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SN Outline

Outline

e Motivation and short overview of the tensor reduction with GOLEM
e 2 applications: Results for Z-boson pair +1-jet production and

e Graviton +1-jet production in large extra dimensions at NLO QCD
e Summary
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SN Introduction

Motivation of NLO calculation and difficulties

e LO predictions usually have large theoretical uncertainties

o Large impact of higher order corrections due to new channels and
experimental cuts possible
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SN Introduction

Motivation of NLO calculation and difficulties

e LO predictions usually have large theoretical uncertainties

o Large impact of higher order corrections due to new channels and
experimental cuts possible

@ huge amount of algebra, long expressions
— Computeralgebra (Maple, Mathematica, FORM,...), automation

e complicated structure of singularities: real and virtual corrections
— e.g. Catani-Seymour Dipole method, ...

e numerically stable evaluation of one-loop tensor-integrals when
integrating over the multi-dimensional phasespace
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SN Tensor Reduction

Reduction method:

gy - [ % ab ... qb
N im/2 (g% —m2 +18)...(q3 — m3, +1d)

@ main problem: numerically fast and stable evaluation needed

e classical approach: Passarino-Veltman method: I} = Ag"Y + Bp*p”
A, B o 1/detG * () scalar integrals IY,)

@ our method (GOLEM-coll.): reduce tensor int. to scalar int. in shifted
dimensions (Davydychev 91)
avoids inverse Gram determinants, algebraic separation of IR poles
(T. Binoth, et al. hep-ph/0504267)

G = ZT”""M (Tjgs e s T30 ™) INT2™ Gy, oL 3R)

Zjy - Zj,

IR (j1,...,jr) = (-1)NT(N=D/2) L ANz 5( 1—221 =S 2/2)N R

Sy = (ri—15)° —mf —mS, 1 =p1 +... +p;
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SN Tensor Reduction

o two alternatives for evaluation:
o further algebraic reduction: occuring basis integrals: I} 2, 1§, I3
But 1/detG unavoidable (Gi; = 21; - 13)
o direct numerical evaluation in critical regions of phasespace feasible
for ZZjet and Gjet: fully algebraic reduction
o see tomorrows talk by T. Reiter about more information about the GOLEM
method, golem95 and GOLEM2.0!
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DN PP — VW jet

The PP — VVjet amplitude

(T. Binoth, T. Gleisberg, SK, N. Kauer, G. Sanguinetti)
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S PP - VVjet
e Importance for LHC physics: background process to H — VV +jet,

anomalous gauge boson couplings, part of PP — VV at NNLO

e Virtual corrections: ~ 100 Feynman diagrams: (tensor reduction with
GOLEM methods)

tuned comparison of WWijet with [Dittmaier, Kallweit, Uwer 07], [Campbell, Ellis,
Zanderighi 07] — [NLM Les Houches report 08]
6 scales: s12, S3, 34, 545, S15, M2
regularisation scheme: 'tHooft/Veltman (anti-commuting ys), MS
36 helicity amplitudes, related by bose symmetry, charge conjugation and
parity transformation

AiA2A3AgAs . A A A A A
MA1A2A3N4As — 63136411465,5}15 <2 z‘ru3u4us|-| 1>
real emissions: Sherpa dipoles (Gleisberg, Krauss), Cross checked with
MadDipoIe (Frederix,Gehrmann, Greiner), Helac dipoles (Czakon, Papadopoulos, Worek) and

partial in house implementation
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DN PP — VW jet

Helicity projection for qqVVg — 0
e replace momenta of the massive vectorbosons (ps 4) with light-like
momenta (ks 4) to apply spinor formalism

ka4 = 25 [(1+B)psa— (1 —B)pasl withk3, =0
@B o 1 (14 Blkay — (1 Blka
TR @3 R R 2My
Use to define projectors on helicity amplitudes, schematically:
M>\1>\27\3?\47\5 _ Tﬁéﬁt§5<2>\2‘rll3}l4us|17\1>

= (global spinorial factor) x (contracted tensor integrals)

e Lorentz indices saturated, at most rank 1 pentagons ( + rank 3 boxes)
@ spinor products can be treated as global factors
o further simplifications in analytical expressions possible and performed
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L Results for ZZ + jet
Results for ZZ + jet

o differences to WW + jet: additional Bose symmetry, also right-handed

couplings to fermions, no box-type diagrams from WWZ, WWA vertex
o Input parameters/settings:

Ng =5, mq =0, Mz =91.188 GeV, a(M) = 0.00755391226,

sin? By, = 0.222247

PDFs: CTEQ6L1(LO), CTEQ6M(NLO)

Cuts: prjer > 50 GeV

central scale choice: ur = pg = My

o(pp — ZZ + jet) [pb], /s = 14 GeV
P jet cut [GeV] 20 50 100 200
LO 6.500(6) | 2.696(2) | 1.0057(9) | 0.2297(2)
NLO 8.01(3) | 3.653(9) | 1.511(4) | 0.415(2)
NLO with 2" jet veto 2.637(9) | 0.755(4) | 0.1005(9)
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N Results for ZZ + jet

Scale variations:

6 ; 0.2 ;
alpb] pp — ZZ+jet+X olpb] [~ pp— ZZ+jet+X
5 V5=14Tev /5 = 1.96 TeV
Prjer > 50 GeV 015 | Prjec > 50 GeV
4 k.
3 L
o .
----- LO
1} — NLO
—.—-- NLO with 2" jet veto
0 . 0
0.1 1 10 0.
16 p ‘ 17 g
¥ ; """" St _—_-:;‘.;T.'._.'.—.'..é Lo g
0.5 BE= T 0.1 E
0.1 1 10 0.1
p/My, /My,
Ac/o(pp — ZZ +jet), /s = 1.96(14) TeV
u/Mz € [1,2] w/ Mz € [1,4] 1w/ Mz € [,8]
LO 23% 44% 62%
NLO 6% 11% 19%
LO 12% 23% 34%
NLO 7% 15% 23%
NLO with 2" jet veto 0.5% 3% 6%
24/10/2009
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N Results for ZZ + jet

Distributions:
30 ; ; 1r ; : -
do pp — ZZ+jet+X _do_ pp — ZZ+jet+X
dMzz [ V5 =14 TeV 1 d“é" [ V5 =196 TeV |
[C‘%’} PTjet > 50 GeV/ [m] N Prjet > 50 GeV ]
10
. LO - 0.1 F
—— NLO i E cooeo LO .
—-—+ NLO with 2" jet veto r — NLO ]
2 L L L L 005 L L L L
200 250 300 350 400 200 250 300 350 400
1.6 — ‘ ‘ ‘ 4 1.3 — . . .

NLO | 1 NLO 1
o { W ]
10 Frm i mne e, crenznescomncesd T0) | e o —
08 £ ‘ ‘ ‘ 09 L ‘ ‘ ‘

200 250 300 350 400 200 250 300 350 400
Mzz [GeV] Mz [GeV]
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DN PP — Graviton jet

The PP — G + jet amplitude

(SK, M. Kramer, Q. Li, D. Zeppenfeld )
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SN Introduction

Large Extra Dimensions

e Gravity is weaker by a factor 10°. Why? (or equivalently, why is
v € Mpranck?) — Hierarchy problem

@ one possible solution:

Extra Dimensions allow the fundamental Planck scale to be as low as the
EW scale
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SN Introduction

Large Extra Dimensions

e Gravity is weaker by a factor 10°. Why? (or equivalently, why is
v € Mpranck?) — Hierarchy problem
@ one possible solution:
Extra Dimensions allow the fundamental Planck scale to be as low as the
EW scale
@ various models, e.g. the ADD model: Arkani-Hamed, Dvali & Dimopoulos (1998)
e b extra dimensions, compactified at radius r

e SMis confined to a brane in a higher dimensional space
e only gravity can access extra dimensions
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SN Introduction

Large Extra Dimensions

e Gravity is weaker by a factor 10°. Why? (or equivalently, why is
v € Mpranck?) — Hierarchy problem
@ one possible solution:
Extra Dimensions allow the fundamental Planck scale to be as low as the
EW scale
@ various models, e.g. the ADD model: Arkani-Hamed, Dvali & Dimopoulos (1998)
e b extra dimensions, compactified at radius r

e SMis confined to a brane in a higher dimensional space
e only gravity can access extra dimensions

e From dimensional analysis, we have M2, « r®M2*2

o If5=1and M, ~ 1TeV, — r ~ 10'°cm, excluded
o If6=2andr < 0.2mm, — M, > 1.5TeV (direct probes of Newtons law)

o If 8 >2and M, ~TeV, — r < 10~%cm — only testable at high energy
colliders
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SN Introduction

Kaluza-Klein (KK) tower

e periodic boundary conditions for the compactified extra dimensions

@ quantized momentum in extra dimensions (p = n/r) — massive
Gravitons: m%, = m3 + p?

@ Infinite tower of 4D KK modes: mass splittings Am o 1/r
d=2:Amg x 10~%eV, 6 =6: Amg x 10MeV
— nearly continuous
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SN Introduction

Kaluza-Klein (KK) tower

e periodic boundary conditions for the compactified extra dimensions

@ quantized momentum in extra dimensions (p = n/r) — massive
Gravitons: m%, = m3 + p?

@ Infinite tower of 4D KK modes: mass splittings Am oc 1/r
5=2:Amg x 10~%eV, 5 = 6: Amg x 10MeV
— nearly continuous

o Interaction described by an effective quantum gravity Lagrangian:

Lint = _V1m S (M) T | (h: KK mode, T: energy mom. tensor)

24/10/2009 14/24
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SN Introduction

Kaluza-Klein (KK) tower

e periodic boundary conditions for the compactified extra dimensions

@ quantized momentum in extra dimensions (p = n/r) — massive
Gravitons: m%, = m3 + p?

@ Infinite tower of 4D KK modes: mass splittings Am oc 1/r
5=2:Amg x 10~%eV, 5 = 6: Amg x 10MeV
— nearly continuous

o Interaction described by an effective quantum gravity Lagrangian:
Lint = — 571 S (M) T | (h: KK mode, T: energy mom. tensor)
@ summation over the KK tower: Mpjnck suppression replaced by

M suppression in cross sections! — 92 o Mﬁ Jmd 9% dmg
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SN Introduction

Collider Signatures

e How do we get evidence of LEDs at colliders? — two different signatures
(ADD model)

@ direct graviton production and virtual graviton exchange (more model
dependent)
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DN Motivation

Graviton plus 1-jet production

e Monojet + nothing is a striking signal for new physics at the LHC
@ major background: Z(— vv) + jet both theoretically and experimentally
under good control

o Experimental studies (Tevatron) for Graviton production with monojet
have found a strong ability to probe higher extra dimension scale:
jet+missing Energy, photon+missing Energy,

S

inary (10 fb”)

EP Combined

2

Events / 10 GeV.
M, Lower Limit (TeV)
S

—

T100 150

200 250 300 30 400 3 5 4 5
Missing E, (GeV) Numger of Extra Dimensions
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DN Motivation

Graviton plus 1-jet at NLO QCD

@ Need for QCD corrections: reduction of large scale uncertainties at LO,
sizable contribution to the cross section possible (K-factor)

Z_Tpb/GeV]

,,,,, s
O

raviton signals

1077

0 500 ; 1000 1500 2000
PP [GeV]
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DN Calculation

@ 2 subprocesses at LO: gg — Gg, qq — Gg + crossed

e Graviton = massive spin-2 vector boson

(polarization tensor: €)4,, A4 = {++,+,0, —, —))
e 3scales:s, t, Mg
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18/24



DN Calculation

@ 2 subprocesses at LO: gg — Gg, qq — Gg + crossed

A A

e Graviton = massive spin -2 vector boson
(polarization tensor: €)4,, A4 = {++,+,0, —, —))

@ 3 scales: s, t, Mg

@ virtual corrections: 43 diagrams for qq, 108 diagrams for gg
Most complicated diagrams: box diagrams with tensor rank r = 5 due to
the complicated tensor structure of the Graviton

@ application of the spinor formalism to project onto helicity amplitudes
o fully analytic reduction to scalar integrals: I} 2, I, I3
e complicated intermediate results, but very compact final expressions
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DN Calculation

2 subprocesses at LO: gg — Gg, qq — Gg + crossed

A A

Graviton = massive spin -2 vector boson
(polarization tensor: €)4,, A4 = {++,+,0, —, —))

3 scales: s, t, Mg

virtual corrections: 43 diagrams for qq, 108 diagrams for gg
Most complicated diagrams: box diagrams with tensor rank r = 5 due to
the complicated tensor structure of the Graviton

application of the spinor formalism to project onto helicity amplitudes
fully analytic reduction to scalar integrals: I} 2, I3, I3
complicated intermediate results, but very compact final expressions

real corrections: dipole subtraction method, code based on modified
MadDipole
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DN Calculation
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DN Calculation

Checks of the calculation

@ gauge invariance
o discrete symmetries
e cancellation of the IR poles (1/¢, 1/€?) in virtual and real corrections
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DN Calculation

Checks of the calculation

@ gauge invariance

o discrete symmetries

e cancellation of the IR poles (1/¢, 1/€?) in virtual and real corrections
e two independent calculations (not yet fully completed)
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_ Results for Graviton + jet at NLO

Results for Graviton + jet at NLO

Setup:
@ 6=2,4,6, Ms =5 (1) TeV, (LHC,Tevatron) PDFs: MSTW2008(n)lo
e central scale choice : uf = pg = PSS
e cuts: pT'ss > 500 GeV (for Tevatron: cuts from CDF Il study)
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_ Results for Graviton + jet at NLO

Results for Graviton + jet at NLO

Setup:

@ 5=2,4,6, Ms =5 (1) TeV, (LHC,Tevatron) PDFs: MSTW2008(n)lo

e central scale choice : uf = pg = PSS

e cuts: pT'ss > 500 GeV (for Tevatron: cuts from CDF Il study)

140 800

\ LO ---- o=
o] NEO T olfb] NLO —
120 | LHC N 700 NLO
\ Mg = 5TeV A
s 600 F
100 §=4 Tevatron
@ 500 Ms = 1TV
400 o=t
300
200
w7 T
0 0
0.1 1 10 0.1 1 10
1) P 1) P
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_ Results for Graviton + jet at NLO

Results for Graviton + jet at NLO

Setup:
@ 5=2,4,6, Ms =5 (1) TeV, (LHC,Tevatron) PDFs: MSTW2008(n)lo
e central scale choice : uf = pg = PSS
e cuts: pT'ss > 500 GeV (for Tevatron: cuts from CDF Il study)

140 — 800

: IO Lo -
o] e oif —
| LHE NLO 00 | NLO
., Mg = 5TeV )
5 5= 600 |
100 N =4 5 Tevatron
B 500 My = 1TeV
S AT 5=4
300
200 &
100 e —
0 0
0.1 1 10 0.1 1 10
1) P 1) P

— scale variation by a factor 2: £27% (+£32%) at LO, +10%( +3%) at NLO
— K-factor: onLo/010 = 1.26(0.9) (at p = Piss)

Stefan Karg (RWTH Aachen) ZZ+jet and Graviton+jet at NLO QCD 24/10/2009 21/24



_ Results for Graviton + jet at NLO

0.1

0.01 |

0.001 ¢ LHC
Mg = 5TeV
0.5 Ppiss < < 2 Piss
0.0001 ‘ ‘ .
1.5 il
NLO ‘
T0 ;
E 0.5 : : ‘ ‘
500 750 ) 1000 1250 1500 150 200 250 o= o 2
e PI [GeV]

— sufficiently large signal cross section
— error bands from scale variation strongly reduced at NLO
— small K-factor dependence on Py for the LHC and 6 = 4,6
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_ Results for Graviton + jet at NLO

low energy eff. theory not applicable above fund. scale M:
— results with hard truncation scheme: v/§ < M,
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_ Results for Graviton + jet at NLO

low energy eff. theory not applicable above fund. scale M:
— results with hard truncation scheme: v/§ < M,

-~ te
10 GeV aPj

LHC
1 L} Mg = 5TeV/

Tevatron
Mg = 1TeV.

01k

0.01

D 0.1 i
500 750 1000 1250 1500 150 200 250 300 350 400
Ppis [GeV] P [GeV]

0.001

e.g. at Pss = 1500 GeV: uncertainty: +10% (+60%) for & = 2(6)
— eff.theory has limited applicability energy range, but large enough to be
useful for collider predictions
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Summary of results and Conclusion

o fully analytic approach to ZZ+jet and G+jet at NLO with GOLEM methods

@ Report on the calculation of NLO QCD corrections to ZZ+jet for LHC and
Tevatron, as an important background to Higgs and new physics searches

o Reduced scale uncertainties (at the LHC: only after a jet veto)

e corrections for the Mz distribution depend on the kinematical region
(Tevatron, LHC NLO(excl))

@ Computation of Graviton+jet production at NLO QCD as an important
probe for large extra dimensions

e Significant reduction of scale uncertainties for LHC and Tevatron, sizable
QCD corrections for LHC, depending on the kinematical region

e studied also other uncertainties (eff. theory approach, pdfs, jet veto)
o Results should be taken into account in experimental studies
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