High-precision for high-energy tails
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Remarkable data vs. theory agreement in SM+Higgs measurements

Standard Model Production Cross Section Measurements Status: November 2019
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= Precision tests of the SM at the quantum level




BSM certainly not ‘around the corner

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

October 2019 V5 =13 TeV Overview of CMS EXO results
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*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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Timescale of the LHC
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Experimental uncertainties will dramatically decrease in the future. Often reaching O(1%).



Differential SM measurements
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The need for precision In tails: Direct searches
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—very good control on large irreducible SM backgrounds necessary!
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The need for precision In tails: Direct searches
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The need for precision in talls: Indirect searches
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* many effective BSM operators yield growth with energy

— expect small deviations In talls of distributions:

— very good control on SM predictions necessary!



The need for precision in talls: Indirect searches

By by pp = H+j@13TeV
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Determine V+jets backgrounds: the DM case

do/dpTV

* hardly any systematics (just QED dressing)
* very precise at low p T
* but: limited statistics at large pT

global fit on(-'W)Jrjets,\/\/(—'IV)Jrjets and y-+jets
measurements

® {0 determine Z(—=VV)+jet

® and the visible channels at high-p T

* fairly large data samples at large pT
* systematics from transfer factors: ratios of V+jets processes



do/dpryv [pb/GeV]

do/donio QCD do/donto QCD

do/donLo ocp

QC

(N)NLO QCD for V+4jet @ 13 TeV

== 10
10/ —— NLO QCD
-8 === NNLO QCD

10 x W(lv)+ je

IIII|
1.2 | | I I|IIII| I

N|NLO: [Gehrmann-De Ridder, Gehr(nann, Glover, I—||uss, Morgan]
| I 1 1 | | L1
I T 1

1.2 | | ' ' |

| | | |
200

500 1000 3000

prv [GeV]

) uncertainties

d d

T

d (v d (v

—0 = —O (V)
17 °QCD — 3, 7L0QCD

> (V)
NLO QCD

_I_

1
Ho = 5 (\/p?f’g—l—g + m§+g— + Z pT,i)

i€{q,9,7}

this is a ‘good’ scale for V+jets

e at large pTV: HT'/2 = pTV

e modest higher-order corrections
e sufficient convergence

scale uncertainties due to 7-pt variations:

O(20%) uncertainties at LO
O(10%) uncertainties at NLO
O(5%) uncertainties at NNLO

with minor shape variations

ML et. al: 1705.04664]

EUNNLO QCD

How to correlate these
uncertainties across processes!




How to correlate these uncertainties across processes!?

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

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

R/RNLO QcD
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QCD uncertainties: ratios

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

D) uncertainties: ratios

How to correlate these uncertainties across processes!?

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

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

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

D) uncertainties: ratios

How to correlate these uncertainties across processes!?

* take scale uncertainties as fully correlatea:

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

—reffectively degrades precision of last calculated order
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Z(0T 07 )+ jet / W(lv)+ jet
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0.08
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1.0
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0.95

0.9

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

— LO

NLO QCD
— NNLO QCD
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0.05
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Z(0Te )+ jet / v+ jet
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|
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pp = Z({T0 )+ jet / pp =7+ jet @ 13 TeV

.
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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:  §Knnro = Knwo — K&onwo
—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
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2 016 R =
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Uncertainty estimates at NNLO QCD



do/dpr.y [pb/GeV]
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pp = Z(— {707 )+ jet @ 13 TeV

/+)et

IIIIILU| IIIIIM| IIIIIM| IIIIIIH| |||||m| IIIIILU| IIIIIM| IIIIIIH| IIIIIIH| IIIIINL

KEW T 5(1)KEW

10

103

pT v [GeV]

-\VV uncertainties

EVW corrections become sizeable
at large p1v:-30% @ | TeV

Origin: virtual EVW Sudakov logarithms

v, 7, W=

D

Mgy

~ — log

=¥ Increases with energy
=?large effect in the tails kinematic
distributions (up to O(|) at the TeV scale)

How to estimate corresponding pure EWW
uncertainties of relative O(a?) ?




do/dor o

pp —Z(— €747 )+ jet @ 13 TeV

= | T 1T ‘ | | | I ﬁz
- /+]et N
- —1o - -
= NLOEw  a(L”+L7) E
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102 103
prv [GeV]

Pure EVW uncertainties

ML et al: 1 705.04664]

Large EW corrections dominated by Sudakov logs



do/dor o

0.6

0.4

Pure EW uncertainties ML et al: 1705.04664]
pp —Z(—= {707 )+ jet @ 13 TeV
= I [ T ‘ I I I I _§|
= = lLarge EW corrections dominated by Sudakov logs
= Z+jet E v
j j Uncertainty estimate of (N)NLO EW from naive
2 ~  exponentiation x 2:
3 7 af(L? + L) E 1 2 g
- IS\IlLCI(Z‘II:;I/‘II\ILO ‘(/ o2(LY + L% E 0w = k! (I{NLO’EW> (correlated)
= = NLO EW + SudakovNNLO —
% I I I I I I I / I I I I | | | I I *

"nNLO EW”
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KEw —— 5<1)KEW
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102 103
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. Q
ANLOEW(S5,t) = - I(S}(l;)rd + 5éI1)d
. 7 a2 (2
KNNLO Sud(87t) — (_) 5éu)d

T

>
=

check against two-loop Sudakov logs
[KUhn, Kulesza, Pozzorini, Schulze; 05-07]
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Ml»—\
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+ additional uncertainties for
hard non-log NNLO EW effects

(uncorrelated)



’recise predictions forV+jet DM backgrounds [1705.04664]

work in collaboration with:

R. Boughezal, JM. Campell, A. Denner, S. Dittmaier, A. Huss, A. Gehrmann-De Ridder, 1. Gehrmann, N. Glover, S. Kallwelt,
M. L. Mangano, P Maierhéfer, I.A. Morgan, A. Mick, M. Schonherr, F. Petriello, S. Pozzorini, G. R Salam, C.Williams

* Combination of state-of-the-art predictions: (N)NLO QCD+(N)NLO EVW in order
to match (future) experimental sensitivities (|I-10% accuracy in the few hundred
GeV-TeV range)

one-dimensional reweighting of MC samples In = = p,(rv)

d wv_d v 4 v, d o, 4 v

with 1, 7TH = 1.9QCD + 1, Omix T - 20EW + dz 7 v—ind,
* Robust uncertainty estimates including * Prescription for correlation of these uncertainties
|.Pure QCD uncertainties » within a process (between low-pT and high-pT)
2.Pure EVV uncertainties b across processes

3.Mixed QCD-EW uncertainties
4.PDF, y-induced uncertainties ....
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uncertainties on V+jets ratios
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Unprecedented limits on
DM production!
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ISR

Mono-|et

Loop-induced

The Zoo of

995-
Strahlung

DM+ X searches

VBF

and many more....

tt+MET --



The Zoo of

ISR 1285-
Strahlung

q h

Mono-jet V+jetstx Mono-H

\/+ ets & ttbar
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1 VIV

Mono-y/V w -
V+jets &Vy / VV
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“eagy gq__?_@.h{X
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> -~

Loop-induced

/ e

DM+X searches: backgrounds

VBF

q q
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X
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The Zoo of DM+X searches: backgrounds

SR ggs- VBF
Strahlung

q et . d b X
M J 7 h \-\ﬁ’/ \\//
Mono-jet /;/-I—je\’fﬂ Mono-H \/-I- ets & ttbar V+jets & VBF-V | Il\/‘|‘b ets & VHets
q X / r ’ 9999999 “—\
1 VIV l N\ a
Mono-y/V w - t+MV+jets & ttbar }\x
\/‘|‘J€JES &VYy /! VV 99999?' \
/ \ \ \/BF—\/ g ;
! ' Vv gwt
Ja & goNLy— _
QQ%_’_T """ w / tt+V\{ttbar\/ & V+jets |
V+iets &Vy / VWV ' ’
sﬂﬁive S Y V\g+ gwﬂk\t

, ...work In progress...stay tuned!
Loop-induced



Diboson Cross Section Measurements

WYV - tvijj
—WV-é¢tv)

WW

- WW-epu,

— WW-eypu,
— WW-eypu,

Nje = 0]

:njet > 0]]

Njer = 1

WZ

—WZ-vEl

7

—ZZ-4¢

—ZZ->tlvy
—272*-4¢

Diboson Status

Status: March 2019
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ATLAS Preliminary
Run 1,2 /s =7,8,13 TeV

,,,,,,,,,,,,,,,,,,,

NNLO QCD

NLO QCD

LHC pp Vs =7 TeV

““““ _ Data
ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ Stat
stat & syst
AAAAA LHC pp Vs =8 TeV
""" - Data
stat

LHC pp Vs =13 TeV
Data

N ..

stat & syst

0.6

0.8

1.0 1.2 1.4 1.6
ratio with respect to theory

Remarkable agreement of inclusive diboson
cross sections with NNLO QCD

Allows for stringent SM tests

Dibosons important background for Higgs
and BSM searches

In MATRIX

[Grazzini, Kallwelt,
Wiesemann "I /]
all on-shell & off-
shell diboson
DrOCesses are

avallable at
NNLO QCD

[Grazzini, Kallweit, MW '17]

Amplitudes

OpreENLOOPS
(CoLLIER, CuTrTOoOls, ...)

https://matrix.hepforge.org/

Dedicated 2-loop codes
(VVamp, GINAC, TDHPL, . . . )

MUuNICH

24



dO‘/de,V2 [fb/GeV]

K-factor

—80

dO’/dO‘NNLQ QCD — 1[%]
I

—100 !
100

p1V2

NNLO OQCD + NLO EW for dibosons: pTV?2

—1

1.7

baseline cuts

LO
NLO EW
NLO QCD

—— NNLO QCD

NLO EW /LO
+ —= NLO QCD /LO
—= NNLO QCD /NLO QCD

—

| I

- — NNLO QCD
. == NNLO QCD-+EW

- 1 NNLO QCDxEW,

NNLO QCDxEW

200 500 - iOIOO

[M. Grazzini, 5. Kallweit, ML, S. Pozzorini, M. Wiesemann; |91 2.00068]

*moderate QCD corrections

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

NLO EW/LO=-(50-60)% @ | TeV
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dO‘/de,V2 [fb/GeV]

K-factor

dO’/dO‘NNLQ QCD — 1[%]

pp — LT vpy

NNLO QC

1.7

baseline cuts

LO
NLO EW

[g-s [ === NLO QCD
—= NNLO QCD

0.2

NLO EW /LO

+ —= NLO QCD /LO
—= NNLO QCD /NLO QCD

0 =

I

20|
40 [

—60 | == NNLO QCD

. == NNLO QCD+EW

—80 | 3 NNLO QCDxEW,

—100 !

------ NNLO QCDXEW

100

200 500

P

PT.V, [GGV]
V2

1000

D + NLO EW for dibosons: p V2

[M. Grazzini, 5. Kallweit, ML, S. Pozzorini, M. Wiesemann; |91 2.00068]

*moderate 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 (EVV Sudakov logs x soft QCD)

*dominant uncertainty at large pTV2: (9(042) ~ OGQN 10g4(Q2/Ma/)

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)
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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~
1072
—0
10 LO
10~ 7 NLO EW
_g | 3 NLO QCD
107 ¥ == NNLO QCD
20 +
107 ?
D b
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 f _
- —= NNLO QCD :
—60 | 3 NNLO QCD+EW | .
0 [ =1 NNLO QCDxEW,, T e
oo B 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|
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do /dpr v, [fb/GeV]

K-factor

dU/dUNNU)QCD——lﬁ%]

+40

B — NNLO QCDxEW
—100 ¢ | e

Glant QCD K-factors and EVV corrections: p IV |

LO
NLO EW
— NLO QCD

1.7

baseline cuts

—= NNLO QCD

[ NLO EW /LO
- 3 NLO QCD /LO

. ——= NNLO QCD /NLO QCD

S—=———=,

F E

_——E’:‘%:‘

- == NNLO QCD
- —— NNLO QCD-+EW
- 1 NNLO QCDxEWq

100 200 000

prv, |GeV]

STV

1000

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

at large pTVI:VV phase-space I1s dominated by V+jet (w/ softV radiation)

dogV (V)J 2

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

o~ +NLO EW/LO=-(40-50)%

Y

*Very large difference donnr,o Qep+EW Vs, dONNLO QCD xEW

* Problems:
|. In addritive 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

Rigorous solution: merge VV) incl. EVW corrections with VV retaining NNLO QCD

EW
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do /dpr v, [fb/GeV]

K-factor

dO’/dO’NNLQ QCD — 1[%]

+40 |

—100 t
100

pp — U T vp Dy

Glant QCD K-factors and EVV corrections: p IV |

—1
—1

LO
NLO EW
NLO QCD

1.7

baseline cuts

NNLO QCD

i

NLO EW /LO
NLO QCD /LO

. ——= NNLO QCD /NLO QCD

- == NNLO QCD

- —— NNLO QCD+EW

_go | = NNLO QCDXEW,
e NNLO QCDxEW

=y

D1V

200 000

prv, |GeV]

1000

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

at large pTVI:VV phase-space I1s dominated by V+jet (w/ softV radiation)

dogV (V)J 2

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

o~ +NLO EW/LO=-(40-50)%

*Very large difference donnr,o Qep+EW Vs, dONNLO QCD xEW

* Problems:
|. In addritive 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

Rigorous solution: merge VV) incl. EVW corrections with VV retaining NNLO QCD

EW
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do /dpr v, [fb/GeV]

K-factor

dO’/dO‘NNLQ QCD — 1[%]

Glant QC

pp — U T vp Dy

1.7

10~1 :
; baseline cuts
10—
103
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1072
107 LO
10~ 7 NLO EW
_g | =23 NLO QCD
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20 | 1
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oL e i
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D K-factors and

— jetveto >

H:S' < 0.2HP

*NLO QCD/LO=~<I.5
(“normal K-factor”)

*In case we are now really dominated

-\ corrections:
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by VV topologies: multiplicative
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Glant K-factors and effect of jet veto

pp — €_€+Vglﬂg/

baseline cuts
0 | o= i <0 Ak 177 1 eatr2l—I:hard-VV topologies i‘(@j:
"1 NLO

=
3
< *at r2| =0: hard-V] topologies
0 010203040506070809 1
21 = PT.V, / pPT, VvV,
pp — 0T vpp
| 77 for pTVI > | TeV: hard-Vj topologies dominate over hard-VV
prv, > 1 TeV
*Jet veto I—]Jet < Eveto H,ll?p corresponds to
1 gveto 2
= — f veto — 02
baseline cuts pT,VQ - 1 _I_ Sveto pT,Vl 3 pT,Vl o 5 ‘

- HY' <02 Hy?

S TR (violated by off-shell topologies)

91 = Z?TVQ/Z?Tvl
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Jet veto results in phase-space dominated by hard-VV



» There Is no clear scale/signature for new physics effects:

Conclusions

Let's explore the unknown leaving no stone unturned!

» lalls, talls, tails. . .!!

» State-of-the art NNLO QC

DO+NLO EW allows to

control iImportant kinematic distributions at the few

percent level up to the multi leV regime.

» Let's push the precision frontier!
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With the discovery of the Higgs the SM is ‘complete’
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The motivation for BSM searches are as

Dark Matter
GUT unification
Neutrino masses

Hierarchy problem

-VW vacuum stability

Higgs quartic coupling A(u)
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daall M, = 125 GeV
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do/dodyes do /dpt [pb/GeV]

da/dag%%

nclusive V: M

pp — ¢ v+ 1j @13 TeV pp — ¢ 7+0,1,2] @13 TeV

10° |
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1073 §

1073

do/dpry [pb/GeV]
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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

‘\/\v{-

1.8 pPOW

do/ dagég
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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, IML, 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
N agreement with
QCDXEW (fixed-order)

» DTl

* merging ensures stable results
(dijet topology at LO)

* compensation between
negative Sudakov and LO mix



do/ dO’NLO QCD

dO’/dO’NLO QCD
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prv [GeV]

® /PKY

) uncertainties

3
d (v . v ) o (V
—onmoqop(Eacn) = | Ko@) + Y eqen. 6K o ()
1=1
d (v .
X @JI(JO)QCD(MO)'
(z) _ WwWH () _ | - _
€Qcp.i — €Qep,i — €QeD,i — €QCD.i nuisance parameters.
* correlated across processes interpreted as | 0 Gaussian

* correlated across pI bins

1 max min
o 5(1)K1‘\I/kLO =5 {K;I/LLO _ K;I/LLO} (correlated)

symmetrized scale uncertainty

~ pg — 650 GeV
NLO T 2 4650 GeV

yields max shape distortion within scale variation band  (correlated)

6 Koo

(important for extrapolation from low-p T to high-pT)

KY, K%,
® 5(3)K1‘\I/kLO = KVN Lo KZN LU (correlated)
Nk—1LO Nk—1LO

Difference of (N)NLO corrections as process correlation uncertainty



dO‘/dO’NLO QCD

Mixed OQCD-EW uncertainties

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

pp —Z(— £TL7)+ jet @ 13 TeV
W

?ﬂ_‘ T 1 [ [ [ 1T T 1 é
——"ﬁ“ﬁﬁ 3 Additive combination
Bl = NLO LO NLO NLO
“— - 0QCD+EW = 0~ +00QcD + 00w
o T Multiplicative combination

LO m _ 5o NLO

—— NLO QCD NLO _ oNLO (1 4 99EBW
NLO QCDGEW QCDXEW — YQCD 5LO

=== NLO QCD®EW /

4+ b (try to capture some O(aas) contributions,

T | o P y

e.g. EW Sudakov logs x soft QCD)

)

/

Difference between these two approaches
indicates size of missing mixed EW-QCD
corrections.

II‘IIII‘IIII‘IIII‘IIII‘IIII‘IIII‘IIII IIII‘IIIIIW‘ IIIIW‘ IIIIWY‘ IIIIIW‘ IIIIWY‘ IIIIWY‘ IIIIIW‘ IIIIWY‘ IIIIWY‘ IIIIIW‘ IIIIWY‘ [T

107 103 KQCD@EW — KQCD@EW ~ 10% at 1 TeV
PT,V [GeV

I

Too conservativel!?

For dominant Sudakov EW logarithms factorization
should be exact!
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Mixed QC

pp = Z(LTL7)+ jets @ 13 TeV
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oT,2> 30 GeV

-

-\VWV uncertainties

Bold estimate:;

Consider real O(aa,) correction to V+jet

Y

NLO EW toV+2jets

and we observe

dont.o EW donLo EW

dor,0 V +2jet dor,0
strong support for

 factorization

V+4+1jet

S 1%

» multiplicative QCD x EW combination
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pp — V+jets @ 13 TeV

Mixed QC
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-\VWV uncertainties

Estimate of non-factorising contributions
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