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Introduction | Motivation

NLO QCD corrections
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Electroweak NLO corrections
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Kidonakis, Kiyo, Klein, Laenen, Mangano, Mitov, Moch, Nason, Neubert, Pecjak, Piclum, Ridolfi, Schwinn,
Sterman, Ubiali, Uwer, Vogt, Yan, Yang

Towards full NNLO predictions

Anastasiou, Aybat, Baernreuther, Bonciani, Czakon, Dittmaier, Ferroglia, Gehrmann, Gerhmann-De
Ridder, Kniehl, Kérner, Langenfeld, Maitre, Merebashvili, Mitov, Moch, Ritzmann, Rogal, Studerus, von
Manteuffel, Uwer, Vogt, Weinzierl

NNLO QCD tt production
Czakon, Fiedler, Mitov, Rojo

NLO QCD tt productionxdecay in spin-correlated narrow-width approximation
Bernreuther, Brandenburg, Melnikov, Schulze, Si, Uwer

NLO QCD W*W—bb production (with leptonic W decays)
Bevilacqua, Czakon, Denner, Dittmaier, van Hameren, Kallweit, Papadopoulos, Pozzorini, Worek

Stefan Kallweit (UZH) WTW ~ bb at NLO QCD 3/19



Introduction  Full description vs. narrow-width approximation

Full W*W~bb description vs narrow-width approximation in LO

Doubly-resonant (tt-like)

tt in narrow-Width Approximation
diagrams (DR)

@ only DR channels

@ narrow-width limit of Breit-Wigner top resonances

. 1 2 ™ 2 2
| = 5(p% —
oo | p? — m? +ilgmy | Temy (pi: = me)
Singly-resonant (tW-like) _
diagrams (SR) Finite-width contributions to W W~ bb

9 off-shell corrections to DR channels

@ SR+NR channels and interferences
— Divergences appear for pr, — 0 if m, =0

@ O(Ty/my) corrections to inclusive tt observables

Finite bottom masses in W*W~bb
9 low pr,, (tW-relevant) region can be accessed.

@ WHWbb describes both tt and tW with all off-shell
effects and interferences in a unified way!
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Introduction | Motivation

Full description of tt production @ decays

@ off-shell top quark and non-resonant background (including tW)

o leptonic W decays taken into account (actually full four-lepton final states)

Huge tt samples at hadron colliders
9 LHC at 7...14 TeV: 1.5...9 x 10° events per fb™' = %2 = few %

@ improved top-mass measurements with émg™® ~ 1 GeV

Relevance for BSM discoveries
o typical discovery signature: leptons + jets + missing Ev (SUSY, ...)

@ heavy resonances decaying into tt in various BSM scenarios

Importance as background to SM processes

9 pp — WH(— bb) + X (if one of the W-decay leptons is invisible)

@ pp = H — WW + X (particular relevance of the 0-jet and 1-jet bins)

9 pp — H(— WW) + 2jets + X in VBF (particular relevance of the high-Anj; region)

< Consistent treatment of tt, tW backgrounds and interferences needed.
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Technical aspects of the NLO QCD calculation | NLO QCD calculation with OPENLOOPS/COLLIER/CDST dipoles

Treatment of unstable particles via complex-mass scheme
(introduced at NLO for ete™ — WTW— — 4f [Denner/Dittmaier/Roth /Wieders '05] )

o T is absorbed into the renormalised pole mass: M? — ;> = M? —iMTl

@ on-shell renormalisation on complex propagator pole: i(p2) =0 at p> = 4/?
Calculation of top-quark width

9 Consistent treatment in amplitude and parameters crucial (no fake effects)

9@ top width calculated with off-shell W and finite bottom mass
[Jezabek/Kiihn '89, Czarnecki '90, Campbell/Ellis '12]

Scattering amp|itudes with OPENLOOPS [Cascioli/Maierhofer/Pozzorini '11]

@ tree, one-loop and real-emission amplitudes (including colour/helicity correlations)
o fully automated for NLO QCD for any SM process
@ compact and fast numerical code

Tensor reduction by means of the COLLIER library [penner/Dittmaier/Hofer]

@ numerically stable Denner—Dittmaier reduction methods [penner/pittmaier '02&705]
@ scalar integrals with complex masses [penner/Dittmaier '10]

Mediation of IR divergences between Born- and real-emission phase-spaces
@ dipole subtraction for massless and massive particles [catani/Dittmaier/Seymour/Troscanyi '02]
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Technical aspects of the NLO QCD calculation | Phase-space integration by multi-channel approach

Fully automated NLO QCD Monte Carlo framework (s«
(implementation in C++)

@ Phase-space integration by multi-channel Monte Carlo techniques

o automatized generation of mappings for arbitrary partonic processes
@ additional Monte Carlo channels based on dipole kinematics
(improvement of convergence, particularly in multi-resonance processes)

< Fast and stable numeric calculation of cross sections and distributions.
@ Additional features of the integrator

o code generation for arbitrary Standard Model process
(including automatic bookkeeping of all required partonic channels)
» automatic generation of OPENLOOPS interface
» automatic selection and construction of massless and massive dipoles
@ simultaneous calculations for different scale choices and variations
@ Applicability to NNLO calculations proven (based on gr subtraction)!

(cf. Dirk Rathlev's talk on Z~ production)

< All ingredients well tested in various multi-particle processes!
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Numerical Results for the 8TeV LHC

Setup and input parameters

Particle masses and widths

my, = 4.75 GeV

my = 173.2 GeV [i,Lo = 1.47451 GeV [, nLo = 1.34264 GeV
My = 80.385 GeV Mw,nrLo = 2.09530 GeV
Mz = 91.1876 GeV Iz nLo = 2.50479 GeV
My = 126 GeV Ma=4.21 x 1073 GeV

2 .
G,-scheme couplings  cos® 6, = M a =26, My (1 — My /M3)/x
M2 —ilz My

G, = 1.16637 x 107° GeV 2

PDFs and as  4-flavour NNPDF at LO and NLO with 4-flavour running of as;
independent variations 1/2 < pr/po < 2 and 1/2 < pp /po < 2.

Anti-kp Jet Algorithm  (b)jets with \/A¢2 + Ay2 > R=10.5

Cuts leptons: [ni] < 2.5 pr,1 > 20 GeV PT,miss > 20 GeV
b-jets: [nn| < 4.5 but no cut on pr, required
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Numerical Results for the 8TeV LHC | Adequate scale choice for W\Wbb

Adequate scale choice for WHW~bb dedicated to tt production

Fixed scale (MR/F = myg/2):  [Denner/Dittmaier/SK/Pozzorini '12]

do/dpr [fb/GeV] K PP — veeT pBbb+X @ /5 = 8 TeV.
10 W L0 18
=3 NLO 14

1
0.6

02
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Arww [%]
10

0.01 D 0 —U

0.001 ‘

-10
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800

pr[GeV] Pr[GeV]
Dyn. scale (.u‘R/F = ET,t/z): [Denner/Dittmaier/SK/Pozzorini '12]

do/dpr [fb/GeV] K PP — veeT pBbb+X @ /5 = 8 TeV.

10 Lo 15
=3 NLO

125
1 1
075
01 05
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Arww [%]
10

0

e
i

10
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Fixed scale too low in high-pr
tails of produced particles

@ LO overestimates cross section,

@ NLO calculation gets
perturbatively unstable.

= Introduction of dynamic scale

@ which coincides with fixed scale if
pr,c — 0,

@ which adapts to the higher
scattering energy in high-pr ¢
regions.

= Use averaged transverse energy

Er, = \/\/mf + p?r,t\/m% + p?F’E.
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Numerical Results for the 8TeV LHC | Adequate scale choice for W\Wbb

Scale choice for simultaneously describing tt and tW

Dynamic scale Et; is motivated from the tt side only.

< Scale overestimates natural scale for single-top-like events,
particularly due to g — bb splitting.

= Introduction of a new dynamic scale (to interpolate between tt and tW)
@ which coincides with the dynamic scale Er; for tt-like events,

@ which takes into account the g — bb splitting for tW-like events.

Ansatz: His =/ Ewb X EWE with Ewp = P(t)ET’t =+ P(b)ET,b

P(t) and P(b) stand for the probabilities of the Wb configurations in an event to be
“top-like” or “bottom-like":

1
(7 = )+ i

P(t) < X(t) = and P(b) x X(b) =

==
Ef .

RX(t)
X(b) + RX(t)

X(b)

P(t)+ P(b)=1 = P(t)= m.

and P(b) =
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Numerical Results for the 8TeV LHC | Adequate scale choice for W\Wbb

Iterative procedure to determine new dynamic scale choice

R is determined in an iterative procedure to fulfill the condition:

ow _ Owwes — 0 L < P(t)P(b) > + < P(b)P(t) > (1)
o o - < P(t)P(t) > ’

ot is the narrow-width limit of owwog-

The expectation values < ... > are defined as Test of final 1us(R):
<A>= [doA/ [ do. ‘ ‘ ‘ ‘

Iterative procedure (fully inclusive, LO)
o Start with R — oo (dynamic tt scale E1/2).

o Perform iteration step at uis(R): 0.6

0.8

* PT,veto,2ndbjet — 00

¢ calculate ﬂttfl at uis(R).

P(t)P(h P(b)P
o sean <AL () ot ()

0.4 +

TW
Tt

02 L <PePy>+<P P>
over relevant range of R values. <hPR>
< (1) fixes R for next iteration step. 0 w w w w
0 10 20 30 40 50

o Fast convergence delivers 11s(R). P veto20dbjet

Stefan Kallweit (UZH) N TW ~ bb at NLO QCD | RADCOR 2013, Sep 24, 2013



Numerical Results for the 8TeV LHC | Adequate scale choice for W\Wbb

Scale variation and K factors with different scale choices

5000 : m— L NL K = NLO
ofm) A Ceasy Twwoi [fb] O O = To
4 —— LO  pry =&us/2

. o = m 1316.7)2] 1816[2]  1.38
o0 B Y p=m/2  1777.3[2] 1962[2]  1.10

s NLO iy = €Br/2 —

uw=Er:/2 1604.1[2] 1938[2]  1.21

NLO pmp = &mi/2

w=ps/2  1655.4[2] 2115[2]  1.28

" full WWbb contribution

U oww [fb] LO NLO K =120
500 -
ol A e W= m 63.4[2] 103[3]  1.63[5]
400 TI0 g ] p=m/2 86.6[3] 121[2] 1.40[3]
2 o ez | w=~Ers/2  796[3]  117[3]  1.47[4]

— NLO ppp = EEr,/2
NLO prp = émy /2

w=ps/2  1312[3]  147[3]  1.12[3]

200 |

100 [

— better perturbative convergence of oyw with new
interpolating scale u = pis/2
LR (thanks to absorbtion of running-as effects in LO).

W contribution only
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Numerical Results for the 8TeV LHC

Integrated cross sections at NLO QCD

Off-shell and not doubly-resonant contributions to oj,

Assessment of finite-width
effects o(I'y) — o(0)

@ Numerical extrapolation to
Iy — 0 is performed using five
rescaled values [, = £MP™s
with 0.01 < £ < 1.

Cancellation of soft-gluon
In(T'y/my) singularities

@ Dipole-subtracted virtual and
real parts diverge
logarithmically when 'y — 0.

@ Linear convergence of
o(l'¢) — o(0) provides
non-trivial consistency and
stability check.

D — veet i B bBHX @ /5 = 8TeV.

PP — veet i B bDHX @ /5 = 8TeV.

1400 2150
offb)| 2 biets with pr > 30GeV required oft) | inclusive in (b)iets
1350 2100
500 p——— | 2050
1250 | 2000
+—+—  NLO
1200 1950
0 02 04 06 08 1 1.2 14 0 02 04 06 08 1 1.2 14
1300 1700
offb)| 2 biets with pr > 30GeV required offy) | inclusive in (b)jets
1250 1650
1200 | 1600
1150 | 1550
—— LO —— LO
1100 1500
0 02 04 06 08 1 1.2 14 0 02 04 06 08 1 1.2 14

Ty [GeV]
Off-shell tt contribution of
+1.2% (LO) and +1.1[2]%
(NLO) in the 2-bjet bin

Ty [GeV]
Off-shell tt contribution of
18.6% (LO) and +7.5[2]%
(NLO) if inclusive in bjets
(tW dominated).
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Numerical Results for the 8TeV LHC

Multiplicity of (b)jets with pr > 30 GeV

7 (nbjer) [fD] pp — vee T j7,bb+X @ 8 TeV/ o (njet) [fb] pp — veet = 7,bb+X @ 8 TeV
2250 g LO 2250 | g LO
2000 || =2 NLO 2000 | == NLO
1750 1750
1500 1500
1250 1250
1000 1000

750 750

500 500

250 250

0 0 L L
0 1 2 0 1 2+

Knro/o Kyro/Lo

175 175

15 15

1.25 1.25

1 1

0.75 075

05 05

0 1 2 0 1 2+

Integrated cross sections at NLO QCD

First “off-shell” insights into
exclusive 0- and 1-(b)jet bins
of the combined process tt + tW

bjet multiplicity

9 large K factors in 0-bjet and
1-bjet bins due to light-jet
emission,

@ tW contribution to 0-bjet and
1-bjet bins reduced at NLO.

(generic) jet multiplicity
@ reduced K factors in the lower
jet-multiplicity bins,

@ relative contribution from tW
stays quite constant when going
from LO to NLO.



Numerical Results for the 8TeV LHC

Multiplicity of

Integrated cross sections at NLO QCD

ts in dependence of jet-pr threshold

aobjec(pr) (D]

2250
2000
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250

PP — Vet pTBbBAX @8TV  aupjec(pr) D] PP — vee* i~ 7,bb+X @ 8 TeV
2250 Lo
2000 = NLO |
1750 1
1500 1
1250 1

1000

750

500

Knro/Lo
3

Lo 250 ]
=3 NLO
P 0 L
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60
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Stefan Kallweit (UZH)

150 200 250
pr[GeV]

300 350

W — bb at NLO QCD

0-bjet exclusive cross section

@ for high pr, 0-bjet bin saturates
the integrated cross section,

o for low pr, LO dominance of
tW disappears at NLO.

1-bjet exclusive cross section

@ gets largest contribution at
pr ~ 60 GEV,

@ shows instabilities for low jet-pr
threshold (pr < 10GeV).

— At pr ~ 30 GeV (typical veto
range), both NLO and tt/tW
ratio non-trivial.

< Huge NLO requires log pr
resummation via parton shower.
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Numerical Results for the 8TeV LHC

Integrated cross sections at NLO QCD

Multiplicity of jets in dependence of jet-pr threshold

ogen(pr) D] Db — Vet uTBbbHX @ 8TV ayjer(pr) [D] b — vt w7, bb+X @ 8 TeV.
2250 [ wol T e o 1
2000 2000 == NLO ]
1750 1750 —
1500 1500 —
1250 1250 —
1000 1000

750 750

500 500

250 = ‘;50 250

0

0 50 100 150 200 250 300 350

Kyrowo

By
@
g

00 150 200 250 300 350

0 50 100 150 200 250 300 350

1 - ow/owws (%]
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1 —oi/owws %]
60

80 1
10 l'l

0
0 50 100 150 200 250 300 350
pr[GeV]
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150 200 250 300 350
pr(GeV]

0-jet exclusive cross section

® tW — tt ratio remains very
stable from LO to NLO,

o for low jet-pr threshold
(pr < 20GeV), perturbative
stability breaks down.

1-jet exclusive cross section

9 gets largest contribution at
pr ~ 60 GeV.

9 unstable at low jet-pr threshold
(pr £ 20GeV),

9 high-pr region dominated by
LO-like contributions.

— Parton shower is needed to
restore perturbative stability for
very low jet-pr threshold.
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Numerical Results for the 8TeV LHC

Differential cross sections at NLO QCD

Pseudo-rapidity distribution of (sub-)leading bjet

do/diparjer [fb] pp — veet =7, bb+X @ 8 TeV

do /dijguapseq [fb] PP — veet i~ 7,bb+X @ 8 TeV
600

700 -
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400 -
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100
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18 125
14 1
! 0.75
06 05
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1 = o/owwns [%]
80

1 —oi/owws [%]
80

0 t R

Stefan Kallweit (UZH)

-4 -3 -2 -1 0 1 2 3 4

Tandbjet

W — bb at NLO QCD

Central detector region
9 relatively flat K factors,

@ dominated by tt events.

Forward /backward region
< collinear emission of b-quarks

9 large off-shell contribution
(dominated by tW) in the
region |npjet| > 2.5,

@ also K factors non-trivial in this
region.

<+ Interesting combined tt + tW

background to VBF H — (WW)
production.
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Numerical Results for the 8TeV LHC

Sample leptonic distributions

Differential cross sections at NLO QCD

do/dM,- 1 [fb/GeV] pp — vee* i~ 7,bb+X @ 8 TeV

do/dee- .+ [fD] Pp — veet i~ 7,bb+X @ 8 TeV
1200

N Lo

11
0 =3 NLO

1000
900
800
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400

W Lo
300
/=3 NLO
200
0 50 100 150 200 250 300 0 B B F3 ™
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18
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195 14
1 1
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50
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w
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250

300

et
N

o
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i b

Pomput

Invariant mass of leptons
important for H — WW analysis

9 relatively stable K factor,

9 off-shell (and thus tW)
contribution essentially
independent of m.— ,+.

Azimuthal angle of leptons
important for H — WW analysis

@ H-signal prefers low azimuthal
angle due to spin correlations,

@ NLO corrections enhance
background at low ¢+,

9 off-shell contribution essentially
independent of ¢, ,,+.
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Conclusions

Conclusions

NLO QCD calculation for W™W ~bb production with my, > 0
@ precise description of tt and tW (with full leptonic decays)
9 including off-shell effects, non-resonant backgrounds and interferences

@ suggestion for an adequate scale choice to interpolate between tt and tW

@ New results with m, >0

o full b-quark phase-space coverage (no cuts need for IR-safety reasons)
o exclusive jet-multiplicity dependent cross sections:
non-trivial effects from NLO and interplay of tt and tW

Outlook:
9 More dedicated analysis of the W W ~bb background to relevant signal processes.

@ Combination with parton shower to improve stability in low-pr region.
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Backup

Multiplicity of bjets in dependence of jet-defining pr

a<ibier (pr) (D] Pp — veet ~7,bb+X @ 8 TeV avjet (PTabjet) (D] pp — veet 7, bb+X @ 8 TeV oo (Pavjed) (D] pp — veet =7, bb+X @ 8 TeV
2250 2250 —— 1O 2250 Lo
2000 2000 == No 2000 == NLO ]
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o -L\.._ s o o
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Backup

Multiplicity of jets in dependence of jet-defining pr

o<ijer(pr) [b]

PD = vee*u~Bbb+X @ 8TeV o je(pr) (] PP — veet =B bb+X @ 8 TeV s3jee(pr) ) Db — veet 7, bb+X @ 8TeV
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Further distributions

Backup

do /dpr 1sepjet [fb/GeVpp — veet = 7,bb+X @ 8 TeV

do /dpy guajer [(b/GeVip — veet =7, bb+X @ 8 TeV

do /dpr 1atje; [fb/GeV] pp — vee™ p~7,bb+X @ 8 TeV

N LO
10 10 =3 NLO
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at NLO QCD
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Backup

Further distributions

40 /AP jop 1 [/ GeVipp — v 7,bb+X @ 8TeV o /APy oy ana [/ GeVhp — veet = 7,bB+X @ 8TeV A0 /APT.miss [fb/GeV] pp — vee*u=7bb+X @ 8TeV
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Further distributions

do/dMy1y [fb/GeV]  pp — ve* 7, bb+X @ 8TV

Backup

Ao /dM, ., [fb/GeV]  pp — veetu~7,b5+X @ 8TeV

do/dM, [b/GeV]  pp — veetp-Bbb+X @ §TeV
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Further distributions

Backup

dar/d|M; — My [fb/Geby — vee* u=7,bb+X @ 8 TeV

o(| My — Mg|) [fb] pp — veet p~p,bb+X @ 8 TeV

do/dM [b/GeV]  pp — vee*u-7,bb+X @ 8TeV
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