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Foreword

Huge boost of theory precision in the last decade
o NLO QCD and EW automation, NNLO revolution
o (N)NLO MC generators

Applying precision TH for SM tests

o focus on signal process and well defined observables

o direct comparison of data vs TH, often at fixed-order (N)NLO

Applying precision TH to data-driven background determinations

o TH predictions4uncertainties for extrapolation from control to signal regions
o correlations crucial (e.g. shape uncertainties)
o complex multivariate analyses, multiple categories

o TH typically means MC
Background TH systematics increasingly important at high luminosity
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Some typical difficulties

o apart from naive factor-2 scale variation, we don't have general recipes for TH
uncertainties and their correlations = to be studied case-by-case

o which aspects of TH input are most critical for EXP sensitivity? Crucial to estimate
uncertainties, but often not known

o typical workflow does not allow efficient collaboration between N(N)LO experts,
MC experts and experimentalists
This talk: two instructive examples
o how to model TH uncertainties for backgrounds

o potential of TH precision and challenges
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(D Background to monojet searches

(@ Background to ttH (bb)



Monojet searches

Monojet Event at ATLAS
End-On View

Transverse
Directions

. Beam Directio
Toward-Away
from You

ATLAS Sub-Detectors

T Determine trajectories
of charged particles
Electromagnetic ™y repsure energies
(GAEAIEE? of detectable
Hadronic particles
Calorimeter (except muons)

Muon System | Detect & measure
muons

Monojet + MET signature probes invisible BSM particles

o clean and simple 2 — 2 process

o precise control of irreducible Z(vv)+ jet background crucial
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Determination

do/dpTV

of irreducible Z(vv) + jet background

less related to Z(vv) =

visible

W(—IV)+ets more TH for (T'/AA,,I,/(TV
s statistics =
bre TH for do/dpr
Z(—W)+et

1TeV pTv

Data from visible Z/T/~+ jet processes + theory extrapolation

o simultaneous profile likelyhood fit of 3 backgrounds + signal

visible

o exploits theory for 0z, /0y ratios and do /dpr shape

prior theory uncertainties and their correlations are crucial!
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3 ATLAS Prellm{?ary 4505 Stavclard Model
g 15 = 13 TeV, 36.1 fb B Z(> w) + jets
& Signal Region s B W ) +jets
= P, (1)>250 GeV, ET**>250 GeV B 2 ) +jets
& B i + single top
k<] B Dibosons
% multijets + ncb
m(b, 7)) = (500, 495) GeV
..... (mw, M".)- (400, 1000) GeV'
ADD, n=4, Mn-swo GeV
107"
12T T T T T T T T T =
g r : l ]
I e T e
g IF o ]
S F ]
0. bt ! 1 L L L 1 . 1

300 400 500 600 700

800 900 1000 1100 1200
ET** [GeV]

o < 10% TH and EXP uncertainty up to 1 TeV

o TH uncertainty reduced to 2% using arXiv:1705.04664

How can such small TH uncertainty be achieved?
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Predictions for ~/Z /W + jet

o vector-boson pr distributions for inclusive monojet searches

o (N)NLO QCD + NLO EW + NNLO Sudakov EW

Theory uncertainties for global v/Z/W + jet fit

7
d vy, . v i) 7 (V. d (v
deU’(l“H)(ETH)Z K((QC)D@)EW(pT) + ;€THJ sV K )(pT) deU£o)

correction uncertainty

<) 6(i)K(V)(pT) account for correlations across processes and pr regions

o Gaussian nuisance parameters (Aern,; = +1) fitted in EXP analysis
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Monte Carlo reweighting (for inclusive monojet searches)

d (V) (&rn)

d d (V)( Eru) = d d O_(V)(6 ) dpr TH \ETH
EMC, €ETH Mc (EMC —

dpr d® dpr d® d_, (V)
pr pT dpr oné (Emc)
—_—
fully differential & inclusive &
particle level parton level

Bottom line of reweighting
o distribution in pr ew and uncertainties entirely from dorn

0 extrapolation prew —> PT,exp and related uncertainties from dowc

pp et j @13 TV

Careful definition of physics objects (v, (*,v)
and cuts that enter p7 oy

do/dmy; [pb/GeV]

@ preserve maximum doryg precision
= stay inclusive wrt QCD and QED radiation

o exclude aspects better described by dowmc

= no lepton isolation, no hadronisaztion/UE, ...




Ingredients
O (as) QCD corrections ) QCD corrections

NNLO QCD calculations for V' + jet (2015-2017)

O Z+ jet [Gehrmann-De Ridder,Gehrmann, Glover, Huss, Morgan '15-'16; Boughezal,
Campbell, Ellis, Focke, Giele, Liu, Petriello '16-'16]

o W+ jet [Boughezal, Focke, Liu, Petriello '15-'16]
0 ~+ jet [Campbell, Ellis, Williams '16—'17]
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do/dpry [pb/GeV]

do/donto acp de/donto aecp

de/donio aep

104 T — T

(N)NLO QCD for V-t @ 13 TeV

Process dependence
o QCD effects very similar for V.= W, Z,~

Y

«=-= 100 X 7+ jet

)1
Z(£T 07 )+ jet

== L0
~— NLOQCD
== NNLo ocp X

Uncertainty model

L)+ jet

ik

v i v
e 0K Y (pr) 3ol
N —’

uncertainty

i =1 correlated scale variations for v/W/Z+jet

0.5 Z(ET07 )+ jet
|

|
12 T

——— ‘
‘ 1 = 2 max pr-shape distortion within variation band

£ Wanapo(p1)

<

(Ge
100 200 500 1000 3000 priGev)

i = 3 decorrelation of v/W/Z+jet

100 200 500 1000 3000

prv [GeV]
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(un)correlated scale uncertainties for o(4*7) /¢(W+J) ratio

Z(— 0407 )jet / W(— €7 0) +jet

do/de'©

pp s etejvs. pp e 0j @13 TV

pp = e vs. pp > T @ 13 TV

pp - etejvs. pp - e 0] @13 TV

09 [ = = 2 o9 T T E
s Zijet/Wijet LO (uncorrelated errors) Z+jet/W+et LO (uncorrelated errors) x Z+jet/W+jet LO (uncorrelated errors)
o8 Zijet/Wrjet LO (correlated errors) = 08 Z+jet/W-jet LO (correlated errors) = ToosE Z+jet/Wrjet LO (correlated errors) =
07 B = 07 —— Z+jet/W+jet NLO QCD = ; 07 —— Z+jet/W+jet NLO QCD =
oE E oE E Ea Zsa jets/W+2 jets LO E
o6 o z o Z+3 jets/W+3 jets LO
osE = o5 S osE
% £
o4 E b E S o4 E
03 = 2 ok = 2 o3 .
1 I
= g o2f L oo2f E
= E = E o1 E
| | + i+ + e H + - + e H +
§ - +— S - — S EHH - —
16 F = 16 = 16 E
4 E E L oMb E L oHE E
12 = % 12f = g i2f =
1E = I T o
08 = 3 08 = S 08 =
06 = 06 06 -
o4 E o4 E o4 E
02 1 1 02 1 02 1 1

Uncorrelated uncertainty > correlated uncertainty and unrealistic

o V +1,2,3jets at NLO confirm that higher-order QCD

107 109
prv [Gev]

effects largely universal

o reliable estimate of amount of uncorrelation?

pry [GeV]

103
prv [Gev]

i W, Z,~

qj
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Process-correlation uncertainty at NLO QCD

Idea of quasi-universality of QCD corrections

vy _ (univ) (V) (V)
doynpo = [1 + Fxpo’ + 9kNLo :|dULO
correlated uncorrelated

. . 1% i
o corrections to ratios from dr\ 1, < kT

Prescription for correlation uncertainty

(univ)

_ (2 :
9 KNLo = Knro handled as known correction

° 5&1%?0 = H{\I‘QO - /{I(\~ZL)O downgraded to process-correlation uncertainty

= few % uncertainty at high pr

Supported by V+multi-jets at NLO and testable at NNLO (see below)
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Exact O (Oé) correction for pp—V +1, 2jets [Denner, Dittmaier, Hofer, Kallweit,
Kasprzik, Kiihn, Kulesza, Lindert, Maierhofer, Muck, S.P., Scharf, Schdnherr, Schulze, Uccirati]

a Wz G W2y 0 —25% at pr = 1TeV

o dominant part well understood:
v o EW Sudakov logs

NLL Sudakov logs for pp — V—+ jet [Kiihn, Kulesza, Schulze, S.P. '04-'07; Becher,
Garcia i Tormo '13]

SO _ Zcm In? (Qw) oWy <_Q2> = —25%

Sud T ‘ 2,15 M2 0
2 2

52 = § :of}]l 4 (Q”) + P m? (%) +0 [1n2 (%)] = +5%

significant impact on oz /oy ratios and do/dpr shape (more than NNLO QCD)
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nNLO EW corrections to V -+ jet pr spectra

do/dpry [pb/GeV]

do/dot©

do/do'©

0.8
0.6

04

1.2 [

0.8
0.6

o4

NLO EW for V+jet @ 13 TeV/

=8 T T

E +==100 X 7+ jet

E Z(£T0)+jet

= ¥ i
. — 1O \

. — nLOEW N

2 NLO EW 10 X W(fv)+ jet

- == nNLO EW

= e =
e Z(6H0)+ jet =
Bl | [ L 1
= T BRIERA 3
= W(lv)+ jet =
Bl | [ L

=2 T T 3

E 7+ jet -
L I [ 1
100 200 500 1000 3000

prv [GeV]

nNLO EW = NLO EW + NNLO Sudakov

o = (2) [+ 60 + (5)'s

Sudakov logs dominant at NLO (5"

hard

(2)
Sud

< 0

1
éu>d )

= motivates NLL Sudakov approx. at NNLO EW

= basis for model of EW uncertainties
(see backup)
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QCD®EW combination and uncertainties
Additive combination = large O («as) uncertainties when kqep & kew large

doqcpgeEw = (1 + KEw + KQCD) doLo

Factorisation justified for EW Sudakov logs x soft QCD effects [Manohar, Becher,. . .|
do :[l—i—n 1+k + dKNT mix K do
qcperw = |( Bw) ( Qcp) NNLO qcp | doro

non-factorised O (aas)

OKNNLO mix Uncertainty estimated through NLO EW multileg (V + 25) calculations

V425 V+1j ¢ (V V425
dUI(\ILo é{)v (Teut) = [HI(\ILO é{)v + OKF\II\')LO mix (Tvut)] dUIEo 7 (Teut)

Stable estimator in the IR limit 7cus — 0

(V) _ (V+25) (V+15)
ORNNLO mix (Teut) = N0 mw (Teut) — KNLO Bw
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Results of estimate

pp — Vtjets @ 13 TeV

E L e = o0bot
E —— Teut > 0.01
E — Tewt > 0.04

o
°
£

NLO EW
19
o

Vet
— K

Q
o

B Z(0H )+ jets

V42jets
KNLO EwW
=

2

Vet

NLO EW
S 9
R 2

— K

E W)+ jets

Vet
~ KNLO EW

02 - 1t jets

V42jets
NLO EW
S 9

04 =
Eol [ |

K,

100 200 500 1000

3000

prv [GeV]

Difference between EW K-factors

~

Kot — FLoiw S 1% up to1TeV
= bulk of O (a«g) effects factorises
Fit to 0kmix(pT) = Emixkew (pT) Yyields
domix = [dJQcD@)EW — dGQCD@EW] (1 + &mix)
with ENNLO mix = 0.1/0.2/0.4 for Z/W/~v+ jet

o driven by EW-QCD interferences in the tails

o applied as uncorrelated uncertainty across
processes
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Vijet @ 13 TeV Vet ratios @ 13 TeV/

~

T T b ach @ hnto Ew
#== NNLO QCD ® nNLO EW
1 > PDF Uncertanties (LUXqed) o

ToXWitn)+ jet 2(46) / Z(we)

do/dpry [pb/GeV]

107 TS Z(0 )/ W(t) El

=== NLO QCD & nNLO EW
NNLO QCD @ nNLO EW. Sz(ete) /)
= PDF Uncertanties (LUXqed)

do/dogenew

11

105

do/doocoew
B

py 09
2 11

5115 =z
E % 105

105
R RN
3 095 3
T 09 T o005
= o085 3 Z(t07) / Z(vo)

08 °9 I I I

100 200 500 1000

3000 3000
prv [GeV] prv [GeV]

o QCD uncertainty model confirmed by NNLO calculations
o overall uncertainty at 1 TeV < 5% in distributions and < 2% in ratios

o reduction of TH uncertainty crucial for high-statistics monojet searches!
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1) Background to monojet searches

(@ Background to ttH (bb)



ttbb background to ttH (bb)

ttH (bb) requires tf + b-jet shapes with precision of O (10%)

b .
b . b ; b-jet .
t
t t bojet f
FS g — bb dominate IS g — bb subleading double g — bb at NLOPS

NLOPS based on 4F pp — tibb MEs with m; > 0

o describe full b-quark phase space at NLO with 20-30% scale uncertainties

o effect of matching/shower can be sizeable and need to be understood!

o default scales: pr def = (ET,tET7{ E'/;/,Ev,j))l/él and pr = psh = Rdamp = HT/2
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NLOPS MC comparisons within HXSWG

5 MC tools, 2 NLOPS methods, 3 showers, 10 contributing authors

~
. <
[ i o
9 s ~ o |
a0 N =2
=2 [ @ ED g_ =
@ < = 2 =
O 2| £ o | I
e} > 1} < =
Tool 2= a|ld I ©n B MC contacts
SHERPA2.2+OPENLOOPS X X F. Siegert, J. Krause
MG5.AMC@NLO X X X M. Zaro
MAaTcHBOX+OPENLOOPS X X C. Reuschle, R. Posdkubka
POWHEG+HELAC X X X M.V. Garzelli, A. Kardos
PowHEGBOX+OPENLOOPS X X X T. Jezo, J. Lindert
tfbl;] NLO (OPENLOOPS+SHERPA) (X) F Buccioni
3 2 3 4 1

= possible to to disentangle mathching/shower dependence
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NLOPS ttbb discrepancies (since YR4)

pr of 1% light-jet (ttbb cuts)

do/dpr [pb/GeV]

Phase space with N, > 1
o good agreement (although one b unresolved)

Phase space with N, > 2
@ NLOPS/NLO effect and MC spread up to 40%

o related to NLOPS enhancements in light-jet pr spectrum

(beyond NLO uncertainty)

understanding this excess crucial for uncertainty modelling
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Interpretation of MC discrepancies (physical effect or not?)

Hypothesis on origin enhacement of jet-p; spectrum
o large NLO K-factor, onro/oro ~ 1.9

o and usage of shower approx. (Rsof;) in regions where Reog > R

doNLOPS B.
= R, + Rer x |—A-1 t
dq)tbej Y — B
ttbbj ME shower

2 100% instead of O(as)
Possible remedies
o reduction of shower starting scale psp
o reduces NLOPS/NLO differences but not supported by any TH motivation
o we need coherent prescription for choice of pgp in different MCs
o reduction of large tthb K-factor?
o possible through 0.5 rescaling of g (together with ur and psn)

o motivated by pp — tZbbj at NLO [Buccioni etal, arXiv:1907.13624]
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ttbb scale tuning using ttbbj at NLO [r. succion et a1

pr of 15! light-jet (ttbbj cuts)

= R L R R AN RN EARAS
9 102 —— b NLO pipg;
R £Ebb NLO pyz55 E|
= it 0D NLO piy5/1.6 1 b
£ ] _
o
T o i b
o
t
107t SHERPA+OPENLC

P \u\\uu\uu\uu\uu\uu
150 200 250 300 350 400
prGev]

\&

%

o T

NLO multi-leg benchmark: do/dpr; with < 25% scale uncertainty
o optimal ttbb NLO normalisation if jur qer rescaled by < 0.5

o Note also: stable pp-shape above 100 GeV = sizeble NLOPS distortions excluded
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pT, j  (ttbb cuts)

NLOPS YR4 scales NLOPS 0.5 rescaling

pr of 1% light-jet (ttbb cuts) Py of 1% light-jet (ttbb cuts)

3 NLO 3 O
= POWHEG+PY8 =
Bk —— Sherpa 225 2
£ Sherpa YRy St
z —— MGs+PY8$ T OB TR
5 MGs+HW7 3
1077
1077
M = (Er)geome #r = Hr/2 = (Et)geom /2 i = Hr/4
stable ttbb stable ttbb .
[ I B T T PO PO SO P P ) R T T BT TN BT P T
g g9 eF
z z
£ £
3 S
z z
o5 )

| S IS IR I S N N
o 50 100 150 200 250 300 350 400
pr[GeV] pr [GeV]

o scale reduction significantly reduces NLOPS/NLO and MC spread (form 2.5 to 1.5)
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0.5 rescaling of pg, pur, psn (Not so good news)

NLOPS YR4 scales

Inclusive Bjet multiplicity distribution

w0 e
NLO
—— PO Y8
L

o [pb]

z
&
z

z

N

No significant change of NLOPS/NLO effects and MC spread

o for Ny > 2 they remain between 15-40%

o what is the origin of a so large uncertainty in o(Ny > 2)/0(Np > 1) ratio?

NLOPS 0.5 rescaling

Inclusive Bjet multiplicity distribution

Idea: bin migrations?

Ny
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Bin migrations and recoil observables

Hypothesis of bin migrations and recoil effects

o Enhancement of XS with N, > 2 due shower-induced migrations of events from
bins with N, =0, 1.

o It was found that N migrations are dominated by kinematic shifts in pr (rather

than m, or ARp1,2) = they most likely arise from shower recoil effects

NLOPS recoil/migration effects can be studies through recoil observables

Aprec,x = A¢(Prec, Px), Prec = — Z Di Adeey,

t,8,b1,b2

DPTrec > 15GeV

recoil

When recoil of the QCD radiation absorbed by object X = peak at A¢rec, x = £
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MC comparison

of recoil observables

do/dAg [pb]

do/doyeg

do/doyes

Azimuthal correlation Adyec, between recoil and 1% bjet

APBEENV (b cuts)

rec,by

. YRA4 scales —— tbb NLO (resc)
E —— ttbbj NLO
L —— PWG+PY8 NLO
F - - - PWG+PYS LO
F —— SHRP NLO
L -~ - SHRPLO
MGs+PY8 NLO
r MG5+PY8 LO
g = (E)geom, i = Hr/2
B O P A
e
12 o ‘—‘—‘ -
gl f et
= - i
8 & S S
16
14
12 [
1E
08
06E, L b b e
2 o 2 4 6 8

A9

Leading b-jet gets strong recoil in LO+PY8

o unphysical since no evidence of such recoil in ttbb and ttbbj at NLO

o suppressed by Powheg / only attenuated by MG5+PY8 and Sherpa

Solution of longstanding puzzle?
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Status and outlook of ¢thb studies

Recoil /migration effects seem to explain (N, > 2) excess

o 0.5 rescaling improves consistency of recoil observables (see backup)

0 but (N, > 2) excess persists and remains unexplained

Move to MC comparison with different scale setting philosophy

O same perturbative scales pr, pr in all MCs

o adopt MC specific psn choices tuned to ttbbjONLO spectrum of jet radiation,
i.e. tune MC to higher-order TH (and subsequently tune to data)

= removes MC differences that are inconsistent with state-of-the art TH

= residual MC differences = irreducible MC uncertainties

Work in progress . ..
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Summary

Theory precision for backgrounds

o potential of reducing background TH systematics up to few percent

o requires TH uncertainty model with correlations (shapes etc.)

Important prerequisites
o clear quantitative picture of most relevant TH ingredients for EXP sensitivity

o clear understanding of dominant sources of TH corrections

Challenges
o interpretation of MC differences = can be constrained using multi-leg NLO

o close+efficient collaboration between experts in MC, NNLO and EXP analysis
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dN/dET* [Events/GeV]

ATLAIS Préliminalry

T T T T =
imii 3
ATLAS Prellml?ary o Data2015:2016 <4 " o Data2015+2016
Vs=13TeV,36.1 fb W Standard Model H s=13TeV, 36.1 fb” W Standard Model
W(> uv) Control Region W Z(> ) +jets a2 Z(—up) Control Region W Z(— wv) + jets
p,(j1)>250 GeV, ET*>250 GeV B W ) + jets & P, (j1)>250 GeV, E">250 GeV W W ) + ets
Z(= ) + jets o Z(= ) + jets
[ {F + single top 2 B T+ single top
[ Dibosons o [ Dibosons
s 14F T T R M I S 12F 3
12 E 722 | E
R Gy S S I——
s 'E ! y L g F L — E
B00 Sosp oY o
300 400 500 600 700 800 900 1000 1100 1200 300 400 500 600 700 800 900 1000 1100 1200
EM [GeV] EM** [GeV]

o few percent EXP systematics up to very high pr!
o postfit W (€v)+ jet and Z(£0)+ jet SM predictions as precise as data

o ...or more thanks to TH correlations
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O (1%) scale uncertainty and 5-10% NNLO correction (n=EZ%)
10! NNLO.IET' pv-’IZ+=Diei \<§=8Tev 10 NNLO.IETI pn-‘IZ+=Diet Vs=8TeV
100k ATLAS Data —— | 102 ATLAS Data —— |

NNLO —— NNLO ——
< 01 f NLO —— | S ool NLO —— ]
8 2
2 102 ¢ %

E 109k E
'g 104 E §
9 9
B s
—5% normalisation wrt data good consistency for (do/dpr)/0otot
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Normalisation issue may be due to luminosity+PDF uncertainties, in particular

charm-quark mass (threshold) in PDF fit

alid(th.) / oli*(meas.)

1.1

1.05]

0.95)

0.9

ATLAS Data
V<25
p':‘ > 25 [GeV]

66 <m, [GeV] <116

- Lumi Uncertainty

Total Uncertainty

afid- [nb]

- Lumi Uncertainty

—e— Scale Uncertainty - 0.74}
—%— aymz) =0.1182+0.0012 Total Uncertainty
—o— 68% CL PDF Uncertainty ] 073
s— mP° = (1.40£0.15) GeV ] MMHT14 NNLO —*— Scale uncertainty
MMHT14 NNLO —— Quadrature sum -1 0.72 L L
L 1 12 14 16
7Tev 8TeV 13TeV mEoe [GeV]

Note MMHT14 PDFs here vs NNPDF3.0 in previous slide
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NNLO QCD vs data for inclusive W+ and Z production

NNLOJET NNLOJET

( N
® NNPDF31 & MMHT14
FATLAS 13 TeV @ NNPDF30 & ABMPI6 E
1.10 A cra —— data + total uncertainty J

195 Fiieawy: NNLO QCD + NLO EW E
Light: NNLO QCD

JT I T |

- s T (3 Hg 1 o mim—1275Gev
095 F \}] |1| é @ m" =13 GeV
7 E

Opred./ Tmeas.
=
o
o

@ m" =14 GeV

090 F w- w+
J- Rojo - LHCP Conference
0.85
o NNPDF3.0 — NNPDF3.1, fit non-perturbative charm
o NNPDF3.0 = NNPDF3.1, mimP- = 1.275 —1.51 GeV

pr,z data included in NNPDF3.1 fit [Boughezal at al, arXiv:1705.00343]
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Caveat: fragmentation effects in v+ jet and Z/W + jet

Assumption (to justify estimate of process-correlation uncertainty)

similar QCD dynamics for all V' + jet processes & ‘51(\1‘1)0 - “1(\IZL)0‘ < ‘KI(VZL)O‘
Violated by ¢ — ¢V fragmentation effects _‘4
~+ jet: isolation cone of radius Ry = In(Ro)
W/Z+jet: mass cut-off My; > My = In(M/pr) f
—<—+ 0 5 0

Adopt dynamic ~-isolation with Rqy,(pr ) = min {Mz/pr ~,1.0}

NLOQCD /4 L0
doy; /day3y

2.2

O Yayn behaves like W/Z at pr > Mz

= justifies process-correlation estimate 6 K

@ remnant part Yax — Ydyn uncorrelated
(uncertainty through extra reweighting and M

50 100 200 500 1000 3000
prv [GeV]

)
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NLO QCD for V+et @ 13 TeV
a T T T
== Z(007)+ jet
e W(t)+ jet
=t jet

WKxio/Knio
¥ k

@ Knio/Knio
°

< o1 @Ko
0155 | | P | P
ors [ o
E E
% 005 :'—
% o
3£-0.05
= 3
2 o1 Ko -
0I5 | L P B | P
00 200 500 1000

3000
prv [GeV]

Scale uncertainty (") K

o independent factor-2 variations around

MR, F =

Hr

2

1
2

Eryv + Z DT,
i€{q,9,7}

= 5-10% with minor impact on shapes

Shape uncertainty 62 K = tanh[in( 525 )] SV K

© max shape distortion within scale variation band

£ Wanapo(P7)

1

200

Ge!
500 1000 3000 77 1%)

correlation across across /W /Z pocesses?
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Knnro/Knro
"
N

I
N

I¥Knto/Knnto S Ko/ Ko 3V Ko/ Ko

NNLO QCD for V+jet @ 13 TeV
S T T
L = 700 )4 jet
= W(lv)+ jet
=t jet

100

3000
prv [GeV]

Scale and shape variations 6K (1:?)
o reduced from 5-15% to 2—6%

Process-correlation uncertainties K (3)
o reduced from 6% to 1-2%

o confirm quasi universality of QCD corrections!
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QCD corrections+uncertainties for Z/W and Z/~ ratios

0.2

0.16

o
j

Z(ETE7)+ jet / W(lv)+ jet
°
2

R/RNLO QcD

° = o o

o Iy o 2 o

ul o U (=2} x®
ARRRARSARSEEERIRA

o
©

pp Z(L707)+jet / pp =W (lv)+ jet @ 13 TeV

|
Z
5
?

.

Z(ET 07 )+ jet / v+ jet

=
Q
S

500 1000

3000

pry [GeV]

R/RnLo ocp

pp —Z({TL7)+ jet / pp =7+ jet @ 13 TeV
ma T — T

—LO
NLO QCD
== NNLO QCD

=
Q
<}

0 1-2% NNLO corrections and residual uncertainty up to 1 TeV

@ NNLO confirms NLO uncertainty model! (QCD corrections “quasi universal”)
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NLO EW corrections

Essential for O (1%) precision and sensitive to EW charges of W, Z, ~

i

) QCD correction ) EW corrections

First automated tools and multi-particle applications (2014-15)

Tools first results

REcoLA+COLLIER pp— L0 5 [arXiv:1411.0916]

“OPENLOOPS+MUNICH/SHERPA  pp — W + 1,2, 3jets [arXiv:1412.5156]
pp — Ul/lv/vv 4+ 0,1,2]ets  [arXiv:1511.08692]

MADGRAPH5_AMC@NLO pp —> tt+V [arXiv:1504.03446]

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

* used in this study for pp — 0¢/lv/vv /vy + 1,2 jets

= exact O («) and approximate O (aas) corrections
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EW corrections: key features

Vad ad Vad

etc.

Corrections to V — (//v( at scale Q* ~ M}
o dominated by v radiation off leptons

o significant impact on lepton kinematics (e.g. distortion of Z — £¢ resonance)

Corrections to pp — Vj at scales Q> ~ § > M3,
o dominated by EW Sudakov logarithms

2
aln? ( Q ) > ag
ME,

o significant impact (more than NNLO QCD) on oz /ov ratios and do/dpr shape
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EW Sudakov logarithms at Q* > M7,

~,Z, W+ v, Z, W= 7. Z W

po Qi Qib=t

Universal effects from soft/collinear virtual gauge bosons [Denner,S.P. '01]

1—loo . a a 2 '§kl ew S
SMITIRE L = 4ﬂ; Z S Ik In (M&V) +~°Y (k) In (M—av) Mo

l?fka 'yZWi

= large negative corrections to any process at high pr, E7 miss, Hr, Minv, - - -

Typical size at 1 TeV

(@) ~ — 40; In? <1TeV> ~ —26.4%
(o) LL TSw ]\4‘/{/

= actual size strongly dependent on external EW charges, subleading terms, ...
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NLO EW and NNLO Sudakov corrections to V+ jet
EW corrections ~ —25% for V+ jet at 1 TeV
o NLO EW + NNLO Sudakov logs [Kiihn, Kulesza, 020

0.30

S.P.,Schulze '04-'07; Becher, Garcia i Tormo '13] [ NNLojo—1 ——

040 | NLO/LO -1
o NLO QCD+EW with off-shell Z/W decays 000 “a:‘:“:f"‘" A
[Denner,Dittmaier,Kasprzik,Muck '09-"11] 010 | N\ w
o NLO QCD4EW for Z/W + 1,2jets with off-shell
decayS [Denner, Hofer, Scharf, Uccirati '14; Kallweit, ij Nxtg:,’tgii — +H
Lindert, Maierhéfer, S.P., Schénherr'15] statistical error | ||

-0.50

200 400 600 800 1000 1200 1400 1600 1800 200(
P [GeV]

Leading effects beyond 1-loop through resummation [Becher, Ciafaloni, Comelli,
Denner, Fadin, Jantzen, Kiihn, Lipatov, Manohar, Melles, Penin, Pozzorini, Smirnov, ]

(- Shacll il - a [l e o]
vl b baly -z <€ exp[w@} e

j<i
relevant for percent precision and uncertainty estimates at the TeV scale
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nNLO EW corrections and uncertainties: Sudakov logs

General form of EW corrections at Q% > M@, [Kiihn et al '05; Manohar et al '07;.. ]

@ ¢ alr 2
doew = exp {/M2 % {/MQ dT@ + x(a(t) + £ (a(MW))} }dahard7

Exponentiation of Sudakov logs (universal anomalous dimensions 7, x, £)

exp{...}—lJr 6Sud (a) 5éud+

Results for pp — V+ jet at NLL accuracy [Kiihn, Kulesza, Schulze, S.P. '04-'07; Becher,

Garcia i Tormo '13]

SO~ N o Qw Ot (2
Sud - Z 2,ij H + n M2 )

et () e () oo ()]

Hard contributions known exactly at NLO (free from In(Q?/M?))

(2)
6Sud

2
dohara = {1 + 6hdrd (%) 51(1201 +.. } doBorn,
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EW uncertainties at NLO

KNLO Ew  OKNLO EW

5Winio Bw

NLO EW for V+jet @ 13 TeV/

= 700+ jet
W(lv)+ jet
= jet

|

200 500 1000 3000

Estimate of missing Sudakov logs

1
5(1>I€NLQEW ~ 2 X 5 [( )6ét>d:|

o 2x inflated naive exponentiation
= 5-10% uncertainties around 1 TeV

o consistent with rigorous 5Sud calculation (~ 5%)

Correlation across V + jet processes

0 W kpw known effect = correlated

0 6% kpw unknown effects = uncorrelated
(see later)
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EW uncertainties at nNLO

KnNLO EW * 0KnNLO EW
o
&

nNLO EW

= Z((0)+ jet
W(tv)+ jet

nNLO EW for V+jet @ 13 TeV
T — —

=t jet

&
e L U L S L

5Wianio B

x

5@ knnLo BW

5B

KnNLO EW

1000

3000
prv [GeV]

Sudakov logs beyond NNLO

lr/a 3
(1) ~ 22 s(D)
0 RaNLOBW 22X g [(w)‘SSud]
NNLO subleading logs and hard effects
o 1 1
6 ke = 0.05 x & ((sglgd + 5}(1;“1)

= 61 %6l terms with 5% hard NLO effects
= 61(‘2,(1 terms with (5&%/5&% ~ 0.05(m/a) ~ 20
Difference 5&11 vs naive expotentiation

a2 1 2
5 kpw = (;) {531)&1 -3 (5&11 + 61(12>rd) }

. 2
= further 6&)“1 X 6&& and (6](1?“) terms

= nNLO EW uncertainties < 1-2% up to 1 TeV
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EW corrections and uncertainties for Z/W and Z/~ ratios

PP —Z({7L7)+jet / pp = W(lv)+ jet @ 13 TeV
ETT T — T
o3

3 — LO
=== NLO EW
== nNLO EW

0.25

0.2

0.15

Z(EH07)+ et / W(tv)+ jet

0.1

1.15

"
a

R/RaNio Ew
"
5

08 | | P | L
100 200 500 1000 3000
pry [GeV]

+jet / v+ jet

Z(6+07)

R/RaNro EW

<4
o
&

1.15

o

pp SZ({TL7)+ jet / pp =+ jet @ 13 TeV.

— 1O
E == NLOEW
E == nNLOEW

3000

prv [GeV]

0 up to 20% NLO EW and 5% nNLO EW effects at TeV scale (3> QCD corrections)

o nNLO EW results support uncertainty correlation scheme

o NNLO Sudakov logs needed for percent precision at TeV scale
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Estimator of non-factorising NNLO mixing effects

Parametrisation of non-fact QCD—-EW effects

donNLOmix = (KBEW + 0KNNLO mix) KQeD doLo

Restriction to real-virtual contribution with 2nd jet

V42j V41j \% V+2j
d01<\ILO éi)v(Tcut) = |:H1<\ILO IZD{N + 5”1(\IN)LO mix (Tcut)] dUIEo 7 (Tout)

with N-jettiness resolution cut on 2nd jet
. Di " gk
T = E mlni( A) > Teut
- EiV3

yields dkNNLO mix estimator given by NLO EW K-factor difference

(V) _ L (V+25) (V+15)
SRNNLO mix (Teut) = KNpo pw (Teut) — KNLO Bw

Finite in IR limit 7cut — 0, i.e. reasonably stable wrt 7., variations
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pp — Vtjets @13 TeV

10" B T L A R | T

8

Vtjet
Lo
/

Z(IT07 )+ jets

o
3
= 1k |
=S E E|
B g — Teut > 0.001 E
:5 [ —— Teut > 0.01 ]
107 Lo [T 2008 ) ‘
10 ? T T T T T T
‘%o E W(lv)+ jets 3
s r ]
¥ 3
g 1E E
& . 7
2 f 1
1 L L L L
%] Y N S T E—
5 E T+ jets 3
£ E 3
2T
o
3

doy

10 el | P B 1

Vi2jets
Lo
/
L

100 200 500 1000

3000

prv [GeV]

Variations of 7cyt by 1.5 orders of magnitude avoiding

o avoiding ¢V gV > 1 = deep IR regime =

o avoiding 0% /g1 <« 1 = hard regime = non representative of

“excessive” factorisation

(V+15)

incl
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do/dpry [pb/GeV]

Vijet @ 13 TeV.

-
Z(0H7 )+ jet

—— NNLO QCD&nNLO EW

10-9 | == NNLO QCD&nNLO EW

10k | | |

do/dogepx<Ew

do/dogepew

- 100 X 7+ jet

\
— NNLOQCD 10X W(tv)+ jet

B Tt
1.25 Z(£707)+ jet
2F

3000
prv [GeV]

O (20%) EW and O (10%) mixed QCDxEW effects at 1 TeV!
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Option 1: inclusive NLOPS ¢t 5F (e.g. Powheg)

ttbb described through t7j tree MEs plus g — bb shower splittings

b_ b )
b b
t
t
_ t
t _ _
bg — ttb +

gg — ttg +

Precision vs accuracy
o precision lower than LO but parton shower allows for accurate tuning to data

o residual uncertainties difficult to quantify

Calls for improved description based on ttbb MEs

= testable prediction with higher precision and more realistic uncertainties

= possible tensions with data more instructive than tuning a non predictive MC!
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Option 2: (N)LO merging tt + 0, 1,2 jets 5F

softer b-quarks b b ,  harder b-quarks
<— b b b —
t t t
7 f T
tt + ttg + ttbb

ttbb described through tf + 0,1,2jet MEs and g — bb shower splittings

o kp-resolution cut separates MEs (with m;, = 0) mep With ttbb cuts
from shower (collinear approx.) B {n\'anammassnf[hcl“andz"“b-ptssystcm (ttbb cuts)
E F —— MEPS@LO tt+0,1,3j
T e . = ttob
@ g — bb splittings dominated by parton shower =k e
. . s F tt+2b
up to my; 2 100 GeV due to competition with = [ _\_‘ﬁﬁ
harder light jets i =
1074 T
b E
b
1075 =
t gt b b b b b
CaaE
£ o8E
T o6 E
_ T o4 R S
t Py RS ARy N NP PR
o 50 10 1 200 20 00 330 400
m [GeV]
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Option 3: NLOPS ¢bb in 4F scheme

ARy, with ttbb cuts

AR of 1 and 27 bijets (ttbb cuts)

—— tibb
—— ISttbb
FS ttbb
—— INT ttbb
——- ISett

|
o
do/dAR [pb]
g
T

d0/dores

4F pp — tbb MEs with m; > 0 at NLOPS

o MEs cover full b-quark phase space including IS and FS g — bb collinear splittings
= NLOPS accuracy for tt + 2 b-jet and tt + 1 b-jet observables! [Cascioli et al '13]
Arguments in support of 4F scheme (see backup slides)

o dominance of final-state g — bb splittings (in ttbb and ttb phase space)

o negligible g — bb framentation logs beyond NLO at pr < 50-100 GeV
[Mangano, Nason 1992]
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NLOPS vs NLO Powheg ttbb predictions (1502 00s2¢]

Ny My, b, PT,j1

Inclusive b-jet multiplicity distribution Invariant mass of the 1% and 21 bijets system (ttbb cuts) pr of 1% lightet (ttbb cuts)

3 4

Moderate NLOPS/NIV.WO corrections

o consistent with NLO scale-variation bands

0 10% for oti426 and 20-30% at mu, ~ 100GeV (confirms double splittings)
Shape of light-jet pr

o NLOPS quite similar to fixed-order NLO

o LOPS/NLOPS indicates that PY8 can strongly overestimate radiation at
pr ~ 200 GeV (see YR4) but Powheg+PY8 spectrum is NLO-like
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Matching-+shower uncertainties of Powheg t£bb 150200126 |

Dependence on matching scales (hgomp = Hr /4, Hr /2, Hr, 1.5m; and hy,q = 2,5, 10)

Inclusive b-jet multiplicity distribution Invariant mass of the 1% and 2" b-jets system (ttbb cuts) pr of 1% light-jet (ttbb cuts)
16 T T e [0 AN AR AARA AR AR RARANRRALE 16 T T T
b HDAMP 4 b HDAMP E b HDAMP
E — BzD E — BzD E £ — BzD
£ 12 =4 g oa2f 4 g oa2f
g E s TE E| g E s 207
£ F £ 'E E £ E
T o8F 4 T o8F 3 T o8
06 3 06 3 06
o4be v b b b 1A LR = S S I N S S S e X = S E T N E S S S
o 1 2 3 4 0 5o 10 150 200 250 300 350 400 o 50 100 150 200 250 300 350 400
N jets m [GeV] pr [GeV]

Ny My, b, DT,
Powheg+PY8 vs Herwig?

Inclusive b-jet multiplicity distribution Invariant mass of the 1% and 2% b-jets system (ttbb cuts) pr of 19 lightiet (tbb cuts)
16 T T T Y 16 FETT T I e 16 I e
LB — P E S ET— s E LE— s E
+E HW7 +E HW7 E 4E HW7
R it R JEE ] = 4 g2 —
z 1F — z 1F =| 3 1E
T sk E T 2 febl e 1]
06 e E E| 06
o4, | 1 1 1. 04 Er 1 1 1 1 1 1 1 eS| 04 Er 1 1 1 1 1 1 1
o 1 2 3 N 0 50 100 1% 20 250 300 350 400 0 5o 10 130 200 20 30 350 400
No e [GevV] prIGeV]

o MC uncertainties << QCD scale dependence: percent level for inclusive tf + b-jet
observables and 10-20% level in jet-pr spectrum

o High stability thanks to hi,,q restriction and independence of 15° Powheg
emission wrt parton shower
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Matching+shower uncertainties of Powheg t£bb 150200126 |

Variations of g — bb splittings + choice of ag + scalup in PY8

Inclusive brjet multiplicity distribution

ariant mass of the 1% and 27 brjets system (ttbb cuts) pr of 1% light-jet (ttbb cuts)

16T T T = =2
14 B === LOPS scalup = LOPS scalup 1 E === LOPSscalup _
4 . £ 1 [~
P - Lors 3 E---rors __.-J -
£ o2 £ 12 === NLOPS - £ 12 === NLOPS | e
S E S L E 2 : L =
2 E Z E Z e = —=m=
S osE T o8 S 08B! i
L Y] —— pmr=r E os ) = =_
LY = S N I RN B LY = N B B E U N = o4 Br i i Lo Dl bl L ]
o 1 2 3 3 o 50 10 150 20 25 300 350 400 P o a0 2 300 30 400
Nojets m [GeV] pr I(_.c\]
Ny My, b, DT,y

ttbb Powheg+PY8 vs Sherpa

Inclusive b iet multiplicity distribution

wariant mass of the 1 and 2° b-jets system (ttbb cuts)

(only Powheg matching+shower uncertainties)

pr of 19 light-jet (ttbb cuts)

T L U I A LR LA LA LA LA R 25 T T o o
;u»o‘“m(/w‘um/\ “= LOPS e/ Tk == LOPS E ;homm/uhpm e \_’H—rk;
2E === NLOPS == NLOPS = 2 -
E 7 E| E
g 15 / 2 - 2 E
g £ f £ IO e I g £
TE T 7 ] TE
E 7 E E| E
05 o5 - o5
S A EEE N I IR ST IR A I I U N e ’\H‘HHHHHHHH‘HH‘HH‘HH’
o 1 2 3 3 o 50 10 150 200 250 300 350 400 50 10 150 200 250 300 350
No—jets m [GeV] pr l(,evl

o double-splitting effects stable

wrt variations of g — bb in PY8

less than 10% NLOPS difference using different showers and matching methods*

*slightly more significant differences using Sherpa 2.2 recoil scheme
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Bin migrations vs recoil pattern A ;Zé’b‘l’ (ttbb cuts)

Azimuthal correlation Agye, between recoil and 15 b-jet Azimuthal correlation Adyecp, between recoil and 1% bet

2 [ YRA4 scales —— b NLO (resc) & [ 0.5 rescaling —— tbb NLO (resc)
g — ttbbj NLO g - —] — ttbbj NLO
3 —— PWG+PY8 NLO 3 I . —— PWG+PY8 NLO
5 - - - LO+PYS 51| TFeoeas - - - LO+PY8
LO+PYS8 first + LO+PYS8 first
— LO+PY8o0,1 > 2 — LO+PY8o0,1 > 2
-~ - LO+PY8 01 > 2 firkt - - -~ LO+PY8 0,1 > 2 firkt
[ Mz = (E7)geom, F = Hr/2 Ll mr= <Eﬂwm/2 HE=Hr/4
o [ A A I R R Pl it ! IV AR B
5 5
£ £
g 3
1) <)
£ B
IR B |
4 6 8 4 6 8
AP Ap

0 by gets strong recoil in LO+PY8 (a bit less with 0.5 rescaling)

o dominated by 1st emission and strongly correlated to migrations and excess in pr ;
spectrum (see backup)

recoil unphysical since no evidence in ttbb and ttbbj at NLO

©
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Same with normalised distributions

Azimuthal correlation Adyec, between recoil and 1 bjet

[ YR4 scales

do/dAg [pb]
T

#R = (ET)geom, HF =
I R

Hr/2

71— SHRP NLO
i --- SHRPLO

— ttbb NLO (resc)
—— ttbbj NLO

—— PWG+PY8 NLO
----- PWG+PY8 noGBH
- - - PWG+PY8 LO

MG5+PY8 NLO
MG5+PY8 LO

8
Ap

dé/dAg [pb]

A6/ dores

A5/ doyeg

Ad

15 GeV

rec,b; (ttbb cuts)

Azimuthal correlation Adyec, between recoil and 1% bjet

[ 0.5 rescaling

#R = (ET)geom/2, pr
NI IR PR

— ttbb NLO (resc)
—— ttbbj NLO
—— PWG+PY8 NLO
----- PWG+PY8 noGBH
- - - PWG+PY8 LO
—— SHRP NLO
MGs+PY8 NLO
MG5+PY8 LO
—— MG5+HW7 NLO
- - - MG5+HW7 LO

= Hr/4

8
Ap

o YR4 scales: unphysical recoil stronlgy suppressed only by Powheg / attenuated by

MC@NLO matching (MG and Sherpa)

0 0.5 rescaling: shapes look more similar (high-stat shape analysis needed. . .)

o Note: unphysical LOPS recoil milder with Sherpa and Herwig
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Missing large logarithms from g — bb fragmentation? |
Probability of ¢ — bb in a hard gluon jet [Mangano and Nason, PLB 285 (1992)]

2 -2y Q - 2 12
p(Q aK)_ dKPg%bb(K)Xng(Q aK)

2my,

g — bb splitting probability at virtuality K* = m7;

as(K?) 2m; 4m?
Pl == (I 2 )V - 2

Multiplicity of gluons with virtuality K2 in hard-gluon jet with pr = Q
242y
no(@2 %) = (A | oo | (254 (VM@ - Vi)

In(K?2/A?)
Perturbative expansion in as = as(Q?) = [bln(QZ/AQ)]_1

dp(Q*, K*)  dp(Q* K?)

dK n dK

X
LO

I+as (CiL?+...) +a% (CoL' +...) +...

with double logarithms L = In(K?/Q?)
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Missing large logarithms from g — bb fragmentation? |l

Distribution dp(Q?, K?)/dK at LO, NLO and NNLO for @ = 50 GeV

drho

dK
o higher-order effects well

0.0010 4 approximated by NLO

0-0008F o peak close to threshold
0.0006 (K 2, 2mb) but long tail

0.0004(-

0.0002

Total ¢ — bb probabilit
Q[GeV] | LO NLO NNLO | NLO/LO NNLO/NLO
50 2.08% 2.44% 251% 1.17 1.03

100 273% 350% 3.71% 1.28 1.06
500 3.84% 6.06% 7.05% 1.59 1.16
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