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Precision and EW corrections

Motivation for high theoretical precision in pp — tt — WIWbb

o precision PDF and m; determinations

@ small anomalies in top observables

. . g b
o small signals with large top backgrounds %% ot
wt Ve

t _

W G
< wno

EW correction effects g P 5

o O () corrections to on-shell pp — ¢t
o O (%) = O (a) effects from off-shell pp — WIWbb

both effects mostly small ... but strongly enhanced in important kinematic regions
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EW Sudakov logarithms at ) ~ TeV > My,

Soft/collinear logarithms from virtual EW bosons [Bauer, Becher, Ciafaloni,
Comelli, Denner, Fadin, Kiihn, Lipatov, Manohar Martin, Melles, Penin, S.P., Smirnov, ...]

o Z,W* bosons ~ light particles at § > Z\VTLZV_’Z 7.2 W

= large logarithms of IR type

Universality and factorisation [Denner,S.P. '01]

n A

loo 1 a a Skl
M = D153 X IO 3 R Mo
k=1 l#k a=~,Z,W

o large negative terms o v, In*(Q?/M3,) ~ 25% > as in any TeV scale observable

o size depends on external EW charges: not very large for gg — tt

= EW corrections important for SM tests and BSM searches at TeV scale
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Nontrivial NLO EW features wrt NLO QCD (examples)

(1) QCD-EW “interference” (e.g.
q/g bresstrahlung at NLO EW)

(2) Virtual EW corrections more involved than QCD ones
(due to massive Z, W, H,b,t) and tend to dominate

(3) Leptons receive EW corrections and W, Z resonances require complex-mass
scheme [Denner, Dittmaier]

0 0 r
3 Z/A 3 Z/A » Z/A
A A o

(4) Protons and jets D g, ¢, (IR safe photon—jet separation subtle)
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First automated NLO QCD-+EW tools and applications

NLO EW Tools first results

RECOLA+COLLIER pp — 070745 [arXiv:1411.0016]
pp — (1) — et vep” 7,bb [arXiv:1607.05571]
pp — eTvep I, [arXiv:1605.03419]
pp — ete putu [arXiv:1601.07787]

OpENLOOPS+ MUNICH/SHERPA pp — W + 1,2, 3jets [arXiv:1412.5156]
pp — 0L/lv/vv 4+ 0,1,2]jets  [arXiv:1511.08692]

MADGRAPH5_AMC@NLO pp — tt+ H/Z/W [arXiv:1504.03446]
pp — tt [arXiv:1606.01915]

GoSAM+ MADDIPOLE pp — W + 2jets [arXiv:1507.08579]

Benefits of automation
o NLO QCD+EW for multi-particle process, e.g. pp — WWbb and tt+ multijets
o NLO QCD+EW matching and mering with parton showers (still work in progress)
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@ pp — tt at NLO EW
@ pp — WWbb at NLO QCD+EW
(3 Resonance aware NLO-+PS matching for pp — W+W ~bb

@ tt + 3jets at NLO QCD



Literature
@ weak [Beenakker et al. ‘94; Kiihn et al. ‘06—‘13; Bernreuther et al. ‘06; Campbell et al. ‘16]
o QED [Hollik, Kollar ‘08]
0 App [Hollik, Pagani ‘11; Kiihn, Rodrigo ‘12; Manohar, Trott ‘12; Bernreuther, Si ‘12]
o NLO EW with decays in NWA [Bernreuther, Si ‘10]

NLO QCD+EW [Pagani, Tsinikos, Zaro, 1606.01915]

LO QCD NLO QCD | LOEW NLO EW p
channel | O (a?g) @] (a%) O(asa) O (a?ga) ‘aabb t

qq — tt X X X

gg — tt X X X t

yg — tt X X |
vqg — tt x 7,\,\1\'\ t

In depth study of y-induced contributions
o dominated by vg — tf channel: included at O (asc) and O (aa)
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Different v(x, Q%) in PDF sets with LO QED evolution

PDF ‘ initial condition ‘ QED®QCD evol. ‘ data ‘ Yelastic (T)
MRSTW2004QED Py ® Gvalence coupled no no
CT14QED Py ® qyalence coupled DIS ep — ey + X | (CT14QED-inc)
NNPDF2.3 QED unconstrained decoupled DIS + DY@LHC fit Yeltinel ()
APFEL_NN23 idem coupled idem idem
LUXqed from data Fy (7, Q%) yes

v(x,Q?) potentially relevant at very high z
o NNPDFs: very large v(z, Q?) and uncertainty
<> agnostic Ansatz and poor sensitivity of data

o other PDFs: consistently lower v(x, Q*) and
smaller uncertainty

0 LUXqed [Manohar, Nason, Salam, Zanderighi ‘16]:

very small uncertainties < ~(z, @*) from
proton structure functions (i.e. data)

dL/dm?

102

107
102

dL(gy) / dM? comparison at 13 TeV
Q=M . .
g luminosity

F
F
3
f NNPDF23 —
[ APFEL_NN23 - -
MRST2004 —
[ CTi4000 —
E CT140.14 - -
LUXged —
n L n

Ratio Q=M / Q=m;

E\

NNPDF2.3. Q=m,
E i

1 2 3 4 5 6

D. Pagani at QCD@LHC2016
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NLO QCD+EW corrections without ~(x, Q?)

Typical Sudakov behaviour but moderate size (see lowest frame)

do/dpr [pb/bin]

o

—20% at PT,top ™~ 2 TeV

[t (u=Hq/2), LHC13, no y

L L
LO EW/LO QCD NLOQCDLOQCD —  NLOEW/LOQCD —

L L I
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E—— L
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| I
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El. L
{~ EW/LO QCD:; PDF unc.
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Photon-induced contributions

o dominated by gy — tt at LO (yq — tiq negligible)
o overall effect up to 20% + 20% in NNPDF and negligible in CT14QED

103 |t (n=Hy/2), LHC13 Lo QCD --- tt (n=Hy/2), LHC13 LOQCD ---
102 Qcb — -
— P QCD+EW — _ -
£ 10'f £ 10'F
3 10°F 3
s o s 10%F
= E £ =
!ff 102 F S 10F H
T 3 e i
102 10 M
1074 F 103k
105 s s ‘ b s ‘ ‘ s s s ‘
0.5 [LOEWLOGGD — NIOQODIQQCD — NLOEWLOQGD — 0.5 [LOEWLOQCD — NLOQCDLOGCD — MLOEWLOQCD — |
[ — e 0
| ! i | ! ! ! ! !
2 [~ (QCD+EW)/LO QCD; scale unc. = 2 [~ (QCD+EW)/LO QCD; scale unc. |
1 4 L S e e —
i i
05 L Il Il - 05 Il L Il Il Il Il .
2 [~ (QCD+EW)/LO QCD; PDF unc. 1 2 [~ (QCD+EW)/LO QCD; PDF unc. 1
1B e ————— L e ————————
05F L Il Il 05 F L Il Il Il Il Il
0.15 [LEWLO QCD;PDF unc. GT140.00 —  CT140.14 — n=m; - 0.15 FEW/LO QCD;PDF unc. CT140.00 —  CT140.14 — u=m; -
0 0
-015 ¢ ! . . = —0.15 5, ! ! ! . . !
0 500 1000 1500 2000 500 1000 1500 2000 2500 3000 3500 4000
prit) [GeV] m(th) [GeV]

Important to constrain NNPDFs with data sensitive to v(z, Q?) at high-x
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1) pp — tt at NLO EW
@ pp — WWbb at NLO QCD+EW
3) Resonance aware NLO+PS matching for pp — W+W ~bb

4) tt + 3jets at NLO QCD



t

5 s :

el

On-shell ¢t productionxdecay in NWA [Bernreuther et al. '04; Melnikov, Schulze '09]

| 1 2 s

= 5(p? —m?) = life much simpler beyond LO
P2 —m2 + Ty ey (pi —mi) ife much simpler beyon

lim
I't—0
Full calculations of pp — WHW~bb [Denner et al. ‘10; Bevilacqua et al. '10;

Heinrich et al. ‘13; Cascioli et al '13; Frederix'13] and WWbI_)] [Bevilacqua et al,'15-'16]

o tt production and decays at NLO with off-shell effects
o tt + Wt and non-resonant channels with interferences

o 0- and 1-jet bins thanks to m; > 0 [Cascioli et al ‘13; Frederix'13]
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In inclusive ¢t observables (2 b-jets)

o formally or EW order

L om0
me

and typically strongly suppressed

In off-shell regions
o 10% of o, with off-shellness > 10 GeV

pp — WWbb @ 13 TeV

Ro

1 (® _do
Rt =5 f Mo dmog

Moff = Yy p [mwy — me

—— fully inclusive
—— 2 2bjess

e b e e b e by
10 20 30

°

40 50
M [GeV1

In presence of jet vetoes
o beyond 30% Wt contributions

PP — veeT i~ 7,bb+X @ 8 TeV

10° |

U(njet) [fb]

102

0 1 2+
Njet

[Cascioli et al;'13]
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pp — €+l/e/,l/_77'ubl_) at NLO EW [Denner and Pellen '16]

g 3% b g TOO}————— b
N ot b _ 7,
wH Ve W u
t
_ vy Z,y et
W : W

53 “ ’ Ve

t — —

g b g Too————

Exact 2 —+ 6 NLO EW calculation
o fully differential 6-particle final state

o NLO EW top decays

o off-shell tt + Wt 4 non-resonant contributions

Applicable only with tf type cuts (m; = 0 = no unresolved b-quarks)
0 2 b-jets (pr > 25GeV, |n| < 2.5)
o 2 charged leptons (pr > 20 GeV, |n| < 2.5) and missing Er > 20 GeV
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NLO EW corrections and g contributions [penner and pelien ‘16]

— 0
—— NLOEW

missing Er

— 0
J—

1st b-jet pr

— 10
- NLoEw

top pr

P = 5 © s
10| —— NLoEw 10} — NLoBw 10| — NLoEw
T — —— ooty

oh

5 Bt
0 100 200 300 400 00 600 700 800 0 100 200 300 40 500 600 700 80 0 100 200 300 400 500 60 700 800

priiGeV] P (GeV] Prais[GeV]

NLO EW corrections
o up to —10-15% at pr ~ 800 GeV

o qualitatively consistent with [Pagani et al ‘16] for reconstructed top pr

~-induced contributions (vg at LO and g at NLO EW included)
o 5-6% at pr ~ 800 GeV

o smaller wrt [Pagani et al ‘16] due to fixed pr = my
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Exact pp — bb + 4¢ vs double-pole approximation

Double-pole approximation (similar to ¢t MC generators!) ‘ %% ‘bA
wt ve

t

o on-shell tf — bb + 4¢ matrix elements
WA
o approx. off-shell effects via 1/[(p? — m3)? 4+ I'sm7] distributions g .
——Toww v ——Toww o ——Toww
ety pair pr

top pr 1st b-jet pr o

iy S
Etl o T g —— tou g
10 —a— LOWW -
= Now 0 —— Niou
—— Noww] = Nowy]

0 800

2 Y
- —— Loww
101 Niow 15
—— NLoww :
s 20 s
0 0 20 0 40 S0 60 700 80 0 10 200 30 400 S0 600 0 800 0 0 20 30 40 S0 60
PrulGev] Pro (GeV] Prae 1GV]

Genuine off-shell and Wt effects (see deviations wrt LO )

0 +3% for g0t and +5% in tail of reconstructed top pr
o beyond 20-30% in pr-tails of individual top-decay products

= NLO EW and O (T';/m;) effects madatory for precision at high pr
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1) pp — tt at NLO EW
2) pp — WWbb at NLO QCD+EW
(@ Resonance aware NLO+PS matching for pp — W+ W ~bb

4) tt + 3 jets at NLO QCD



Precision m; determination

Direct and indirect m; determinations

1aso-0sa- 1ascov [+ AmgeXp)

17349 069 1.21 Gav
vaivo < stat +

CHS 2010, dlepton
JHEP 07 (2011) 045,

cms 201, dilepton

~ 0.5 GeV but spread around 2 GeV

—— o EW precision fit (m¢ = 177 £+ 2.1 GeV)
1.60 above world average

oms 2011, aikjets
EPUC 74 (2014) 2758, 35 1

!
Kinematic m}”° determinations

o excellent experimental systematics

e o require accurate theory understanding of
PRSI IS I SRS it

1\
0 175 180 mM & mP® & observables
m, [GeV] .

Non-perturbative (renormalon) ambiguity in mMS pole

& My

o intrinsic O (Aqcp) ambiguity of pole mass much smaller than previously expected:
AmP°'® ~ 70 MeV [Beneke et al, 1605.03609]

Monte Carlo simulations with higher-order pp — WWWbb matrix elements
o well defined m?®"® input (no MC mass!)

1
o systematic precision improvements in my““ < observables
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Resonance aware NLO+PS matching method

Long-standing problem: NLO+PS for resonant pp — W1Vbb MEs
o uncontrolled My, shifts from resonance unaware first emission and showering

= highy inefficient event generation

= unphysical order a%m; /T ~ 1 distortion of top line shape and related observables

Resonance aware Powheg matching [Jezo and Nason, 1509.09071]

o guiding principle: respects on-shellness and all-order factorisation of top
productionxdecay for I'y — 0

= assign radiation to top production or decays consistent with I'y — 0 limit
= modified NLO+PS approach to preserve resonance virtualities at all stages
see analogous approach in MCONLO [Frederix et al, 1603.01178]
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pp — bb + 4¢ resonance aware NLO+PS generator

[Jezo, Lindert, Nason, Oleari, S.P., 1607.04538] http://powhegbox.mib.infn.it

based on POWHEG+OPENLOOPS
Precision improvements wrt standard ¢t NLO+PS generators
o full pp — tt + Wt — bb + 4¢ process with ti—tW interference
o well defined ]\Jt(OS) with quantum corrections to top propagators
o applicable to observables with unresolved b quarks (jet vetoes) thanks to m; > 0

o NLO+PS top production and decay with multi-radiation scheme [Campbell, Ellis,
Nason, Re ‘15]

Potentially very useful for

o m; determinations

o Wt measurements and top backgrounds with jet vetoes or high pr/missing Er
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pp — bb4l vs traditional Powheg tt generator |

bbal: NLO+PS pp — e ™ ve,bb [Jezo et al, 1607.04538]
tt: NLO+PS pp — tt with LO+PS decays (hvq) [Frixione, Nason, Ridolfi, '07]

Reconstructed top mass b-jet—lepton mass
21071 F = y ] =102 . bbal — 3
S [ 8Tev \ bbat ] o N 4t
= 10°2L Vi tt ] oy 7 g tt
2 PRt 2100 1
L1073 L 7= L ] ./
Sl - 7 S ] £ 107 = ]
5 / — 1 3 8 TeV —
~ -5 o S
% 10 ‘ B < 10-5

15E ]
3 3 09% j
S [S
£ w =
) )
< 05 . . . ? " = 05 . . L . ; ¢
100 150 200 250 300 350 50 100 150 200 250 300 350
My, [GeV] My, [GeV]

Significant effects for m; determination
@ asymmetric shape distortion around the resonance
o average My, roughly 0.5GeV higher (within £30 GeV around m;) in bb4l
0 20-30% effects around the My, edge
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pp — bb4l vs traditional Powheg tt generator Il

do/dmy, [pb/GeV]

do /dogy,

Significant effects in b-jet properties

b-jet mass
107! [ omm bbal ——
f haay tt
102 e ]
8 TeV =N
10-3 == 1
120 ' 1
1.0
081} j
0.6 I I I I I 1 I
5 10 15 20 25 30 35 40

mj, [GeV]

do/dzg [pb]
no

O narrower b-jets and harder B-fragmentation

B-hadron fragmentation function

a

b4l ——
= tt

o due to reduced radiation from b-quarks in bb4/¢ generator

calls for detailed studies of realistic LHC observables
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1) pp — tt at NLO EW
2) pp — WWbb at NLO QCD+EW
3) Resonance aware NLO+PS matching for pp — W+W ~bb

0 tt + 3jets at NLO QCD



tt + 3 jets at NLO [Moretti, Hoche, S.P., Maierhsfer, Siegert, ArXiv:1607.06934]

Motivations for ¢{t+multijet precision
o benchmark for perturbative QCD and tools
o large background systematics in t£H (bb) and BSM searches

Technical challenge addressed with Sherpa+OpenLoops

o fully coloured 2 — 5 process with heavy quarks

partonic channel \ N ‘ 0 1 2 3
99>+ Ng 47 630 9438 152070
ut —tt+Ng 12 122 1608 23'835
wi—thui+ (N —2)g | - - 506 6642
uii — ttdd + (N —2)g | - - 252 3'321

number of 1-loop diagrams

Study of scale choices and uncertainties for non-trivial multi-scale process
o hard global scale = Hr/2: good convergence for V+multijets [Blackhat+Sherpal

o MINLO method [Hamilton, Nason, Zanderighi '12]: improved convergence for
multi-scale processes through NLO+NLL CKKW resummation
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MINLO automation in Sherpa [Hsche et al, Arxiv1607.06934]

Interpretation of ¢ + N jet events throught k7 -jet clustering
o ¢t + M jet core process with 0 < M < N and picore = Hr /2
o N — M ordered jet emissions at g1 < g2 < ...qx5 < [core

CKKW scale choice + Sudakov FFs for ext & int lines

s (1r)] " = [as (peore) | [ [ s (@),

=1

Aa (Qmirn ql)

Aa(qminvqi) and E(qk’ql) = A (q . Qk)

Matched to ¢t + N jet NLO calculations
o O(ag) amputation of Sudakov FFs
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tt +0,1,2,3]jet cross sections at 13 TeV

(= Niet) [pb]

7/onLo

/oMINLO

oMiN)LO/ T(N)LO

1.6

1.4
1.2

08
0.6 F

16
14
12

08
0.6

16 F
14
12
1

0.8 £

0.6

T
MINLO &=
MILO =
NLO s

LO w4

; Prjec > 25GeV
[ S +OPEN ors ‘
E —No ‘ ‘ !
E s LO
E 7z
e ///// /////////II/I//IIII(,}[;//]/ ;
? . MINLO
; s MILO \‘
e
= —

o 1 2 3

Setup
o stable tops and anti-kr jets
o R=0.4, pr; > 25GeV, |n;| < 2/5

o Ntuples allow decays & showering

Plotted predictions and ratios
o LO/NLO at p = Hyp /2
o MILO/MINLO
o MINLO/NLO

NLO corrections and uncertainties

o MINLO convergence better at large
Njets (also for larger pr ;)

0 ~10% factor-2 variations in (MI)NLO
0 4-8% MINLO/NLO agreement!
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n-th jet pr for pp — tt + njets with n =1,2,3

do/dpy [pb/GeV]

MINLO S
MILO XN

Ao/ Tio

P, [GeV] pr 1GevV]

Py, [Gevl

o large NLO/LO but excellent MINLO convergence at large Njets and pr

o In general: very good MINLO/NLO agreement and factor-2 scale variations

consistent with TH uncertainty < 10%
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Summary

NLO EW corrections to on-shell ¢t production
o Sudakov EW effects around —15% for pr top ~ TeV

0 g — tt can be similarly large (with NNPDFs) or negligible (other PDFs)

Off-shell e*v,u~7,bb production at NLO EW
o NLO EW predictions for fully differential final state

o sizeable off-shell and Wt effects at large pr and missing Er

First e"v.pu~7,bb NLO+PS generator (resonance-aware matching method)
o new wrt standard NLO+PS: NLO decays, off-shell effects, ¢t + Wt, ...

o potential shift Am; ~ 0.5 GeV in kinematic m; determinations

tt+0,1,2,3jets at NLO

o tt+multijets at 10% precision level

o important for t£H (bb) and BSM backgrounds
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Talk by D. Pagani at QCDOLHC2016

The different photon PDFs ...

Photon PDF comparison, Q=3 GeV
NNPDF2.3 —
APFEL_NN23 - - o
MRST2004 —
CT14000 —
CT140.14 - - 4

Photon PDF comparison, Q=173 GeV

Photon PDF comparison, Q=5000 GeV}

2 2 2 |
1o i 10 NNPDF2.3 — 10 NNPDF2.3 —
i APFEL_NN23 - - APFEL_NN23 - -
o o MRST2004 — o MRST2004 —
10 0% CT14000 — 0% CT14000 —
CT140.14 - - CT140.14 - -
CT140.00inc - - CT140.00inc - -
10 . . . . 104 . " . 104 . " .
10° 10 102 102 107 10° 10° 104 102 102 107 10° 10° 104 102 102 107 100

x

x

- APFEL_NN23 (Bertone, Carrazza, DP, Zaro ‘15) is at the initial scale equivalent to
NNPDF2.3QED for all the PDFs. But, the DGLAP QCD and QED running is
consistent (similar to NNPDF3.0QED, where also quark and gluons have been

updated to NNPDF3.0).

- At small Q: APFEL_NN23 is like NNPDF2.3QED. At large Q: it is like
CTEQI14QED at small x, while it is like NNPDF2.3QED at large x.

- CTEQ14QED is close to the upper edge of the CTEQ14QEDinc band.
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Talk by D. Pagani at QCDOLHC2016

The different photon PDFs ...

Photon PDF comparison, Q=3 GeV Photon PDF comparison, Q=173 GeV Photon PDF comparison, Q=5000 GeV}
NNPDF2.3 —
100 F APFEL_NN23 - - 5 100 4 100 !
MRST2004 —
CT140.00 —
107 | CT140.14 - - | 1071 4 1071 4
- CT140.00inc - - 1 &= =
qed —1 3 <
» >, NNPDF2.3 — >, NNPDF2.3 —
10 Ty E 100 APFEL_NN23 - - 100 APFEL_NN23 - - 3
it MRST2004 — MRST2004 —
CT140.00 — CT140.00 —
10° 10° CT140.14 - - 10° CT140.14 - -
CT140.00inc - - CT140.00inc - -
LUXqed — LUXqed —
10 . . . . 104 . . . . 104 . . . .
10° 10 102 102 107 10° 10° 104 102 102 107 100 10° 104 102 102 107 100

x

- LUXQED is close to the upper

CTEQ14QEDinc

x x

edge of the CTEQI4QED band and to
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Talk by G. Salam at HP2 2016

other PDFs v. LUXqed

100 E ratio to LUXqged

3.0 F NNPDF2.3
1.0 fF—— o ik 4

0.3 1 1 1 1 1 1 1 1
100 F T T T T T T

30 F NNPDF3.0
1.0 k ‘
03 p H=100GeV - e s v
105 104 10°% 107 0.1 3 5 7 9

central NNPDF result much higher at large x
(but consistent within errors)

at small x, with corrected evolution (NNPDF30), about 20% smaller

44
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Talk by G. Salam at HP2 2016

other PDFs v. LUXqed

Others are
numerically
closer

Error
bands don’t

always
overlap
with
LUXqged,
but within
~10-20%

ratio to LUXged

_lllIllIllllll.ll

- CT1 4qed_inc (0,5)
-

...—--llll.lllll..ll“IIIIIIII|II||||I||||||||||I|||“““““
[ CT14qed (0,14

- MRST2004 (0,1)




Wt production

in 5F scheme [pemartin et al, 1607.05862]

Diagram removal (DR) and subtraction (DS) for ¢ contamination at NLO
[Frixione et al ‘08] [Hollik et al ‘13]

scheme tt subtraction tt-Wt interf.
DR1 full subtr.
DR2 full included
DS1 gauge-inv CT included
DS2 improved gauge-inv CT included

Sizable ambiguities at large pr;, (no cuts!)

o tt—-Wt interference

10°

0

do/dpy(jy,;) [pb/bin]

200
150
100

10'

10° f

e
=

ALY Ve

t _

7,
WL "
= wo

. ,6666 t _

g b

W atthe LHC13 Lo

SFS (NJLO+PYTHIAS —— NLODRI
Nouts NLO DR2

—— NLODSI
NLODS2 ]

MadGraph5_aMC@NLO

NLO+PYS /LO+PYS with p unc. bands
o=

|
0 100 200 300 400
prp.1) [GeV]

o naive Breit-Wigner modelling of off-shell ¢ effects (used also in standard MCs!)
= calls for pp — WWbb at NLO
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Wt production in 5F scheme [pemartin et al, 1607.05862]

g

g

PR

Diagram removal (DR) and subtraction (DS) for ¢ contamination at NLO
[Frixione et al ‘08] [Hollik et al ‘13]

scheme tt subtraction tt—-Wt interf.
DR1 full subtr.
DR2 full included
DS1 gauge-inv CT included
DS2 improved gauge-inv CT included

do/dm(W™,b) [fb/bin]

Subtraction term pp —> tH — tW BH _at the LHCI3

4FS fixed-LO
no cuts

4,
—— ¢y, DSI
——— (,, DS2 3

DS1-DS2 = different Breit-Wigner modelling of off-shell ¢t effects

150 200 250 300
mW~b) [GeV]

350 400 450
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Talk by J. Lindert at HP2 2016

Multiple-radiation scheme

» In traditional approach only hardest radiation is generated by POWHEG:

» »
' W t w t w

. or . or .
b b ! b

Ro(®a(®B, Prad))
B(®p)
BUT: for top-pair (or single-top) production and decay, emission from production is almost

always the hardest.

& do = B(®p)ddp |Algew) + D A(KS) APra

= emission off decays are mostly generated by the shower.
» Multiple-radiation scheme: . introduced in [Campbell, Ellis, Nason, Re; ' 5]
* keep hardest emission from all resonance histories.

* merge emissions into a single radiation event with several radiated partons

%%Xﬁ%

(Do (P, Doy
B(#p) dd [+ g Tl o) g,

a=ap, &;, QISR

NLO+PS predictions for top-pair and Wt production and decay 12 Jonas M. Lindert
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Talk by J. Lindert at HP2 2016
Results: top-resonance

» default: resonance aware matching & multiple-radiation scheme
» off: resonance unaware matching

» guess: resonance unaware matching but kinematic guess off resonance structure before PS
(based on kinematic proximity)

bbal

res-default

bbal

res-default

1071 E

—e— res-off —o— res-off

&— Tes-guess
1072
107* L 8 TeV  no cuts

do/doygy,  do/dmuy,, [pb/GeV]

1.0 - -
0.5 . . . . 0.8 I . . . . . .
J150 160 170 180 190 200 0 50 100 150 200 250 300 350
My, [GeV] My, [GeV]
= resonance unaware matching yields distortions of important kinematic shapes
= control of these shapes crucial for precise top-mass measurements!
= resonance assignment based on kinematic proximity with standard matching not sufficient
NLO+PS predictions for top-pair and Wt production and decay 16 Jonas M. Lindert
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Talk by J. Lindert at HP2 2016

jet vetoes and single-top enriched observables

L 8 TeV f
0j0b
_ E7 _
bbal — © [ —
tt @ decay - - - L tt @ decay - --- ]
tt tt
10 — 1.0 B -
3 08p .ot - Foos s ]
L 06 -2 o6} j
b N
04 | | | e 04 by | | | —]
1.0 e 1.0 e
3 == S T»/I/ FEEIs g g1
g 09t -7 - E 0ot ] j
~ 7L - ~— —
© 08}y Wo40 NLO -~ S 08} ! b4l NLO + — 1
L L L L L Ll L L L L
10 50 100 150 200 10 50 100 150 200
P, [GeV] P, [GeV]

<

* tt®decay includes Wt only at LO and treats tops

* 10-20% jet veto resummation effects
* important for any tf background with jet vetoes

(eg HoW*W))

w

» for small jet thresholds Wt single-top reaches 40-50%

on-shell at NLO = overestimates radiation in Wt region

NLO+PS predictions for top-pair and Wt production and decay 21

Jonas M. Lindert
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Inclusive ¢t + b-jet multiplicity distribution

Inclusive b-jet multiplicity distribution
T

T
. [pp — tibb@13TeV

—
== Sherpa+OpenLoops
—— MG5aMC@NLO

PowHel+PY8
NLO

1
1.
1.
1

0.
o

6Er L |

LHC HIGGS X5 WG 2016

3

NLO vs NLO+PS

4

S-MC@NLO (Sherpa+OpenLoops) with ug,r

variations

MG5_aMC@NLO+PY8 w.o. variations

Powhel+PY8 w.o. variations

o decent agreement in NLO accurate bins with > 1 and > 2 b-jets

S-MCG@NLO vs PowHel+PY8

o good overall agreement in spite of differences in matching method, parton shower,
Ny-scheme and ad-hoc cuts in Powhel

S-MC@NLO vs MG5aMC@NLO

@ good agreement only for > 1 b-jets despite similar matching method and same Ny
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3

Invariant mass of the 1 and 2™ b-jets system (ttbb cuts)

/o501
i

06 By Lyl b e

= T T T T T
5] pp — tibb @ 13TeV === Sherpa+OpenLoops
% —— MG5aMC@NLO
E‘ PowHel+PY8
S| g

N

b

LHC HIGGS XS WG 2016

o 50 100 150 200 250 300

S-MCG@NLO vs PowHel4+PY8

350 400
m [GeV]

do/dpr [pb/GeV]
5
!

1073

pr of 13! light-jet (ttbb cuts)

[T T T T T T T T
| pp — ttbb@13TeV s Sherpa+OpenLoops
—— MG5aMC@NLO
—— PowHel+PY8

THC HIGGS X5 WG 2016

o 50 100 150 200 250 300 350 400
prlGev]

o well consistent also in observables that receive significant shower corrections

o confirmation of “double-splitting effects” (see e.g. mup)

S-MC@NLO vs MG5aMC@NLO

0 40% enhancement of tt + 2b XS & sizable differences in NLO radiation pattern

o related to strong sensitivity to resummation scale (shower starting scale) in MG5 . ..
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Dependence on resummation

do/dm [pb/GeV]

Invariant mass of the 1% and 24 b-jets system (ttbb cuts)
ErTTT T T T T T

= Sherpa+OpenLoops
=== MG5aMC@NLO
--- 50l 5,

=== MGsz),

P A AT AP B i I
50 100 150 200 250 300 350  40C
m [GeV]

scale g

do/dpr [pb/GeV]

pr of 15t light-jet (ttbb cuts)
[T T T T T T T

s Sherpa+OpenLoops
= MG5aMC@NLO

--= 510l 5,
=== MGsyp

PN EWHYE wwwn nmie 222
o 50 10 1% 200 230 300 350 4
pr [Gev]

Nominal MG5_aMC and Sherpa+OpenLoops predictions in YR4
o MG5_aMC supports only 1o = f(£)v/$ = smearing function restricted to

0.1 < f(&) < 0.25 to mimic recommended pg = Hr /2 implemented in Sherpa

New: ¢ variations enhance the discrepancy

o g = +/3/2 in Sherpa to mimic MG5_aMC default choice 0.1 < f(£) < 1

o strong pg-sensitivity of MG5_aMC = much more pronounced deviations
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Dependence on resummation

0/ Osherpa +OpenLoops

Invariant mass of the 1% and 24 b-jets system (ttbb cuts)

R R R S AR
== Sherpa+OpenLoops
MG5aMC@NLO

- 5401z,

=== MGs.5,

= rEE s

S A N AT T s e
0 50 100 150 200 250 300 350 400
m [GeV]

scale

7/ 08herpa +OpenLoops

He

pr of 15t light-jet (ttbb cuts)

=== Sherpa+OpenLoops
=== MG5aMC@NLO

--= 50l 5,
—m MGy

P I S Il e e B e
50 100 150 200 250 300 350 40
pr [GeV]

General aspects and relevance of the problem

o understanding of c- and b-jet production via g — QQ splittings

o how to describe multi-scale process (My; ~ 100Mp) in NLO+PS framework
(MC@NLO) with single scale g for 1st emission?

o relevant for various BSM searches and Hcé and Hbb production

= motivates pp — tf + 3 jets at NLO!
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Multijet scaling: o(tt + njets)/o(tt + n — 1 jets)

(= N+ 1ju)/0(> Ni)

7/onLo

o/omiNLo

oMiN)LO/ T(N)LO

06 F
o5 f
045 £
04 F
035 ;
03
1.6 F
12 E

08 E
06 -
16
14 F
12 £
08 £
06

16 £

1.4
1.2

0.8
0.6

Prjet > 25GeV

Motivation
o insights into multi-jet emission pattern

o cancellations of TH and EXP
uncertainties

No clear scaling for tt + 0,1, 2, 3 jets

o similar to V+jets (scaling onset
beyond 3 jets)

o related to delayed opening of gg and
qq channels

Perturbative convergence

o NLO/LO and MINLO/MILO
corrections of order 10%

o MINLO/NLO agreement of order 1%

= benchmarks for precision tests!
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