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= |s it the Higgs boson of the
Standard Model?

= high precision needed: next-to-leading order calculations
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GoSam

= calculates virtual NLO corrections (one-loop multi-leg
amplitudes)

= fully automated code generator
= core: integral libraries Samurai and Golem95C

= open source, uses only public tools

http://projects.hepforge.org/gosam/

[Cullen, Greiner, Heinrich, Luisoni, Mastrolia, Ossola, Reiter,
Tramontano (1111.2034)]
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Golem95C integral library

= integral library

= tensor coefficients up to rank 6, 6-point massive and massless
integrals

= scalar master integrals

= support complex masses

http://projects.hepforge.org/~golem/95/

[Cullen, Guillet, Heinrich, Kleinschmidt, Pilon, Reiter, Rodgers (1101.5595); Binoth,
Guillet, Heinrich, Pilon, Reiter (0810.0992)]

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Form factor representation
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Method

= Reduction to certain set of ‘basis’ integrals
= special treatment of difficult regions = numerical stability

= only r < N implemented (renormalizable theories)
r: tensor rank, N: # of propagators

[Binoth, Guillet, Heinrich, Pilon, Schubert (hep-ph/0504267)]
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Higher tensor rank extension

In,/.l,l...u,(s) o /dnk G Gl
' Mies ((k+ )2 = m? +i5)

with (especially r = N + 1)

= effective couplings like ggH-vertices (top-loops integrated out)

= spin-2 particles (gravitons)

A3
i,
oc 62 ((m3 + k1 - ka) Cupor + ---)
A

[Han, Lykken, Zhang (hep-ph/9811350)]
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Implementation in Golem95C

= generic reduction formulas for arbitrary rank implemented
= Reduction without inverse Gram matrices (Subtraction method)

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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= Avoid inverse Gram determinants: Subtraction method
= Reduction to already implemented form factors of Golem95C

IR(a1,...,ar;S) Zsalgk/D”( a...3...a,5)

- b(31,5) (N =D —r)IE"(ap,...,a,;5)
+ > Sailn-1(az. - a S\{k})

keS

Summary

[Binoth, Guillet, Heinrich, Pilon, Schubert (hep-ph/0504267)]
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= Avoid inverse Gram determinants: Subtraction method
= Reduction to already implemented form factors of Golem95C
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[Binoth, Guillet, Heinrich, Pilon, Schubert (hep-ph/0504267)]
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Implementation in Golem95C

= generic reduction formulas for arbitrary rank implemented

= Reduction without inverse Gram matrices (Subtraction method)
= automatic switch to Passarino-Veltman if S not invertible

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Implementation in Golem95C

= generic reduction formulas for arbitrary rank implemented
= Reduction without inverse Gram matrices (Subtraction method)
= automatic switch to Passarino-Veltman if S not invertible
= only up to boxes (N > 5 in progress)
= in addition, some explicit formulas
= arbitrary rank tadpoles
= massless eight-dimensional triangles
= generic (higher-rank) massive bubbles with light-like legs
= simple cache system to prevent re-computations
= applied checks

= comparisons between both reduction methods
= rank N 4+ 1 compared with LoopTools [Hahn, Perez-Victoria
(hep-ph/9807565) — 2012]

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Status of higher-rank support in GoSam and Samurai

= GoSam (SVN version)

= support for higher rank tensor integrals
= spin-2 particles implemented
= arbitrary models possible
= Higgs + 0, 1, 2 jets calculated and compared with literature
= Samurai
= extension to rank N + 1 in progress
based on [Mastrolia, Mirabella, Peraro (1203.0291)]

= both published soon

Summary

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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vy -+ jet via Graviton decay

= Diphoton + jet production over Graviton bridge
= “automated” NLO calculation with GoSam
= ADD model [Arkani-Hamed, Dimopoulos, Dvali (hep-ph/9803315)]
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Diphoton plus jet production through graviton exchange at NLO
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ADD model

= large extra-dimensions model (LED)
= offers solution to the hierarchy problem
= ‘large’ means > ﬁp, up to mm-range

= gravitation effects at TeV scale

I\/IE, ~ R‘SM,‘;+2 in 4 4+ 6 dimensions

= SM particles on 4-dim brane
= Kaluza-Klein modes in full dimensions (bulk)

= changes short-range Gravitation law

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Graviton propagator

= “Graviton” = sum over KK modes
= effective propagator needed

sn/2—1

i
— & +2i I(Ms/+/s, n
;s—mi%e 2MI2 Gy (W M/ Vs ))

where /(x, n) is a smooth function.

= in GoSam handled by new customspin2propagator extension

[Gleisberg, Krauss, Matchev, Schalicke, Schumann, Soff (hep-ph/0306182); Han,
Lykken, Zhang (hep-ph/9811350)]

Summary

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Current experimental limits
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[The ATLAS Collaboration (1210.4491)]
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Example diagrams produced by GoSam

Ak
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Example diagrams produced by GoSam
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Example diagrams produced by GoSam
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Preliminary results
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Timings

GoSam:

= uii: time to produce code: about 1 CPU day
(48 diagrams x 12 helicities , max. 1.5h per diagram)

= gg: time to produce code: about 86 CPU days
(121 diagrams x 12 helicities, max. 15h per diagram)

= Phase space point: < 1s (i7 960 3.20GHz)

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Conclusion

= GoSam supports processes with higher rank loop integrals

Golem95C can provide arbitrary rank tensor integrals
automated NLO calculations
= Higgs + Jets
= BSM physics
= Gravitons

= generic spin-2 particles

= phenomenological results in progress

Summary

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Passarino-Veltman Reduction

= |dea:
= Contract tensor integrals and form factor representation with
external momenta and/or metric tensor
= solve the equation system

= Problem: Inverse Gram determinants

Gram matrix: ZIS-N_I) =2rr, i,j=1...(N-1)

[Passarino, Veltman]
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Passarino-Veltman Method: Example

no— k <
/ _/dk((k+r1)2+i6)((k+rz)2+f5)(k2+"5)

contract with r, rp, use r; - ki = % ((r; + k)> — k? — r?)

_ ka3l nA3,1
=nA7 + A

=
) Ai”l 2(!’1)2 2r - A:l)”l Ry
z 31 ) = o - 2 2 31| = R
A2 n-nrn (r2) A2 2
with
R 1 o 1
YT (k+ )2+ i0)(K2+id) (k+n)2+i8)((k + r2 +id)
h(S\{n}) h(S\{r:})
J— r2 . 1
L ((k+ n4)2 +i0)((k + )2 + i6)((k)? + i6)
1(S)

Ry = (r1 withr; < f2)
Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Passarino-Veltman Method: General formula
Generalized formula [Denner, Dittmaier (hep-ph/0509141)]:
R 2 8) = Y (ZM D) (= 1R a2 S\ Doy 8oy

JES\{N}
+ I,\E,)’_rl_l(az7 oy S\{NY)on -+ - 0

+ fjl,\E,)’r*l(az, o anS)+ Z I,\E,)+2’r72(az c 3. ar S))
k=1

r 2 ; - -
//e+2’ (a1,...,a;S) = N—D—r+1 (/,\D/Ll(al; ooy 3 S\{N})oan -+ - 0an
+ 2mNI,€’r(al, ceyan S) — Z ﬂ-lﬁ’rﬂ(al, 000 Epall 5))
JES\N

Withﬂzrj—mj—&—m/\/andé_,-j:l—é,-j

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Reduction without inverse gram determinant
= |dea: Split into IR-finite and IR-divergent term

IN(S) = law + Jin
2 _ m? _1 -3 bi(S)(q? — m?
_Zb(s)/dk q: m2 : +/dk 21652( )(2ql m)
ics Hjes — m? + i6) [Les(ai — m?* +i6)
I9_1(S\{1})

Kinematic matrix: Sjj = (r; — r;))” — m? — ms

[Binoth, Guillet, Heinrich, Pilon, Schubert (hep-ph/0504267)]
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Reduction without inverse gram determinant
= |dea: Split into IR-finite and IR-divergent term

IN(S) = laiv + in

=Sl [k s+ [k e O )
ics [ljes(a? — m* +i0) [Tjes(a? — m? +i9)

-1 (S\{D)

. . . 2
Kinematic matrix: S = (ri — r;)" — m? — m?

i j
:ZS;

keS
_ -1 _ -1
=2 S = 2. S
i€S i,keS

[Binoth, Guillet, Heinrich, Pilon, Schubert (hep-ph/0504267)]
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Reduction without inverse gram determinant
= |dea: Split into IR-finite and IR-divergent term

IN(S) = laiv + in

=Sl [k s+ [k e O )
ics [ljes(a? — m* +i0) [Tjes(a? — m? +i9)

-1 (S\{D)

. . . 2
Kinematic matrix: S = (ri — r;)" — m? — m?

i j
:ZS;

kes D+2
= lin = —B(5) (N — n = 1)Iy*(5)
— E 5151 — E 5151 N
i€S i,keS

[Binoth, Guillet, Heinrich, Pilon, Schubert (hep-ph/0504267)]
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General reduction formula

keS

1P+2(5) = B(15) 5 }\H— - ( )+ > b(k;S) Iy 1(5\{k}))
For tensors:

IR(a1,...,a,;S ZSalik/D“ o 8k...anS)

- b(al, 5) (N =D —r)IE"(ap,...,a,;5)

+ > Sokdn-a(az. - S\{k})
kes

Diphoton plus jet production through graviton exchange at NLO Johann Felix v. Soden-Fraunhofen (MPP/TUM)
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Graviton propagator

: . 2i I(Ms/ /5
Zk:S—m%+i€ T 2ME Gy (w+ 21 1(Ms/ V5. )
— Z"/j_l L x?k — Llog(x? — 1) if n = even
I(X7 n) = é(njl)/22k 1 2

— > k1 mXM_I + % log (%) if n = odd

in 4 + n dimensions.
[Han, Lykken, Zhang (hep-ph/9811350); Gleisberg, Krauss, Matchev, Schalicke,
Schumann, Soff (hep-ph/0306182)]
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