loop integrals

For any 1-loop amplitude 4 = / dq Na, 2
y p alnp n Do e
Rank: 77 = # powers of loop momentum in numerator N (g)

e in SM with renormalizable gauges: Ay < N

e in SM with effective Hgg vertex or ADD models: 7y < n + 1

‘& ':%
O >
2, o o
LE L
gEW My — 00 @ _ ;
—_-— — —_— “ —_— = — — Ir_rf-_m
¢ ]
. G 2
s 5 Fy o< g°
o : ,.-\-\\-_
Q
L

Adapt reduction programs Samurai, Ninja and GolemgsC to deal with

higher rank loop integrals #
[Mastrolia, Mirabella, Peraro; van Deurzen, Mastrolia]
% [Guillet, Heinrich, von Soden-Fraunhofen]
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[NLO Computation — BLHA2 J

[Binoth et al.]

Standards for comunication between MC and OLP

 recently updated to increase automation and flexibility:

[Alioli et al.]

 Support for dynamical parameters (coupling, masses, ...)
 Synchronization of EW schemes

- Standards for treatment of unstable phase space points

« Standards for merging different jet multiplicities

 Extension to provide also colour correlated (CC) and helicity

correlated (HC) tree amplitudes
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***| Higgs+jets results
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"'[H+jets: virtual corrections

Max-Plar
We

eeeeeeee - Institut)

Processes # Diagrams  # Helicities # Groups Timing
(col.+hel. summed)
H+o jets girkig =l 1 1 1 <1ms
. e G 14 4 3 ~3ms
H+1]ets a3y 48 8 3 ~ 7 ms
62
gEqg->H Fq b 32 4 6 ~ 9ms
: g+4d—H+q+q 64 6 8 ~ 15 mMS
H+2 jets =
e 8 b Vi ) 179 3 12 ~ 56 ms
g+g—H-+g+g 651 16 12 ~ 309 MS
926

¢q+q—H+q¢+q7+g| 467 8 32 ~ 68 ms

. g —H q 12 ~
H+3]ets et Heores sl 868 44 157 mS
gEg =l gg 49 2519 16 60 ~ 999 MS
g+9g—H-+qg+g+g 0325 32 60 ~ 8960 ms
13179 (»
Humboldt 1?/;
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PP e [van Deurzen, Greiner, G.L., Mastrolia, Mirabella, Ossola,
+ J et S Peraro, von Soden-Fraunhofen, Tramontano]

Computed using GoSam + Sherpa

Possibility to test the framework by comparing to existing results/codes
--> agreement with MCFM (v6.4) [Campbell, Ellis, Williams]

Physical setup: LHC 8 TeV

anti-kt: R=o0.5 pr>20 GeV In| < 4.0
PDFs: cteqb6la1 @ LO ctegbmE @ NLO

scales: i = = = (‘ fm2, _|_p2T}H i Z pT.i|)
i

H + 2 jets: Higgs transverse momentum H + 2 jets: Higgs pseudorapidity

E ™ T ™ T T T _gil-!}_uu‘. T [T T T3
S —— Sherpa LO = 038 5
= Sherpa = g . . .. = Sherpa LO
A GoSam-+Sherpa NLO z 0.7 LHC 8 TeV cteqbmE pdf —— GoSam-+Sherpa NLO
S [
:;5' 102 T 06 E anti-kt: R=0.5, pr > 20 GeV, |n| < 4.0 ]
5y = = 5 =
LHC 8 TeV E é
cteqbmE pdf E =
anti-kt: R=0.5, pp > 20GeV, |n| < 4.0 E E
10" : =
3 I R I — : uE
18 F 18 & =
c 16 _[—'_'_l_._l— — — 1.6 :_‘_'_'—\_._,_.—____.—v——'_'_:
2 L= S b =
S s R .
z E 2 E
0.8 = 08 B E
0.6 & o b P Y T— “‘lizuu‘l I [P E
0 50 100 150 200 -4 -3 -2 -1 0 1 2 3 4

o1 GeV]
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[Cullen, van Deurzen, Greiner, Huston, G.L., Mastrolia,

oo H + :
J e S Mirabella, Ossola, Peraro, Tramontano, Yundin, Winter]

e Computed using GoSam + Sherpa + MadGraph4/MadDipole/MadEvent

* Physical setup: LHC 8 TeV with ATLAS cuts
anti-kt: R=0.4 pr>30 GeV In| < 4.4

PDFs: cteq6l1 @ LO CTionlo @ NLO

A

Flrpreccce]:
scales: e s i o = 2 (\/m%{ +P2T,H 5 Z |pT,i|)

% a) — aZ(mp)al(Hr/2)
i von Humboldt @
d
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***|H+3 jets

[Cullen, van Deurzen, Greiner, Huston, G.L., Mastrolia,
Mirabella, Ossola, Peraro,Tramontano, Yundin, Winter]

Inclusive cross section:

T(n4+1)/n = 0n+1/0n

o, : inclusive cross section

f3 @ inclusive 3-jet fraction

%
von Humboldt =

Sample Cross sections for Higgs boson plus
K -factor > 2 jets fa = 3jets T3/2
LO [pb] [pb]
H+2-jets (LO PDFs) 1.23 T37%
H +3-jets (LO PDFs) (0.381) 1.0 0.381 750% 0.310 9342
NLO
L. - —A4% 3 +49%
H+2-jets 1.590 27 0.182  0.289 T
b AQr 1or —3% = 0.
H+3-jets (0.485) 1.0 0.485 5, 0.305 327
Ky, K3 (LO PDFs for LO) 1.29 9211 1.27 396
K5, K3 (NLO PDFs for LO) 1.64 142 1.70 119
ﬂf-ﬂi;ff
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0 0 H . [Cullen, van Deurzen, Greiner, Huston, G.L., Mastrolia,
+ J Et S Mirabella, Ossola, Peraro, Tramontano, Yundin, Winter]

* Higgs rapidity distributions:

4 3 jets: Higes rapidity 4 3 jets: Higes rapidity
= F T ' T3 = E I =
Eogt -4 = N ]
E - 3 Sl = -
T L 15 F > 1
= 102 E = = A | é 1
- E 102 | =i |
1 = —— H+2 jets ML = 7
e —— L} {cteqghill PDFs) L - 103 - = H+3 jets NLO E _.
S —— NLOVOTHle POFs) = E 3
n ] F LHC 8 TeV 3
10 = LHC 8 Tev = 10t CT10ulo pdf 4
C 3 E anti-kt: R={k4, pr = 3 GeV, |q| < 4.4 E
e - BT e e e e B S B R
5 F 3 1 F =
g °F ER T Y= =
& LiE =S I n6E =
X o 3 % 0af |
o E | 0.2 =
‘r-] - 1 | 1 1 1 1 | 1 1 1 1 | 1 2 " o 1 1 1 | 1 1 | 1 1 | 1 1 3

-4 -2 0 2 4 -4 -2 0 2 i

Wi Wi

s
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o0 0 H = [Cullen, van Deurzen, Greiner, Huston, G.L., Mastrolia,
+ J et S Mirabella, Ossola, Peraro,Tramontano, Yundin, Winter]

H + 3 juta: lending jet rapidity
T T T

H + 2 jeta: lending jet traneverss momentum
T

= A AAEREassnamannssss T T T — -
=3 —— L0 (cteqall PDFs) — =t =
z —— NLO(CTwela PDF:) 2 | & E
‘l-J ;; i = ]
U -
B 1w - w? .
o pu— E 3 E LD (cbeqéll PDFs) 3
] —— NLO (CT10nle PDFs) ]
o LHC 8 TeV ] ]
2] antikt: R=0.4, pp > 30 GeV, [y| < 4.4 E 1w L LHC & TeV -
|_‘ wnti-kt: B=0.4, pr > 30 GeV, |q] < 44 3 2 = ~ x
w4 = | 3
| | | | | < S l 1
5 EHHHH E 1milar scale variations as
3 i% = I g 3 5 ouy e
g IiE H g E
S [T g Higgs rapidity
09 - E|
0B E- H E
0TEB b b b b A E
o a0 100 150 200 250 300 4 2 a 2 4
2,1 [GeV] Byt
H + 2 jeta: seccad jet transverse momentum H + 3 jeta: second Jeading jet rapidity
- e e s T T T T
&t —— LO (ctegall PDFs) = Hel |
' ) E E ——— NLO (CT10nlo PDFs) #1 3 £ 3 3
=) B _a |
SO0 ] 7
QJ 3?10-3 = —= T 0/ . f
E E g .
am— 1 .l S ] y;: +20% corrections from NLO
[ ] E —— NLO (CT10nle PDFs) E )
FU 1w - 7
: E 3 LHC & TeV ]
aati-kt: B=0.4, pr = 30 GeV, [ < 44 3 anti-ke: R=0.4, pp = 30 GeV, || < 44 4
N o o L R e YO 101‘!.I:::I:::I:::{:::l._E
14 B = E|
g 1:f 2 g 3
= 12F E = 1 3
S ME 3 2 5
e ] .
or b JNULL TG AU b 0 s IS = Pt' t t h h
Ty el . . je important shape cnange
r2[GeV] i 72] "
H + 3 jeta: third jet transverse momentum H + 3 jets: third lending jet mpidity due tO NLO Correctlons
s T T T T Ty 3 I
3 o F —— LO (cteqall PDFs) 3 .0 |
) Fut e — NLO(CTwab PDFs) 2§ &7 F E
T I =
Sl - ]
(o L] E N
1w - ——— LO (cteqéll PDFs)
"U E wr —— NLO [CT10nlo PDFs) __
. - [ - 2 E
. ) 3 LHC & Te¥ i
‘ ' \ . anti-ke: B=0.4, pr = 30 GeV, |p| = 44 3 antickt: B=0.4, pp > 30 GeV, || < 4.4 ]
T B R AP AV TS ETArEr A A = | T T T S| 4
s E it e e e B S L L B R I
a 13f E a1 E
= H = ¥ =1 =
2 1o - 21 3
= 0o E - = =
0.5 - - E
07 By o, L E
1] 50 100 150 200 150 300
P, 3[GeV] ]
%
-
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o0 0 H = [Cullen, van Deurzen, Greiner, Huston, G.L., Mastrolia,
+ J et S Mirabella, Ossola, Peraro,Tramontano, Yundin, Winter]

H + 3 jets: lending jet trapsverse momentum
T

leading jet rapidity
T

= e R = ; 2
g —— H42 jets NIO . ]
g —— H+3 jets NLO E E 3
<+ St ! ERG 3
w é 102 ——— H+72 jets NLO =
o p— 3 —— Ht3 jes NLO ;
ws L 107 LHC & TeV =
5 E LHC 8 TeV C:[.10u|.o pdf ) 3
H E CT100lo pdf 4 1p-4 L nnti-kt: B=0.4, pr = 30 GeV, |q| < 4.4 <
L anti-kt: R=0.4, pr > 30 GeV, |g| < 4.4 E E 3 Ay 2 o
1.2 b HHHH vz A4+ 1‘3/2.dlfferentbehaVIOUI‘fOI‘
1E = 1E 3
g E = g ME E n h d 1
§oe §our hardest and 274 hardest jet
02 E 3 0.?_—
PR T S F U L JE than for 3I‘d haI'dESt one
prGeV]
H + 2 jets: second jet transverse momentum H + 3 jets: second leading jet rapidity
lu—l. = T I LI I LI I L I.I I-I TT I TT1 7T |_E E T T T
— gﬁi:::g ;’flo L
3

—— H#? jets NLO

dlarfdpe_alpb/GeV]
51
T

o y— ol E 10~ —— Ht3 jots NLO E
o9 I E B vt it - flat f di ibuti
G 1o~4 CT10nk pdf nntikt: R=0.4, pr > 30 GeV, |q] < 4.4 r /2 o a OI' y IStrl utlons
N E antike: R=0.4, pr > 30 GeV, Jg] < 4.4 104 3 )
1.f } I } 1 i i + I t 1'f T T [ | |

[ T P TP I TP B
a 50 100 150 200 250 30

=

T L — r,,: strong dependence in Pt

-t

= =
< R —— H+2 jets NLO = =
dd I E —— Hi8jes NILO ] F E d' 'b o O/ G V
O el 303 istributions (50% at 100 Ge
= ; " —— H+42 jets NLO
O P— L 1ot 7 07 —— H#2 jets NLO =
"U E E F I LHC & TeV
S ws | LHC & TeV - 3 CT10ala pdf
E CT10nk pdf 3 107 woti-kt: R=0.4, pr = 30 GeV, |n| < 44 <
‘ | \ 10-% anti-kt: R=0.4, pr > 30 GeV, g < 4.4 1 E

?-_"'}""I""}""}""I"" ' B O S Highel‘jethItipliClty
N i:z :E N i:;_l_|__,_l_'_,_|_|_'_|_'—|—'_|_:§ .
iiE 1 R important

0:_I = IiIUI = IIDIUI = IlEIIDI = IZLJI : II!;J;J;[[‘;Q‘EJD = -L — I2 — OI — 2| — ~II b‘j

P
Qp-Dgzit %
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***|H+3 jets

[Cullen, van Deurzen, Greiner, Huston, G.L., Mastrolia,
Mirabella, Ossola, Peraro,Tramontano, Yundin, Winter]

* Higgs transverse momentum distributions:

4 3 jetsr Higes transverse moment um

T 1 1 1 1 I I I I 1 1 I I 1 1 1 1 1 1 1
= i ! ! i
= 1 -
) ]
— L{} {cbeghll PDFs) |
—— NLOY (CTlnloe PDFs)
LHC 8 TeW
14 anti-lb: B={b4, pr = 3V, |g| < 4.4
- PRELIMINARY |
'3 — 1 1 1 1 1 1 1 I 1 1 1 | 1 1 I 1 1 I 1 1 1 |
. = 1 1 1 1 1 1 1 | 1 1 1 | 1 1 | 1 1 | 1 1 1 1 = |
25 —
4 2F k|
= LAE =
=
1 E
‘r:] = 1 1 1 ] 1 1 1 1 | 1 1 1 | 1 1 1 1 1 1 1 | -
{} 511 [LT] 1500 204} 26510 SH)
]'.n'r.]'.l'_.[h""'r::
Ap Dzt
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4 3 jetsr Higes transverse moment um

I:,.h-l L I I I I | LI | I 1 | LI | |
:-.:'" 1t = = H+2 jets NLLY =, _|
= . = H+3 jets NLO = 3
= 7
o -
1 E |
' LHC 8 TeV .|
B CT Whles ol
] anti-lt: R={4, py = 300GeV, |q| < 4.4
I‘rl:l:l T | [ T | I P | i i I [ I I T T |
- = 1 1 1 1 1 1 1 | 1 1 1 | 1 1 | 1 1 | 1 1 1 1 |
1 E =
. 0B E -
— . - v
S 06
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L2 5
1}
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***|H+3 jets

[Cullen, van Deurzen, Greiner, Huston, G.L., Mastrolia,
Mirabella, Ossola, Peraro,Tramontano, Yundin, Winter]

* Hjj, transverse momentum:

A4 3 jets: Higes-jet 1-3et2 fransverse moment um

1

"_;:.-.-' E T 1 1 T 1 1 1 | T 1 1 | T T | T 1 | 1 1 1 E
;-._.-"' . C — L} {cteg6ll PDFs) 1
R = NLO (CTliulo PDFs} = &
- 2 3
= [ £ =
i’ 1 | = =
1 E_ ) —%
= LHC B TeV 3
TR N anti-lt: R=04, pr = 30V, g < 4.4
104 4 B B AR L A IS
35 B —=
o dE E|
= 25 F =
£ L5 E =1
1 E 3
1r::| = 1 1 I ] 1 1 1 1 | 1 1 1 | 1 1 | 1 1 | 1 1 1 1 é
1} G511 10} 150} 2} 26500 BT
1""1'-”_I'. _l_:__f:i“l.-'-_
Ap Dzt
Max-Planck-Institut fiir Physik 04/09/2014 HPZ.S, Firenze

(Wemer-Heisenberg-Institut)

de/dpg s, 5. [pb/GeV]

Batio

1]

1}

10—

1]

1]

11}

—

.
12

-

. . L T N T o
L L [ St e R il Rl )

4 3 jets: Higes-jeb1-jet2 transverse momenbum

g I LI I | I LI | I I | LI | I LI j
" — H42 jets NLO 1
—— H+3 jets NLO Coli—
- 3
L
- =
E LHC & TeV —
= CT Wlo padf =
i anti-kt: R=0L4, pr = W0V, |q] < 4.4
E 1 | | | | | 1 1 I | | I 1 1 | | 1 i =T
1 I I LI I | I LI | I I | LI | I LI I_E
1 1 ! 1 1 1 | 1 11 | 1 1 | 11 | 1 11 1 %
L1 11 1{H} 134} 2} 2000 S}

G. Luisoni

]'..'r_J',r_l.__”_.[:l"'l.-

<

von Humboldt ﬁ

Stiftung/Found



"'[Conclusions & Outlook J

H+3 jets @ NLO in gluon-gluon fusion
e GoSam+Sherpa+MadGraph/MadDipole/MadEvent
e GoSam-2.0 released with many improvements:

» New reduction algorithm / Higher rank support / Better optimization
« Interfaced with several Monte Carlos/ BSM http://gosam.hepforge.org

 Significant reduction of scale uncertainties

e Important impact of NLO corrections on shapes

Pt of Hj j,-system for the first time computed with NLO accuracy

Work in progress

> Impact of VBF-type cuts
> Release code and ntuples generation
> Merging with smaller multiplicities / matching with parton shower
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