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Improving theory predictions for SM processes

...to help to discover new physics in Run 3

What lessons have been learned from Run 2 analyses?

How to apply these lessons to Run 3?



The success of the SM

Standard Model Production Cross Section Measurements Status: March 2021
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Goal: go differential
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The need for precision In tails

" T / Indirect searches  Direct searches \
Higgs-pT RS
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*large irreducible SM backgrounds

— good control on theory necessary! ’
— good control on theory necessary!



Theoretical Predictions for the LHC

Hard (perturbative) scattering process:
do = dopLo + as donLo + agw doNLO EW
+ag donnLo + ogw donNLo Ew + @sapw dONNLO QCDxEW

NLO QCD (standard in NLOPS MC's):

* O(10-100%) corrections with respect to LO
* often not covered by LO scale variations
* opening up of new channels / phase space

NNLO QCD (known for pretty much all 2—2 SM processes)

* O(I-10%) corrections with respect to NLO QCD
* remaining uncertainty: O(1%)

NLO EW (availlable at fixed-order for any SM process):

*O(19) inclusive corrections
*O(107%) negative corrections at large energies due to Sudakov logs

6



Relevance of EVW higher-order corrections

Numerically O(a) ~ O(aZ) =|NLO EW ~ NNLO QCD

Possible large (negative) enhancement due to soft/collinear logs from virtual EVV gauge bosons:
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Convergence of the perturbative expansion: inclusive
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Theory

= Error estimate at LO largely underestimated!

= N3LO ~ 2 LO

= Higher-orders are crucial for reliable predictions
and precision tests of Higgs properties
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Convergence of the perturbative ex
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= At this level: crucial to investigate any possible uncertainty
beyond nalve scale variations

bansion: inclusive Higgs up to N3LO
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Convergence of the perturbative expansion:V+ijets @ NNLO
ML et. al.: 1705.04664]
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experimental signal.

* Allows to access a broad range of BSM hypotheses
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Determine V+jets

DM backgrounds

global fit on(—'W)Jrjets,\/\/(—'IV)Jrjets and Y+tjets
measurements

® to determine Z(—VV)+jet

® and the visible channels at high-p T

W(=IV)+jets
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* hardly any systematics (just QED dressing) e fairly large data samples at large pT

NLO QCD for V4et @ 13 TeV
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 for 500 GeV < pTV < [000 GeV:

background statistics will be at 1% level
* this level of precision is theoretically

* very precise at low p * systematics from transfer factors possible @ NNLO QCD + NNLO EW

* but: lIimrted statistics at large p T
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Improving ME [ +X searches with precision
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Combined uncertainties on V+jets ratios
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and many more....




The Zoo of MET+X searches: backgrounds

SR 8gs- VBF
Strahlung
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, ...work In progress...stay tuned!
Loop-induced
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NNLO QCD + NLO EW forVV:plV2

[M. Grazzini, S. Kallweit, IML, S. Pozzorini, M. Wiesemann; |91 2.00068]

emoderate QCD corrections

» NNLO/NLO QCD very small at large pTV2
» NNLO QCD uncertainty: few percent

NLO EW/LO=-(50-60)% @ | TeV



dO‘/de,V2 [fb/GeV]
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emoderate QCD corrections

» NNLO/NLO QCD very small at large pTV2
» NNLO QCD uncertainty: few percent

NLO EW/LO=-(50-60)% @ | TeV

*multiplicative/factorised combination clearly superior (EVW Sudakov logs x soft QCD)

4
*dominant uncertainty at large pTV2: (9(042) ~ OGQN log (QQ/MI%/)

Estimate:

donnLo Qepirew = 4010 (1+ Oqcp + Opw) + dofd,

donnLo Qecpxew = 4010 (1+ 5QCD) (1 + dgw) + doi'ds

1 <2
§5EW

g4

= doxnLo Qep+Ew T 401,0900D 9EW

*difference very conservative upper bound on O(aga)



do /dpr v, [fb/GeV]

K-factor

dO’/dO‘NNLQ QCD — 1[%]

Glant QCD K-factors and

pp — U T vp Dy

1.7

101 ,
baseline cuts
102
103 ____
10~ b
1072 = __
_6 ____
0 y -/
1077 NLO EW
_¢ | === NLO QCD 5
107" ¥ === NNLO QCD
20 +
10 ¢ :
2 | S '
1 E=__é—'r—‘
05 ¢ NLO EW /LO
0.2 | == NLO QCD /LO
0.1 | === NNLO QCD /NLO QCD
+40 F
+20 F
0 === —
——E’:‘L:‘ =
—40 _
- = NNLO QCD ;
—60 | 3 NNLO QCD+EW | .
0 [ =1 NNLO QCDxEW,, T e
00 £ NNLO QCDxEW
100 200 500 1000

prv, |GeV]

STV

*NLO QCD/LO=2-5! (“giant K-factor’ [Rubin, Salam, Sapeta, ‘| 0])

-\VW corrections: p V|



K-factor

— 1[%)]

do /dpr v, [fb/GeV]

pp — U T vp Dy

Glant QCD K-factors and EW corrections: p1V |

LO
NLO EW

—= NLO QCD
—= NNLO QCD

1.7

baseline cuts

*NLO QCD/LO=2-5! (“giant K-factor’ [Rubin, Salam, Sapeta, ‘| 0])

*at large pIVI:VV phase-space Is dominated by V+jet (w/ softV radiation)

dogV (V)i 2

i log? (& 3 at Q=1TeV
%@w ol e\ ) 0 T T

’—'—I—'—"
. r
T

* NINLO / NLO QCD moderate and NNLO uncert. 5-10%

NLO EW /LO

0.2 | == NLO QCD /LO
0.1 | === NNLO QCD /NLO QCD

<—*NLO EW/LO=-(40-50)%

*Very large difference donnto QCD+EW VS, AdONNLO QCD xEW

+40

* Problems:

- == NNLO QCD

vo 3 NNLO QCD+EW
_go | = NNLO QCDXEW

NNLO QCDxEW

|. In additive combination dominant V| topology does not receive any EVW corrections
2. In multiplicative combination EVW correction forVV is applied to V] hard process

% * Pragmatic solution: take average as nominal and spread as uncertainty

200 500
prv, |GeV]

STV

1000

* Rigorous solution: merge VV| incl. EVW corrections with VV retaining NNLO QCD + EW

First steps in this direction: NLO QCD + EW.irt in Sherpa’s MEPS@NLO
[Brauer, et. al. 20, 2005.12128] 20



https://arxiv.org/abs/2005.12128
https://arxiv.org/abs/2005.12128

NNLO QCD + NLO QCDgg + NLO EWV vs. data

[M. Grazzini, 5. Kallwelt, |. Y. Yook, M. Wiesemann, 2002.01877] [Alioli, Ferrario Ravasio, ML, Réntsch, 21 |
+\\/- +\\/-
1 do'/deT’ s I[pb/(;:ev] IW IW @LH|C 1(? TeV (ATLAS data) do/dmy [pb/GeV] W*W'@LHC 13 TeV (ATLAS dataz B 499 — ¢t~ - @ NLO(+PS)
10 z s o : E ——
15 = I " —  signal
. a4 0 O - g -
- 5 =06k interf
E i
= ﬁ b —10*E oo
-~ -
13
= 1.0 =
40 = - ———
15 2 051
,,,,,,,,,,,,,,,,,, = ) —
= 8 0.0F -
1
| ol |‘|||ll|.-“|||“._ I
= '®) ?g_ B oy o WO SR :ﬁ'l‘l-l s NI
E -y W . IS s i o1
E S I 4 NLO:PYS
E 0.0 —— ' ' - -
= 20k ——n TETTECEETT R
; @) 1.5_ o L e L ....______L_.___‘— -:' NLO
- AR A OO .. o A SR B - | = -
e e T NLOPVS
0.0 —— - - - -
- o ?g oL 4= NLO
: f ggNLO 1 Z jobaoio et | e LHE l
:_ :_ —: — A - + NLO+PY8
3 5 E 0.0 —— ' - - -
: : - A ] 0 Lol NLO
0.5F = 0.5 [t b E— = Z 10 LHE
. . - ] T 05 NLO+PY8
oL L 1 |1 1 - oL l l | | - 0.0 —— - | s ,
27 4050 70 100130 220 300 999 55 75 125 185 280 380 600 1500 05 10 0 50 00 00
prac [GeV]
Pr, [GEV] m, [GeV]

«oo0 @ NLO QCD + PS now available!

*Very good data vs. theory agreement N



101

100 |

1077

1.1
1.05

0.95¢
0.9

0.85
0.8
0.75
0.7,

NNLO OQC

D+

S

[D. Lombardi, M. Wiesemann, G. Zanderighi; 2103.12077/]

pp—>€+vg Q'_Vg @LHC 13 TeV

do/dpy,, [fo/GeV]
f|du0|al 1 JV '

¥u

— MlNNLOpS (PY8)
MiNLOpsg (PY8) |
————— - NNLOPS (PY8)

! ! !
100 120 140

Pre, [GeV]

dG/de oy [fb/GeV]

pp—'QJ’Vg Q'_Vg'@LHC 13 TeV

10

. " H— ----- NLO+NLL (MATRIX+RADISH)

— M|NNLOPS (PY8)

NNLOPS (PY8)

NNLO po=mrww (MATRIX)
NNLO+NNLL (MATRIX+RADISH)

— — [ R—

L —— -

! - =
F— =
- |

'
1
I 1 o o
| =
‘ N -
- S o -
‘ --------- I e S R S S PSRRI —
-— : [
L - -
HEE :
| : -
..... 520n000ddP{hnoooooannoooo@on000000000c—
o 1 - -
I =" =1 -
| R "
J | I
L 1

0.7 B

10

15 20 25 30 35 40 45 50

Prww [GeV]

*Very small PS corrections for inclusive observables.

*Inclusion mandatory for (jet) exclusive observables



Rare EVV processes

Triboson

*direct access to quartic EVV gauge couplings

*VBS: longritudinal gauge bosons at high energies /

*window to electroweak symmetry breaking via off-shell Higgs exchange

23



VBS

Note: severe QCD background to VBS signatures + interference:

VS.

do = do(asa?) + do(aga®) + do(a®) + ...

QC

D-background

INnterference

%

3S-signal

LO

24



VBS

Note: severe QCD background to VBS signatures + interference:

W VS.

do = do(asa?) + do(aga®) + do(a®) + ...

QC

D-background

o +do(aa

interference VBS-signal

Y+ do(aga®) + do(aga®) + o(a’)

LO

NLO

25



VBS

Note: severe QCD background to VBS signatures + interference:

T
. hat ot g
do = do(asa?) + do(aga®) + do(a

QCD- background&hmterference < @NS signal

-+ do(aa) +d0 (aza’) + do(asa®)

“"NLO QCD” “NLO Ew”  "NLO QCD™  "NLO EW”

LO

NLO

26



VBS

Note: severe QCD background to VBS signatures + interference:

L

g

W v/ Z w
g W
W,
123

do = do(asa?) + do(aga®) + do(a

QC

D-background QnterfereN VBS-signal
O(as)

-+ do(aia?) +do(aza’) + do(asa®) + o(a’)

“"NLO QCD” “NLO Ew”  "NLO QCD™  "NLO EW”

= separation meaningless at NLO

LO

NLO

27



0 [%]

0 [%]
Ao~ rowh

VBS-@ full NLO

WW full NLO: [Biedermann, Denner, Pellen "1 6+ /]
WZ-EW NLO QCD~+EW: [Denner, Dittmaier, Maierhéfer, Pellen, Schwan, 9]
//-EW NLO QCD+EW: [Denner, Franken, Pellen, Schmidt, "20]

I S
ala’ ol o photon o’
100 200 300 400 500 600 700 800

W *) — 6 particles at NLO EW !
V/2/W *highly challenging computation!

*NLO corrections dominated by &’ :

Order O(a’) O (asab) O(aza®) O(aia?) Sum
donrLo |fb] —0.2169(3) | —0.0568(5) | —0.00032(13) | —0.0063(4) || —0.2804(7)
donLo/oro |7 —13.2 —3.5 0.0 —0.4 —17.1

with M;; > 500 GeV, pr; > 30GeV, pr e > 20 GeV,

LO: O(a®) o0 [fb] | ofuP [fb] | dew [%]
NLO: O(a) ~1.5348(2) | 1.2895(6) |

*VERY large inclusive EVV corrections
(dominated by Sudakov logs)

28



VBS-WHW+ @ full NLO

[Biedermann, Denner, Pellen " 6+ /]

*VERY large EW corrections
(dominated by Sudakov logs)

LO: O(a®) o O [fb] | ohiO [fb] | drw [%]
NLO: O(a’) " 1.5348(2) | 1.2895(6) |

Leading |Ogarithm apprOXimation [Denner, Pozzorini; hep-ph/0010201]

S — o 2\ o Q>
: = 1 — —4C3 log? | = ) + —2b% log | —
S o :WO : e am " : M&V 4 ow log M\%v
w -30 4
40 | i == o
N = —16% (!) For Q = (my,) ~ 390 GeV
3+ i
2 r -
< 1} -
@ e —— phoona (myy) larger for VBS (massive t-channel
_ 0 100 200 300 400 500 600 700 800 NB <m4£> ~ 250 Gev for qa N W‘|‘VV‘|‘

= | arge NLO EW corrections: intrinsic feature
of VBS at the LHC



Rare top processes

1.6
1.2

0.8

tttt, 13 TeV LO, <

Ratios over LO+ LO; o

p=H+/4 LO, ¢
LOs

0.4 -

NLO1 -

NLO3 -

MadGraph5_aMC@NLO

2000
M(tttt) [GeV]

Motivation:

* Constraining top-quark flavour violation [ | 804.05598]

* Constraining aqtt operators [ | /08.05928

* Higgs width and top quark Yukawa coupling [ 1602.01934]

[Frederix, Pagani, Zaro; | /]

S (0 ) = 4Ztttt +ad aztttt e aQZtttt +ad aztttt n O/thttt
= 21,0, T 210, + 203 + 210, + 2105 -
titt Litt 1y titt 2\t Litt Attt tit?
YNtolas, ) = 5250 + ato Y5 + alor Yo +a a3253 + ator Yy +a E

= XNLO; + 2NLO, + 2NLO; + 2NLO, + 2NLOs + 2NLOg -

*Sizeable (accidental) cancellation between different LO and NLO orders
* calculation of only part of the complete-NLO results would be misleading
* cancellation could be spiked by BSM effects
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100

200
ﬂ@bg[(}e\/]

300

400

— 1[%]

NLQO,
LOg

— 1[%]

kDPA
kfu11

107

[S—"
DO—  —DNOWERO

OO OO |

O Tl OO an

|
o

—10

Precision for the highest multiplicities
[Denner, Lang, Pellen " 20]

pp — 202vbbbb @ NLO QCD

1300

—
—
[
{ — LO — NLO
] — LOppa — NLOppa :
— k=full — k=DPA |
— k=10 — k=NLO |
T T .71 |-
| R
300 600 900 1200 1500
ffy[(}e\/]

* [horough understanding of theory systematics in this channel crucial for

* Tt

+

ob recelves sizeable QC

‘H measurements where H->bb

D) corrections

* Very important confirmation of (ttbb) double pole approximation



Events /0.2

Data - Bkgd

Taming tt

el | T 0T LI L LI LI ] LI LI UL I —
S ATLAS - 4+ Data 3
" s =13 TeV, 36.1 fo BtH (n =0.84) 7
= ttH (“'95% exc|.=2'0) =
- Background -
= 7, Bkgd. Unc. E
0 . .--- Bkgd. (u=0) =
3 oI *]

ttH (bb) Combined
0. epton and Single Lepton

- Post-fit
PPN PN SN PR IS I I

| Il [ TTTT
& lllHllI
Q

'Illl'l- |
|

i L iy A T T 7T T AT A
- 4

36 04 22 2 18 46 A4 42 -1 08
log, (S/B)

backgrounds

= have to consider H—=bb decay with large BR
= |arge QCD background: tt:

Q

= direct probe of the top Yukawa coupling
= unfortunately very small cross section

D-|ets with sizeable uncertainties

background
t

t

b

b
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Tami Nng tt baC‘<grOU nds [Bevilacqua, Czakon, Papadopoulos, Pittau, Worek '09]

[Bredenstein, Denner, Dittmailer, Pozzorini " O]

background - | |
g ¢t ™ In principle this process can be calculated out of the box
7 at NLO+PS: NLO reduces scale uncertainties from 80% to 20-30%
i = However: notoriously difficult multi-scale problem: ETy, ET3, ETp, ETp
D
g ™ Large shower effects, in particular from double g—bb splittings
= [ arge systematic uncertainties from parton shower matching
_ Invariant mass of the 1% and 2™ b-jets system (ttbb cuts)
§  pp— DOV  wm SherpasOpenioops §
3 - —— MGs5aMC@NLO 3
. = : ____,'_I PowHel+PY8 %
b—](?t B 10 - 7 0
3 :
:

200 250 300 350 400
m [GeV]

~20% In the signal region "



ratio

2.5

2

1.5

1

0.5

Taming

background

¢ = N principle this process can be calculated out o
at NLO+PS: NLO reduces scale uncertainties fro

e~

b

b

ttH backgrounds

- the box

M 80% 1o 20-30%

- = However: notoriously difficult multi-scale problem: ETt, ETs, ETp, ETp

= | arge shower effects, in particular from double g—bb splittings

= [ arge systematic uncertainties from parton shower matching

= Careful study required to understand these systematics

Invariant mass of the 15t and 2" b-jets system (ttbb cuts)

pr of 15 light-jet (ttbb cuts)

I |_ ‘ IR L _| o ‘ IR ‘ IR ‘ IR ‘ IR ‘ ] 2.5 I N } R ‘ N /1] Vg I A I 4
N ttbb ttbb N — h 7 AT ]
- UPOWHEG/USHERPA =< LOPS . - OpOwHEG/ OStiERPA S5 Lops— 0
- —— NLOPS i ol —=4ANLQOPS g
= ~ o 15 /4
"_' L L. £ "/ 7 1 E — 'Iy — LLAAA AL LY ,II'JI
o AL L LALLFF 77 27 7 A 7 77 2 = = v 7 Z2A7 7/
- [Jezo, JML, Moretti, Pozzorini;’| 8] ] 0.5 - A
- [ ‘ [ ‘ [ ‘ [ ‘ [ I ‘ [ I ‘ [ ‘ [ : - | [ | ‘ | 1 1 | | 1 1 | ‘ [ I [ ‘ 7 17 V| ‘ f £ A A ‘ [ A A /] 7
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
m [GeV] pr [GeV]

= 5Sherpa vs. POWHEGHPYS (both In 4-FS) in very good agreement
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o/ ONLOPS o/ ONLOPS

0/ ONLOPS

1.6
1.4

1.2

0.6

0.4
1.6

1.4

1.2

© 9
N o0 M

=9
SN

=B
N A

[

o
o’s

o _|III|III|III\III|III|IIII__|II

o 9
ENEN

Invariant mass of the 15t and 2" b-jets system (ttbb cuts)

PY8
HW~
— LHE

—1

"

|

| L1 11 | I | L1 11 | L1 11 | [
T | T T | T T | T T | T T | T T | T T | [
— == LOPS scalup

——— LOPS
= NLOPS

________

— BZD

\
&

IIIII

ya — /// - [I V4

N
N

_|III|III|III III|III|III|__|III|III|II!

m [GeV]

50 100 150 200 250 300 350 400

laming ttH backgrounds

pr of 15t light-jet (ttbb cuts)

1.6 T T T | 1T T | 1T T | 1T 11 | T T 1T T 1T T 1T T 1]
1.4 f_ — PY8 —f
- HW7 -
£ 12 —— LHE —
— — —
Z 1

& - L] -
5 0.8 — _,_I _'_I_I_ —
0.6 — ]
0'4 __r [ 11 | I | I | I | I | I | I | [ 11 -I__
1.6 T T T | 1T T | 1T T | 1T 11 | T T | 1T T | 1T T | T T 1]
1.4 f_ — == LOPS scalup _ _ —f
— e LOPS r—] =T .:-_ .
£ 12 === NLOPS | ‘, =
- o - = =
~ o | - =
5 0.8 m = : N
06 1 = . -
0-4__r||||||||||||||||||||||||||||||||||:-|—r1___
1.6 T T T | 1T T | 1T T | 1T 11 | T T | 1T T | 1T T | 1T T 1]
4l HDAMP E
- —— BZD :
Lo1.2 — 7
S b e Vil e, L2
S) : /
S 08 [ E
0.6 — ]
0'4 __r [ 11 | I I | I I | I | I | [ 11 -I__

0 50 100 150 200 250 300 350 400
pr [GeV]
2

damp
Jsoft ((I)rady hdamp; hbzd) — h2 k2
damp + T

[Jezo, IML, Moretti, Pozzorini;’| 8]

» Shower variations -

> Xs & g—bb variations

» hdamp & bzd variations

H(thdB(qDB) =Y Ksoft/coll(q)rad) — R((I)R))

= |ntrinsic shower systematics in POWHEG+PY8/HW/ under very good control
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laming tt

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

backgrounds

pr of 1% light-jet (ttbb cuts)

— 10" g — 10! =
% = —— SherpaOL HT/2 > = —— SherpaOL HT/2
- . —t— MG5+PY8 (.5,1)HT/2 O - , —— MG5+PY8 (.5,1)HT/2
§ 1 [HXSWG; ongoing] - MGs+HW?> (.5,1)HT/2 }d 1L [HXSWG; ongoing] ... MG; +HWo f = 1)HT/2
S : "ot MBx+HW?7 (.7,1)HT/2 E - ----- MBx+HW7 (.7,1)HT/2
1; o1 L gowﬁeg81£+g‘(f] H;éi T 1 L PowhegOL+PY8 HT/2
T - owhegUL+HWWY7 2 S = PowhegOL+HW7 HT/2
I— = =
: Powhel+PY8 HT/2 (ISR) F = Powhel+PY8 HT/2 (ISR)
S 072 L[
10 3 ErL 103 ;—
10_4-:IIII [ I II;I I I [ I I;II I I I I 10_4:_|| |||||||||||||| D D |||||||:“;"
2 — = —
© 1.8 & 2
Q, — o 1.8 B
E) 146; = == —— é% 1.6 E —
— | S w— —— — 1 — < 1°4 ]
:g 1.% = ] I ;'=|—'— —— cg 1.2 BN ERE M=
@) 0.8 f_ 1| = - 1 i‘\ _I_. == -
E 06 g o8 =T L
= 0.4 E © )
0.2 =1 1 | | [ N N N O O B | | N N I O O B | | [ | | [ | | I I I | = 8421' | | o o | D | o | D
0 50 100 150 200 250 300 350 - \z/;oc B (') " '50 oo 150' — 200 - 250 ' 300 — 350 — Joc
m [GeV] rr [GeV]

= Sizable differences between different generators: In particular in radiation/recoll spectrum

= \Without understanding their origin (physical or not!) we should not use MC differences as
theory uncertainty!

= Careful look inside the NLO+PS black-boxes necessary: ongoing within HXSWG!



Study recoil observables:

Ihe smoking gun

A¢rec,X — A¢ (ﬁrec,ﬁX) , ﬁrec —

Azimuthal correlation A¢r.;, between recoil and 1* top

do/dA¢ [pb]

10 ?

-

) -

1.6

1

[HXSWG; ongoing]

HR = ':: E’I'::gc(m: Hp = Hf/z

L 1 1 I | I —

|

ttbb NLO (resc)
ttbbj NLO
PWG+PYS8 NLO
PWG+PYS LO
SHRP NLO
SHRP LO
MGs5+PY8 NLO
MGs+PYS LO

1.4
1.2

llITT

0.8
0.6
0.4
0.2

do/do,

AL

" TTTlTT ITTTE

) —

S

Q

Ap

*|leading top absorbs strong recoil form QCD radiation

e NLOPS enhancement of recoll well consistent with
ttbbj at NLO (nontrivial!)

[Buccioni, Pozzorini, Zoller, 1 907/.13624]

S
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Study recoil observables:

do/dA¢ [pb]

do fdo,

Ihe smoking gun

A¢rec,X — A¢ (ﬁrec,ﬁX) ,

Azimuthal correlation A¢r.;, between recoil and 1* top

. - ttbb NLO (resc)
[HXSWG; ongoing] ttbbj NLO
1= —— PWG+PY8 NLO
: - = PWG+PYS LO
i ——— SHRP NLO
] - = SHRP LO
] MGs+PYS NLO
- - MGs5+PY8 LO
10! -
1.6 ; | — e
1.4 F . -
1.2 |
1 z - -
0.8 E—‘.—. 4, = =‘:——‘ - tl
0.6:— "l ez s==""
0.4 £
0.2 F
O = 1 1 1 I 1 1 1 | 1 | 1 1 | 1 | 1
-2 0 2 4 6 8

Ag

*|leading top absorbs strong recoil form QCD radiation

e NLOPS enhancement of recoll well consistent with
ttbbj at NLO (nontrivial!)

[Buccioni, Pozzorini, Zoller, 1 907/.13624]

S

a —
prec —

do/dA¢ [pb]

1018

1.4
1.2

0.8
0.6
0.4
0.2

O

do/do,

Azimuthal correlation A, ,, between recoil and 1% b-jet

[HXSWG; ongoing]

ttbb NLO (resc)
ttbbj NLO
PWG+PY8 NLO
PWG+PY8 LO
SHRP NLO
SHRP LO
MGs+PY8 NLO
MGs+PYS LO

HR Et geoms P = HI/?-
_-I I 1 | | 1 | | | 1. | 1 | | 1
= I
— ——— l—
= 4 .l—‘, | =
- - - - P
:_ r_ == - |_|
- .- T |
- el == e
= 1 1 [ N T | 1 L1 | L1 1
-2 O 2 6 8
AP

* |leading bottom gets strong UNPHYSICAL recoil in LO+PY3

* unphysical since no evidence of recoll in ttbb, ttbbj, or
PWGHPYS8 at NLO

* unphysical recoll strongly suppressed only by Powheg /
attenuated by MC@NLO matching (MG and Sherpa)
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N\

g

Conclusions

SM Is In excellent shape

n-precision (Theo + Exp) allows to push limits to unprecedented levels

N\

LO OC

D + NLO EW is the new standard:VV,V+ets, dijets, &, HV,VBF

Use ratios for theory X exp background improvements
-xplore the unknown: tail, tails, tails!!

Developments relevant for Run-3 analyses

* NNLO QCD + PS

* PS matching and multi-jet merging @ NLO QCD+EW
* open the NLO PS black boxes

(benchmark against NNLO or NLO multijet computations)
 NNLO QCDxEW & NNLO EW uncertainty estimates

precision for Run-3
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Backup
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do/dodyes do /dpt [pb/GeV]

da/dag%%

Nnclusive V: M

pp — £ U+ 1j Q13 TeV pp — £ 7+0,1,2j @13 TeV

10° |
} 10

1073 §

1073

do/dpry [pb/GeV]

1076 |

ok LO
107 |k wassz NLO QCD

f mm NLO QCD+EW
10-15 : —— NLO QCDxEW : 1079

MEPS@LO

= MEPS@NLO QCD
—— MEPS@NLO QCD+EW
— MEPS@NLO QCD+EWy;;t w.o. LO mix

\VAV/-

1.8 pPOW

do/ dagég

\ ‘\ H'II\ T \‘ FT ‘\ T ‘\ T ‘H \ HHHH‘ \HHHTFWWFWWW‘ HHHH‘ HHHH‘ HHHH‘ [T

| I J | ; ; l [ | |
go 100 2%)0 500 1000 20b0£
PT,V [GeVi

do/ dag}:g

50 100 200 500 1000 2000 = I | I R |
pr [GeV] 50 100 200 500 1000 2000

PT [GeV] i (e
[S. Kallweit, ML, P. Maierhofer, M. Schonherr, S. Pozzorini, 1 4+°1 5]

PS@NLO QCD+EW,irt

» Bases on Sherpa’s standard
MEPS@NLO

» Stable NLO QCD+EW

predictions In all of the
phase-space...

» ...Including Parton-Shower
effects.

» Can directly be used by the
experimental collaborations

» prv : MEPS@NLO QCD+EW
In agreement with
QCDXEW (fixed-order)

) DTl

* merging ensures stable results
(dijet topology at LO)

* compensation between
negative Sudakov and LO mix



Z(— L7047 )Het / W(— e 1) +jet

do/dot©

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1

1.8
1.6
1.4
1.2

0.8

0.4
0.2

How to correlate QC

pp = ete jvs. pp — e 7j @ 13 TeV

Z+jet/W+jet LO (uncorrelated errors)

L

10

2

103
prv [GeV]

D uncertainties across processes!

consider Z+jet / WHjet prv-ratio @ LO

uncorrelated treatment yields
O(40%) uncertainties
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Z(— L7047 )Het / W(— e 1) +jet

do/dot©
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pp = ete jvs. pp — e 7j @ 13 TeV

How to correlate QC

Z+jet/W+jet LO (uncorrelated errors)
Z+jet/W+et LO (correlated errors)

10

2

103

prv [GeV]

D uncertainties across processes!

consider Z+jet / WHjet prv-ratio @ LO

uncorrelated treatment yields
O(40%) uncertainties

correlated treatment yields tiny
O(<~ %) uncertainties

[1705.04664]
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Z(— L0 )+jet / W(— e~ 7) +Het

do/dot©

How to correlate QCD uncertainties across processes!

pp = ete jvs. pp — e 7j @ 13 TeV

B
Z+jet/W+jet LO (uncorrelated errors)
Z+jet/W+jet LO (correlated errors)
Z+jet/W-+et NLO QCD

consider Z+jet / WHjet prv-ratio @ LO

uncorrelated treatment yields
O(40%) uncertainties

correlated treatment yields tiny
O(<~ %) uncertainties

check against NLO QCD!

NLO QCD corrections remarkably flat
in Z+jet / W+jet ratiol

— supports correlated treatment of
uncertainties!

H

10

103
prv [GeV]

[1705.04664]
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Z(— L0 )+jet / W(— e~ 7) +Het

do/dot©

How to correlate QC

pp = ete jvs. pp — e 7j @ 13 TeV

D uncertainties across processes!

Z+jet/W+jet LO (uncorrelated errors)
Z+jet/W+jet LO (correlated errors)

Z+jet/W-+et NLO QCD

Z+2 jets/W+2 jets LO
Z+3 jets/W+3 jets LO

consider Z+;

uncorrelatec

NLO QCD

10

et / WH+jet prv-ratio @ LO

treatment yields

O(40%) uncertainties

correlated treatment yields tiny
O(<~ %) uncertainties

check against NLO QCD!

corrections remarkably flat

in Z+jet / W+jet ratiol
— supports correlated treatment of
uncertainties!

Also holds for higher jet-multiplicities

prv [GeV]

— ndication of correlation also In

hisher-order corrections beyond NLO!

[1705.04664]
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How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlated:
NLO QCD uncertainties cancel at the <~ | % level

Z(0T 07 )+ jet / W(lv)+ jet

R/RNLO QcD

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

1.05

1.0

0.9

QCD uncertainties: ratios

pp —Z({T47)+jet / pp =W (Lv)+ jet @ 13 TeV

b,

\

— LO
NLO QCD

:_' I I I [ | [ [ [ | [
: | | | | | L1 :
100 200 500 1000 3000
pr,v [GeV]

Z(0T07)+ jet / v+ jet

R/RNLO QcD

o
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o
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o
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pp = Z({T 07 )+ jet / pp =7+ jet @ 13 TeV

o~

/

LO
NLO QCD

100

200 500 1000
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QC

) uncertainties: ratios

How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlated:
NLO QCD uncertainties cancel at the <~ | % level

* Introduce process correlation uncertainty based on K-factor difference:  §Knto = K¥1.o — K&
—reffectively degrades precision of last calculated order

Z(0T )+ jet / W(lv)+ jet

R/RNLO ocD

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

1.05

1.0

0.95

0.9

pp —Z({T47)+jet / pp =W (Lv)+ jet @ 13 TeV

:_I | | I I | I T | _:
" E
- — 10 -
- Z / W NLOQCD -
E—| | | | | | | || | | | —E
- [ | | [ [ | [ T | [ .
E | | | | |1 1 E
100 200 500 1000 3000
pr,v [GeV]
0<2%

Z(0Te )+ jet / v+ jet

R/RNLO QcD

0.06

0.05
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0.02

0.01

1.05

1.0

0.95

0.9

pp = Z({T0 )+ jet / pp =7+ jet @ 13 TeV

B

/

— LO

/ / X NLO QCD

| | | | | | | E
100 200 500 1000 3000
pTv [GeV]
0 < 3-4 %
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QC

) uncertainties: ratios

How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlated:

NLO QCD uncertainties cancel at the <~ | % level
* Introduce process correlation uncertainty based on K-factor difference:

—reffectively degrades precision of last calculated order

0.2

0.18

0.16

0.14

0.12

Z(0T 07 )+ jet / W(lv)+ jet

0.1

0.08

0.06

1.05

1.0

R/RNLO QcD

0.95

0.9

pp —Z({T47)+jet / pp =W (Lv)+ jet @ 13 TeV

— LO

NLO QCD
— NNLO QCD

0.06

0.05

0.04

Z(0Te )+ jet / v+ jet

0.03

0.02

0.01

III|IIII__|_III|III|III|II|III|III|III|I

|

1.05

1.0

R/RNLO QcD

0.95

100 200 1000

0.9
3000

prv [GeV]

pp = Z({T0 )+ jet / pp =7+ jet @ 13 TeV

.

3 — 1w
3 1Y NS,

?

500

I N
1000

100 200

prv [GeV]

check against NNLO QCD!

dKxLo = Ko — Ko

3000



QCD uncertainties: ratios

How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlated:
NLO QCD uncertainties cancel at the <~ | % level

* introduce process correlation uncertainty based on K-factor difference:  §Knro = Kfnro — K&onto
—reffectively degrades precision of last calculated order

pp = Z({T07 )+ jet / pp =W (4v)+ jet @ 13 TeV pp = Z({T07)+ jet / pp =7+ jet @ 13 TeV
-'Q-)’ B I | | I I | I I [T | I 7] -|q—‘) E I | | I I | I I [T | E
— 0.2 [ — — - .
+ N ] + 0.06 [— —]
§ 0.18 - - & - -
2 016 R =
™~ - + - i
B 0.14 [ = R s .
) . ~ - ]
i 0.12 — — g 0.03 QCF’_ =
o N — LO ] N = LO ]
R VAV, NLOQCD 0.02 g Z/X NLOQCD
N 008 === NNLO QCD - - === NNLO QCD -
: - : 0.01 — —]
. 6 _—| | | | | | | | [ | | —_ EI | | | | | | [ | | E
0.0 - [ | | [ [ | [ 11 | [ . - [ | '-I [ [ | [ 11 | [ -
§1 05 ;— _I_,_rrII g 1.05 ;— [ _;
o ey 5 o : I:l o T -
E 10—+ . E 1.0 = -
Z - m & - i
~ o ] ~ - N
< 0.95 [ ] r< 0.95 —
0.9 | N . 0.9 £ | I .
100 200 500 1000 3000 100 200 500 1000 3000
prv [GeV] prv [GeV]

Uncertainty estimates at NNLO QCD



do/dor o

pp —Z(— €747 )+ jet @ 13 TeV

= | T 1T ‘ | | | I ﬁz
- /+|et }
- —1o - -
= NLOEwW  a(L”+L7) E
= — Sudakovyi o — =
%_ I I I I I I | | | | | | | | | |

_ ‘ | | | | I ‘ | ]
- | I Y | | I O | :

102 103
prv [GeV]

Pure EVW uncertainties

Large EWV corrections dominated by Sudakov logs

ML et. al. 1705.04664]
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do/dor o

0.6

0.4

pp —Z(— 107 )+ jet @ 13 TeV

ure

= NLO EW + SudakovnNiO ——

Sya

"nNLO EW”

KEw —— 5<1)KEW

= E
- /+]et E
= — 1O - =
= NLOEw  @(L”+L7) E
; Sudakovaio « o2(L* + L7 =

/)p

/

10

KNLO EW (§7 {f\)

1)

VAP

RKNNLO Sud(

103
prv |

>
=

Q1 (1) (1) |
= — |0 + 9
T { hard Sud_

— (g)2 5éi)d

T

-V uncertainties

Large EWV corrections dominated by Sudakov logs

v

Uncertainty estimate of (N)NLO EW from naive
exponentiation x 2:

9 k
5(1)/<;Ew ~ 7l (KJNLO,EW>

v

check against two-loop Sudakov logs
[KUhn, Kulesza, Pozzorini, Schulze; 05-07]

(correlated)

+ additional uncertainties for
hard non-log NNLO EW effects

(uncorrelated)

ML et. al. 1705.04664]



dU’/de,V [pb/GeV]

dU/dO'NLO QCD

Mixed QC

pp —Z(— 147 )+ jet @ 13 TeV

?ﬁ_l I ‘ | | | [T é:
- —— NLO QCD = =
NLO QCD@EW .
= == NLO QCD®QEW

= SN
%——I——=_

i_ | I | I ‘ _i

10 103

prv [GeV]

-VV uncertainties

Given QCD and EW corrections are sizeable, also mixed QCD-
EW uncertainties of relative O(as ) have to be considered.

Additive combination

NLO _ LO NLO NLO
OQCD+EW = 0 +00Q¢D T 00Ew

(no O(aas) contributions)

Multiplicative combination
5JNLO

+NLO _ oNLO (1, 29EW
QCDxEW QCD " T _LO

(try to capture some O () contributions,
e.g. EW Sudakov logs x soft QCD)

Difference between these two approaches indicates
size of missine mixed EW-OCD corrections.

KQCD@EW — KQCD@EW ~ 10% atl1TeV

Too conservativel?

For dominant Sudakov EW logarithms factorization should be exact



103

doro/dpr v [pb/GeV]

KNLOEW

Vi
KNLOEW ~ *NLOEW
@)

Vjj

-0.1

pp —Z({1T07)+ jets @ 13 TeV

Q

= =
; I I [ [ [ [ [ [ [ | | E
3 =~
i_l | ' ' | ] | _i
- I ! ! IR ! E
- —— full NLO EW .
- — without QCD-EW interference in V4 —]
__' | oL =
102 103
prv [GeV]

()

-

-VV uncertainties

Bold estimate:

Consider real O(aay) correction to V+jet
=~ NLO EW toV+2jets

and we observe

(correlated)

donLo EW donLo EW <1y
doro |v+2jet doro |v4+ijet
strong support for
* factorization
* multiplicative QCD x EW combination
Estimate of non-factorising contributions
5Kfn‘12(x) = 0.1 [Kf(r?,@(%ﬁo) — K&*‘Q@(x»ﬁo)}

(tuned to cover above difference of EW K-factors )



Top-free W*W- definitions

+40% NLO +400% NNLO
e N e N

Huge Wt and ¢t contamination from W*™W b and W  bb
o intimately connected with W W~ through g — bb singularities

. . . . L N)NL
@ top subtraction tricky and not unique = theoretical ambiguity In 0‘(/[/‘),‘/ ©

g b b
M ot U,
ta W ge 'LL_
W~ Y e"

- /L_ Ve

g ‘ b b

Definition A: veto b-quark emissions in 4F scheme (m; > 0)

o = In(mp/Mw) terms might jeopardize NNLO accuracy! o,

pp - WTW~+X @ 8 TeV

290 +
280

Definition B: top-resonance fit in 5F-scheme (m; = 0) ol
Jim of (6T = &7 [0 + € ol 6 ol s
= for inclusive a%%o only 1-2% ambiguity (A vs B) 2080 — 'tt_i
T, /TP
Relevant issue for percent-precision tests of W1 WW ™~ physics! ... Relation to oty ?
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Inclusive B-jet multiplicity distribution
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NB—jets

Origin of these differences

e0origin: different shower-induced bins migrations
across b-jets cuts

L

anti-k;, R=0.4
cuts: pr>25GeV, <25
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