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DISCLAIMER

tremendous progress in QCD calculations
impossible to cover everything
personal selection of recent results

highlight trends and future directions

Focus: PRECISION QCD



WHY PRECISIONZ?

NEW PHYSICS — HIDING IN PRECISION MEASUREMENTS
SMALL & SUBTLE EFFECTS® & INDIRECT SEARCHES
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* challenging signature e constrained system
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_ _ : precision theory
requires solid understanding

for

and control of SM backgrounds “standard candles”




QUANTUM CHROMODYNAMICS

Quantum chromodynamics is
conceptually simple.

[ts realization in nature, however,
is usually very complex.

But not always.

-Frank Wilczek




QCD @ HIGH MOMENTUM TRANSFER

Quantum chromodynamics is
conceptually simple.

[ts realization in nature, however,
is usually very complex.

But not always.

-Frank Wilczek

» simplifications @ <« v )
high momentum transfer —————gm2e! oo f: 7

"
asymptotic freedom
factorization

Y XX



1. ASYMPTOTIC FREEDOM
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— QCD (M) = 0.1181 £ 0.0011 it

April 2016
v T decays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
o e'e jets & shapes (res. NNLO)
® c.w. precision fits (N3LO)
v pp—> jets (NLO)
v pp —> tt (NNLO)
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known to 5-loops (b,)

[Baikov, Chetyrkin, Kiihn ’17]
[Luthe et al. ’16] [Herzog et al. ’17]

single free parameter in

m, — 0 limit

validation across three
orders in magnitude!

» perturbative @ high scales



1. ASYMPTOTIC FREEDOM — STRONG COUPLING

Impacts virtually all
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+unquenched lattice

[arXiv:1907.01435]
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a(M,) = 0.1181 £ 0.0011

> least precisely known (~ 1 %) of
all fundamental couplings

» sub-%: lattice(?), Giga/Tera-Z, ...

processes at the LHC
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ggH 49.87 4+ 3.7 -6.2 +7.4 -2.61 +0.32
ttH 0.611 + 3.0 + 8.9 93 +5.9
Channel My[GeV] day(%) Amy Am,
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+01% +23%
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7. FACTORIZATION

f
a:aPA/ Oab \mbPB
faja(za) . foB ()
v =

parton distribution functions |-

(non-perturbative, universal) hon-perturbative effects

(power suppressed)

ultimately, imiting factor?

hard scattering

(perturbation theory)



7. FACTORIZATION — PARTON DISTRIBUTION FUNCTIONS

Relative uncertainty for gg-luminosity Relative uncertainty for gg-luminosity
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> uncertainties ~1-2% at central rapidity & 100 GeV S M. < 1 TeV



2. FACTORIZATION — PDFs & MHOU
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[NNPDF *19]
GLUON
NNPDF3.1, Q = 100 GeV

1.15

IR NLO PDF uncertainties

LR pmm— TH error (NLO => NNLO shift)

oot e T g g

> missing higher order uncertainties
(MHOU) not included in PDF fits

» becoming more and more urgent

[Harland-Lang, Thorne ’19] [NNPDF '19]



2. FACTORIZATION

PDFs & MHOU

GLUON
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I NLO PDF uncertainties
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> missing higher order uncertainties
(MHOU) not included in PDF fits

» becoming more and more urgent

[Harland-Lang, Thorne ’19] [NNPDF '19]

» validation: central value = NNLO

» equally precise, but more accurate
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7. FACTORIZATION — HARD SCATTERING
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PA\ faja(za) foiB(xp) /PB
v =
» Focus — clean processes with » (HL-)LHC — per-cent level!
high momentum transfer . .
» predictions as close as possible
»  perturbative QCD to the experiment
> with a, ~ 0.1 »  fiducial cross sections &

differential distributions

» NLO ~ O(10%), NNLO ~ O(1%)

» exceptions: Higgs, new channels, ...
11
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TIMELINE FOR NNLO @ HADRON COLLIDERS
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ZZ, Grazzini, Kallweit, Rathlev
Hj, Caola, Melnikov, Schulze
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jj (oartial). Gehrmann-De Ridder, et al.
ZZ, Cascioliit et al.
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Hj, Boughezal et al.
VBF diff., Cacciari et al.
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TIMELINE FOR NNLO @ HADRON COLLIDERS
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HARD SCATTERING @ NNLO
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next-to-nextto-leading order (NNLO)
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NNLO — BOTTLE NECKS

™ 2T
: A — ——
2o Pa o\ Fob )] 2P (BN
two-loop amplitudes St
: faja(za) fo1B(x0) =
(new class of functions, —  — ~

combinatoric &
algebraic complexity)

next-to-nextto-leading order (NNLO)
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“double virtual” “real-virtual” *  |R subtraction

(involved IR structure,
\_/ M numerical stability,

infrared singularities €~ construction)




TWO-LOOP AMPLITUDES

» Whatwecando: 2—-=1 and 2 — 2 (mainly massless, 2 massive legs)

» What we want: 3j, V+2j, yyj, ttH, EW corrections,

LH 17 wishlist ¥

pp — 3jets NLOgqcp Q\IzLOQCg

1. Progress in 5-parton amplitudes [from LC 5-point gluon (all plus)]

e LC 5-p0il’lt glUOl’l (one minus) [Badger, Brannum-Hansen, Hartanto, Peraro ’18]

P00
=3

s B
»0000"

LC 5-p0il’lt glUOl’l (all helicities) [Abreu, Dormans, Febres Cordero, Ita, Page ’18]

all masters (planar & non-planar) [Chicherin, Gehrmann, Henn, Wasser, Zhang, Zoia ’18]

2. Understanding of elliptic integrals

1 X

LC 5-p0il’lt parton (all helicities) [abreu, Dormans, Febres Cordero, Ita, Page, Sotnikov '19]

&
=

full 5—point gluon (all plUS) [Badgera, Chicherinb, Gehrmannc, Heinrichb, M. Hennb, Peraroc, Wasserd, Zhangb, Zoia, '19]

dt [Remiddi, Tancredi]

[Adams, Chaubey, Weinzierl]

G({c,C, 1},x) = [

G(C,_,t) —» K(x,a) =J
0 L= ¢y

0 \/(1 _ 12) (1 _ atz) [Broedel, Duhr, Dulat, Penante, Tancredi]

3 . numerical apprOaCheSI tt [Chen, Czakon, Poncelet ’17], pyseCDeC (HH, H +J) [Borowka, Heinrich, Jahn, Jones, Kerner, Schlenk '19]

* more painful with masses & scales



TWO-LOOP AMPLITUDES

00000000000000000000000000000000000000000000000000000

[Jones, Kerner, Luisoni '18]

%10_1 LO HEFT e |

< NLO HEFT

21072 F LO Full = 1
| =103 L NLO Full === _
’ 1% 10~ -
{ S107° L LHC 13 TeV = ———0
| 10-6 L PDF4LHC15 NLO g,
\

0 200 400 600 800

|
| pr.u |GeV]
' > high-pr: resolves top-loop

1000

> K-factors very similar!

)/

\ = combine with NNLO in HEFT

____Z 4

E
)

000000000000000000000000000000000000000000000000000

(mainly massless, 2 massive legs)

EW corrections,

LH 17 wishlist ¥

\
H pp — 3jets  NLOgqcp Q\IQLOQCQ

I

w\‘

d LC 5-point gluon (all plus)]

Hl q
o
e
1
1

P 18]
| Hennb, Peraroc, Wasserd, Zhangb, Zoia, '19]

gOOOOg
=3 L=

i
ge 18]

1

§Zhang, Zoia 18]

bage, Sotnikov '19]

[Remiddi, Tancredi]
[Adams, Chaubey, Weinzierl]
[Broedel, Duhr, Dulat, Penante, Tancredi]

0/ (1=12) (1 - atzv
| |
|

pyseCDeC (HH, H +J) [Borowka, Heinrich, Jahn, Jones, Kerner, Schlenk *19]

* more painful with masses & scales



SUBTRACTION METHODS — CANCEL co’S
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» Remarkable progress in the development of methods to perform NNLO computations!

o local analvtic pp final-state

(not an exhaustive lis) subtraction y collisions jet(s)

Antenna X n v v v
(local after rot'')

CoLorFul v v X v
Jr-Subtr. X / / a

(only t)

STRIPPER /

nested soft-coll. 4 XV v v
N-jettiness X v v v

(< 1jetsofar)

» Projection-to-Born, Local Analytic Sectors, Geometrig, ...

* more painful with massless particles



JET PRODUCTION AT THE LHC

p ) p+p — jet(s) + X

» jets produced in abundance

> precise measurements (pr ; = 20 GeV)
» wide kinematic range accessible

19.7fb—1 (8 TeV)

r— 108 1 I
> —— 0=<yp<1l 0= y*<1(x102)
g 107 | CMS —V—OsyZ<1 1< y*<2(x102) H
. 0= 1 2=y*<3(x10?
> test perturbative QCD = 1) e 129952 02yl (x10h -
: - 1l=syp<2 l=sy*<2(x101)
— study scale choices S sl — 2=y:=3 D=y<1(x100)
*
: > 104 | NLOJET++ (NLO®EW®NP)
> constralp .PDFs ] g NNPDF 3.0
— sensitive to gluon <R 10°F H=Ppr.maxe 2 15
. > anti-ktR=0.7 2
— probe wide x-range o 102 | 1 &
5 -
o) m
101 1 5
» as(Mz) and running oo L | 3
o
» search for BSM physics 1078 r 1o
10-2 | {
: .. . N
high-precision predictions Lo | | 5
mandatory! > = 3
104 ' s -

200 300 500 1000
PT,avg [GeV] 18



ratio to NLO ratio to NLO ratioto NLO ratio to NLO

ratio to NLO

ratio to NLO

ratio to NLO

+NNLO
LHC13 TeV anti-k; jets R=0.7 (pR=uF=2pT)— NNLOJET

0.0<ly|<05  PDF4LHC15 nnlo '

.4 TwO CALCULATIONS!

M

i— 05 <lyl<1.0 R NNLOJET [Currie, Glover, Pires '16]

i— \ —I— STRIPPER [Czakon, van Hameren, Mitov, Poncelet '19]
= 1.0< |yl < 1.5 |

S ——— > excellent agreement

- 15<lyl<20 | » sub-leading colour negligible
R (missing in NNLOJET)

;_ 2.0 < ly| <=2.5 |

M
o
L
H
'-L.‘
H

X

= | .
= 25<¢y] <30 |
i BN S S S =R l#rl

= | I
- 3.2« |y|r 4.7

= 1 I

l“;T

2x10? 4x10°  6x102 10° p. (GeV

~—
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TRIPLE-DIFFERENTIAL CROSS SECTION

» study different
kinematic regimes

O<y, <1 O<y <1 o(pb)

NNLOJET

10

10°
107

10°
< 10

1
1072

1072

107
107 0%, 107 1

1<yb<2 O<y* <1 o(pb)
10°

NNLOJET

10*
10°
10?
10

1

1072
107
1072
107 107
10 102, 10 1

O<y, <1 1<y'<2 o(pb)
10°

NNLOJET

10*
10°
10?
10

1

10°° 102 X, 107" 1

1<yb<2 T<y*<2 o(pb)
10°

NNLOJET

10*
10°
10
10

1

107
102

107

107
1072
107

O<y <1 2<y*<3 o(pb)
10°

NNLOJET

1
10*
10°
10 10
10

1
107
102
107

2<yb<3 Oo<y*<1 o(pb)
10°

NNLOJET

10*
10°
107" -
10

1
107
102
107

» disentangle momentum

fractions x; & x,

20



TRIPLE-DIFFERENTIAL CROSS SECTION @ NNLO

[Gehrmann-De Ridder, Gehrmann, Glover, AH, Pires '19]

O<y*<1

NNLOJET 8 TeV
B I I I I T T TT [
1.8~ —e— CMSL,_ =19.7fb" —— NLO (u=mﬂ) -
T —— NNLO (n=m) —— NNLO ® NP ® EWK (n=m) ]
\— 18 MMHT2014_nnlo ]
Vo 9aaf -
z B ]
o — —
>'S o 12|~ -
= B ]
o B i
\Y 1 .
O 0_8:_0<yb<1 O<y <1 _:
_ anti-k, (R=0.7) ]
C | | | | | L1 | | |
200 300 500 1000 2000
(GeV)
T,avg
NNLOJET 8 TeV
B I I I I I T 171 ]
1.8~ —e— CMSL, =19.7 fo! —— NLO (u=m) -
B ; ]
T —— NNLO (u=m) —— NNLO ® NP ® EWK (u=m) ]
- /] |
@\ 18 MMHT2014 nnlo i
\/  Saf -
3 B ]
e B ]
= 912F -
~ B L §
o B i
Vv ‘ 1
0'8:_1<yb<2 O<y*<1 _:
[ anti-k, (R=0.7) ]
C | | | | | L 1 | | |
200 300 500 1000 2000
(GeV)

Ratio to NLO

Ratio to NLO
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1.2

0.8
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MMHT2014_nnilo

|l||||||||||||||

B 0<yb<1 1<y*<2

[ anti-k, (R=0.7)
C | |

NNLOJET 8 TeV
T T T T T T T T T
—e— CMSL_=19.7fb" —— NLO (M=mﬂ)
—— NNLO (n=m) —— NNLO ® NP ® EWK (n=m)

III|III|III|IIIII

IIII

200 300

on
P
Sell

NNLOJET
T T

—— NNLO (u=m)
)]
MMHT2014_nnlo

|l||||||||||||||

- 1<yb<2 1<y*<2

[ anti-k, (R=0.7)
C | |

I

—e— CMS L, =19.7 fo! —— NLO (w=m)

T T T 1T T

—— NNLO ® NP ® EWK (u=m)
I}

III|III|III|IIIII

IIII

200 300

o
S
Sol

B NLO = NNLO ® NP ® EWK

improved description of data & reduced uncertainties!

Ratio to NLO

Ratio to NLO

1.8

1.6

1.4

1.2

0.8

1.8

1.6

1.4

1.2

0.8

2<y*<3

MMHT2014_nnilo

lllllllllllll

NNLOJET 8 TeV
| | | | T T 1T |
—e— CMSL_=19.7fo" —— NLO (u=mﬂ)
—— NNLO (n=m) —— NNLO ® NP ® EWK (n=m)

III|III|III|III]I

0<yb<1 2<y*<3

i anti-k, (R=0.7)
C I I I L [
200 300 500 1000 2000
(GeV)

T,avg
NNLOJET 8 TeV
B T T T T T T 11 ]
— —* CMSL, =197 fb" —— NLO (u=m) ]
. —— NNLO (u=m) —— NNLO ® NP ® EWK (u=m) ]|
- ] J
- MMHT2014_nnlo s
:_ % % 2<y,<3 O<y'<t _:
B + % anti-k, (R=0.7) ]
C | | | Lo [
200 300 500 1000 2000
T,avg (GeV)
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PHOTON & PHOTON+JET PRODUCTION

p T4
q | B pp — 7+X
> 1
g :
b ~ » highest-rate electroweak process @ LHC
‘ » photon as probe of hard scattering
~> sensitivity to as, gluon PDF

£ 1AFATLAS
N 1.3 0<In"<0.6 E
;1.2 —
- 1.1: E
2.4 —— JetPhox (NLO QCD)
<o.

8:3 [Catani, Fontannaz, Guillet, Pilon '02]

i) SRR i — tension between theory vs. data

E! [GeV] § — large scale uncertainties: ~ +10%

;1.2 . C
g T ATLAS 19 : —
o 14— O<h<08 1 > experimental uncertainties < £3-5%
: | 2 — smaller than NLO theory
z I
g 1 & — NNLO QCD needed!

0.9 5

0835~ ——""166 200 - 7000_

EY [GeV]
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PHOTON & PHOTON++JET PRODUCTION

000000000000000000000000000000000000000000000000000000000000000

1.5 p———— -
£ 14EATLAS E
0 1.3 0<|n|<0.6 E
~1.2 E
2 1.1 E
(@) 1: 3
209
= 0.8
0.7
0.6 :
0.5%35 100 200 7000
E) [GeV]
. 1.2 .
é:; L ATLAS
B < InY
o 11— 0<I<0.6 E
(4] =
GE) B
w1
> n
1) [
0.9
083 —700 200

[ATLAS arXiv:1605.03495]

. 1 000
Er [GeV]

pp—>7+
‘

» highest-ri
» photon a

~ sensh 
a
v
|
I
|

JetPhox (N

[Catani, Fontanng
— tension|
— large sq

)

\

B 7+ X @ NNLO

Ratio/ATLAS

Ratio/ATLAS

t NNLO(1+Agw)

experimentang
< smaller than NLO theory

= NNLO QCD needed!

L PeTeR (EW+N’LL)

100 200

E}7[GeV]

500

» substantially reduced
scale uncertainties

1000

LZ L, SWENIM 'SHiIH (IPquwIE]))]




PHOTON ISOLATION

Suppress contamination from secondary photons (eg. 7" — ~~)

~ isolation cuts: restrict hadronic activity in R = /An? + Ay?

Fixed cone isolation Dynamic cone isolation [Frixione ‘98]
can choose simple linear dependence: smoothly get rid of collinear radiation:
had. max __ Y thresh. 1 — n
ET"(R) < Ex® = eb{ + Et ghad (1) < B (1 COS;) vr < R
— COS

v/ used in experiments v/ eliminates fragmentation part

SEME 19 HEginehiEer X no direct analogue in experiment

Mismatch: experiment vs. theory

> “tight enough” isolation: ~ few % [Les Houches 13 5]
But: experiment & NNLO theory: < 5%
— percent-level phenomenology a reality!
Can we do better?



PHOTON ISOLATION CONT.

Fixed cone isolation Dynamic cone isolation [rrixione '98]
can choose simple linear dependence: smoothly get rid of collinear radiation:
had. max __ Y thresh. 1 — n
ET™(R) < ER* = ebr + B Effad'(r) < EE% (1 COS;) Vr < R
— COS

v/ used in experiments v/ eliminates fragmentation part

SEMETIILY I Mg el X no direct analogue in experiment

Hybrid cone isolation [Siegert 7] R
7« d
1. narrow dynamic cone R; < R (0.) ( & )
2. wider fixed cone R (0.z) 7R

v/ eliminates fragmentation part

reduces mismatch to experiment )

v/ correct R dependence ¢



PHOTON + JET @ 13 TeV

do/dpr [fb/GeV]

Ratio to NLO

[Chen, Gehrmann, Glover, Hofer, AH ‘19]

hybrid isolation

NLO (~ 1)

NNLOJET  pp—y+j (Nj>1) fs=13TeV
El I I T T T T T T 3
5 LO .
T e NLO =1 |
é . NNLO _
ATLAS +—e—1 ]
= —— )
== 3
==
3 == .
== 3
- == i
E == 3
" NNPDF 3.1 ;
E UR = Up = P% -
_ . —e | ]
= | P} > 100GeV ]
[ | <237 — ]
E | Y] <2.37 excl. [1.37,1.56]
= | RY >038 —
_| | | . | . . . . | |
I T T T I . . . i I :
' ! | i | . ] . 1 i :
125 200 300 500 1000 2000

py|GeV]

» +40% corrections

» +10% uncertainties
NNLO

> ~ 5% corrections

» shape distortions

» < 5% uncertainties

» previous NNLO calculation
TN [Campbell, Ellis, Williams "17]
(dynamical cone isol.)
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TOWARDS PER-CENT PHENOMENOLOGY

.
g 0 pp — Z/v"+X — 00T+ X
' pt # 0
| » large cross section
» clean leptonic signature____
Lece recoil ~ sensitivity tofo|;

g j AITLIAISI TTTT Iv§;8 ITIe\I/’I I2IO3 fb-1l T T IE.I.:;
=~ [ wu-channel o] 4+ -
T [ 66GeV=m<116GeV,lyl<24 i » only reconstruct /™, ¢
5 -
'g 100 Data statistics : - = ~» Sub-% accuracy!
= - Detector 1 & . . .
S [ — Background ] 3 > Important constraints in PDF fits
‘? - —— Model | % [Boughezal et al. "17]
o [ e Total systematic _ 18 .
S 4L A A N > probe various theory aspects:
O | . . o 1
S5 i ] o very low pr non-pert. effects

g M | ¢ . low pr resummation

e H 12 Interm. pr fixed order

10-1t menl N S high pr EW Sudakov logs
1 10 10°
Pl [GeV]
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TOWARDS PER-CENT PHENOMENOLOGY

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

.
o Pp = Z/Y 4+ X — £4P+ X
| pr # 0
l > large cross section
> clean leptonic signature_____
recoil

recoil ~~ Sensitivity .

All V+jet processes known to NNLO —

.......................................... [Gehrmann-De Ridder, Gehrmann, Glover, AH, Morgan "15] \‘
[Boughezal, Campbell, Ellis, Focke, Giele, Liu, Petriello.15] l
................................................................... [Boughezal, Liu, Petriello "16] |
[Gehrmann-De Ridder, Gehrmann, Glover, AH, Walker "17] l
4
YAJet [Campbell, Ellis, Williams "16] [Chen, Gehrmann, Glover, Hofer, AH "19] ,
] 2 = }'.-: i 7 F 77’ —47—* oW O TeJurrrrracior: — _—
==t LEse (] |0 interm. pr fixed order
10—1| | ‘ﬂ | |rJ'|LL||| [ TR é high pT EW SUdal(OV I.Ogs
1 10 10°
p! [GeV]
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FIXED ORDER + RESUMMATION — NNLO + NSLL

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[Bizon, Chen, Gehrmann-De Ridder, Gehrmann, Glover, AH, Monni, Re, Rottoli, Torrielli "18]

010 222272l NNLO fixed order: O(a?)
RadISHENNLOJET | ==
8 eV, pp - Z(cs £2-) 4 X 22333 NNLL+NLO («+ DYRes)
0.08 | 0.0 < |Yp| < 0.4, 66 < My, < 116 GeV 3
NNPDF3.0 (NNLO) 220y N°LL+NNLO
Ry 0.06 uncertainties with ugr, ur, Q variations |
S T Data (ATLAS)
s /
2 004 _
Z :
0.0p | EE NNLO PT | P substantially reduced
' B3 N3LL+NNLO . .
B4 NNLL+NLO uncertainties
I Data
0.90 s - L3 — 3-5% (more than x?2)
: 7% ] ' T T
~ 1.15 /% | . _
5 110 | | 1 » strong distortion of shape
2 1.00 '
2 098 7 < (data vs. theory) much
© 085 / = improved
0.80 / L] - e P
101 102

» similarly: my, & y” bins, bn

also: pT & pr /p% (for My)
27



(1/odx/dp?) [ (1/odx /dp")

R. to NNLL+NLO R. to NNLL+NLO R. to NNLL+NLO

2.0

1.8

1.6

1.4

1.2

1.0

0.8

0.6
1.2
1.1

1.0

0.9
WE, wr variations correlated
9% T T -
' %
1.1 7 7
1.0
0.9 o
% K F variations unc
- — T I
95 —
1.1
1.0
0.9 4 “
/// WE, WR Variations
08 j ///// Ll Ll I T
1 19 100
Py
/

~— A

RadISH+NNLOJET
13 TeV, pp = ZWH (=250~ 05 + 1) + X

NNPDF3.1 (NNLO)

\

e NLL+LO
mem NNLL+NLO
e N3LL4+NNLO

////////‘

N — NNLO + NS3LL

[61. 19X “IONOY ‘OY ‘IUUON ‘HY “4OA0JD ‘UUBLLLYSY) Y48ppPlY 8Q-UUBWIYSD) ‘UozIg]

ler, Gehrmann, Glover, AH, Monni, Re, Rottoli, Torrielli 18]

2222221 NNLO fixed order: O(af)

//////

12030 NNLL--NLO (<« DYRes)

] N3LL+-NNLO

Data (ATLAS)

(\\\ < (data theory) much
= improved}
10°

> similarly: e & y” bins, ¢,

also: pT & pr /p% (for My)

27



DI-BOSON PRODUCTION

p v P . v » probe triple-gauge-couplings
G Qo — test gauge structure of the SM
% , @ , » important background

P o v < H—o VV'

< BSM searches

do/bin [fb] WZ@LHC 8 TeV (ATLAS data)
3 — ' | T T T | T T T I ' i T I T ' T I T T T I T T T T T T T | T T T T T T T T | T T T T | T T T T | T T T —
Qo — ATLAS Z : : : : ' )
— S
5 E 50— Wz-wlii 1 &J
(5) [~ ® ATLAS Vs=13TeV (m,  66-116 GeV), 3.2 fb° a X N
— A ATLAS {s=8TeV (m_ 66-116 GeV), 20.3 fb™ 4 = kS
— Z-l — > [ —
40— m ATLAS (s=7 TeV (m, , 66-116 GeV), 4.6 fb™! —] - § ‘/_\
- v DO Vs=1.96 TeV (m,_ 60-120 GeV), 8.6 fb” 1 e
[ & CDF ys=1.96 TeV (corr. tom_ _60-120 GeV), 7.1 fb"' 4 U D=
30— Zll ] o - : : : : : g E
- 1 = - : o : : ] ®
— 1 < C : : : T+
20 = - pPr.Z2 0 L1
— = MATRIX NNLO, pp—>WZ (m,  66-116 GeV) ]| 5 - T 9 Z S g Qf—"+
— NNPDF3.0, u_=p_=(m, +m,)/2 I 10°1 | | | | | 2, %
__ . —_ MCFM NLO’ ppﬁwz (m , 66-1 16 GeV) —— w 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1 0 N - - . - CT14nI°’ p'Fl=u'F=mwz/2 o ] \I dIO/IdoINILO T T T T T T T T T T T T T T T T T T T ‘<
— g - = = MCFM NLO, pp—>WZ (m,_ 60-120 GeV) _ 8 L ! : - : : . §
— _ - - CT14nlo, HR=HF=mWZ/2 _ =~ 1 4 R ........................ ....................... ........................ ........................ ................ — )
0= | IR RS SRS R | T i 5 L 5 é ] %
— T T T T T T T T T T T T T T T T T T ] O | : — T n
; 1.4 — J( = a 1.2 ——' ..................... ....................... ......... ‘..7“.7...7..:‘;.?; ] g
— = =~ i I e B — == ]
o 12F po 4 S —F—=— - 1 e
o | ek - 1 F __‘T““"'i‘“““""'“““ """ 1 <
= - | | | R L | — i : e R 1 o
m 2 4 6 8 10 12 14 08_ [ N | l [ N | l [ N | l [ N l 1 l’;’[”[‘";’l”l’— :;'
(s [TeV] 0 50 100 150 200 250 o

Prz
—— NNLO ——NLO

» NNLO essential in describing the data!
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03 do/bin [fb/GeV] WW(fiducial-noJV)@LHC 13 TeV

E . 3
£ MINLO  ; [Re, Wiesemann, Zanderighi '18]
| T NNLO .

, [ : - — NNLOPS 1  ....... MINLO (WW3) . _

10 E reweight in ®p
F ---- NNLO

10" ¢ i —— NNLOPS s
pooNNLoPS » high pr: same nominal accuracy

<~ NNLO ~ MINLO ~ NNLOPS

: - » low pr: sensitive to soft g effects
— NNLO divergent

07~ "0 " 700 180 200 < MINLO — NNLOPS: ~ 15%
Pry, [GeV]
» NLO (loop—induced gg) ............................... [Caola, Melnikov, Rontsch, Tancredi "15]
— + Higgs interference ....................... [Caola, Dowling, Melnikov, Rontsch, Tancredi '16]
» NLOEW ..... (different flavour) [Biedermann, Billoni, Denner, Dittmaier, Hofer, Jager, Salfelder '16]

(+ same flavour) [Kallweit, Lindert, Pozzorini, Schénherr '17]

) COlour-HGUtraII UNZLO PS [Hoeche, Li, Prestel *14] MiNLO [Karlberg, Re, Zanderighi *14] Geneva [Alioli et al. ’15]



tt @ NNLO — Two CALCULATIONS!

[Catani, Devoto, Grazzini, Kallweit, Mazzitelli '19]

pp —tt CMS @ 13 TeV (35.8fb™ ) pp — tt LHC @ 13 TeV
[ ; ] 1[ ]
[ e/p+ jets pr = prp = Hp/2 | 101 e ;
. 10—1 B ,

= % 1072

@) 1071 Q -3

= 2 10

= — 10 E

< = < 10

e) 10_3 i LO = 10_7 : K
S NLO R N ]
- = NNLO : 107 ¢ MATRIX

A " —e— CMS ' 1079 F e CHM [Czakon, Heymes, Mitov '15] 1

~ 15 T = +2 z

Z : e

S 1.0 $ 5 I ><| 0 D

S 05E- E 2

%‘ 00 . ] =° -4 g E

300 500 1000 2000 50 100 200 500 1000 2000
my; [GeV] P, |[GeV]

> excellent agreement between the two calculations!



TOP QUARK SPIN CORRELATION AT NNLO

[Behring, Czakon, Mitov, Papanastasiou, Poncelet "19]

> leptons carry spin R vy T —
. . 3 > — NLO © ATLAS | |
information of the tops T | S
(S ZZ T s ._“““ ___ Scale: Hr/4 PDF: NNPDF31unlo
> fiducial: good agreement —-" - - . |

== L0 _ —— NNLO Inclusive
® ATLAS fo—————-}

e
[ e

» [nclusive: some tension

Z
S
{ ]
®
-e
[ |

o d
o
oo

J
T LHC 13 TeV m; = 172.5 GeV
Scale: Hp/4 PDF: NNPDF31nnlo

e
=







NEXT-TO-NEXT-TO-NEXT-TO-LEADING ORDER

Some benchmark processes require us to go even one order higher...

» inclusive results:
v/ H(ggH) wastasiouota 151 misterser 161, H (DDH)  tour, v, mstoorger 1
v H(VBF) peyeckamegie, HH(VBE) oreyer arbe 18 < (in DIS approx.)
» differential results:
v H(ggH): yu analytic pue: iswege: retoniier, QT S11CING (cier, cren, cetman, crover a1
v H—=bD  woncini, schiavi, witams 19
v DIS jet: NC icure. corman, ciover . nienwes, vogt 161, CC aanmann, as, nishuss, voot, water 13
» expect more:

o fully differential H(ggH, VBF), inclusive Drell-Yan, ...



NEXT-TO-NEXT-TO-NEXT-TO-LEADING ORDER
i CC DIS jet production

NNLOJET CC single jet inclusive e’p HERA
\ I i ‘ ‘
14000 — LO NNLO ZEUS —— | B
NLO N3LO s
— 12000 — . - |
e T i
—' 10000 - | ‘ |
s : T
T 8000 - T
s 6000 - ] | 1 )
= qjet =
4000 - : )
2000 + |
\ | ‘ |
= ‘ \ \ | )
= 1.3 - | ‘ |
Z .
D .
=1 S I I |
o T z .
— s % ;
é 0.9 ‘ \ | ‘
-1 -0.5 0 9.5 1 1.5 ) .

> for the first time @ N3LO:

g >overlapp1ng bands!

) [Duhr, Dulat, Mistlberger '19]

| )
‘yer, Karlberg '18] > (ln DIS appI'OX.)

[81. /oM ‘1BOA ‘senyaIN ‘HY ‘uueulysn)]

1
|

i’18] SllCln [Cieri, Chen, Gehrmann, Glover, AH '18]
, 4T

18], CC [Gehrmann, AH, Niehues, Vogt, Walker ’18]
u
I

/

® fully differential H(ggH VBF) inclusive Drell-Yan, .



NEXT-TO-NEXT-TO-NEXT-TO-LEADING ORDER
i CC DIS jet production

NNLOJET CC single jet inclusive e™p HERA
\ \ \ \ \ — - == -
14000 - L0 NNLO ZEUS ——1 : 18l 4
NLO 222222 N3LOQ E ‘ ‘ § -
— 12000 - o Iy T T -
e —— 54 cut )
— 10000 - e B S -+ =} 10} e
= =T “ l ~ -
S 8000 T I sll & 4 5
600 - - jet _ g { £ 2
— ~ :
- < | s
4000 - I} &M = =
B = | 3
\ 2000 — -5 3 oo |
| | | | a I | -z 0.5 pT -IMnax H-bb | @
R ’J
o i | | | ] =) ‘ if . rENLO
= 1.3 | ‘ ‘ ‘ I
z 77 ‘ : : ‘ ‘ | 1 0.1 my/2 < pu < 2my Flljl;obﬁ |
|_ 7 7 7 § | i M M M M : -------------------
o 1.1 7 I T i | | 12
= 0.9 | t | | 1 [ — 1.1}
o . 1| Z _
-1 -08.5 0 0.5 1 1.5 2 2.5 | g 1O
nj | “ 5 09} N3aLOw/NLOG=my) ==
| 081 N OGO
. =my
u : .
> for the first time @ N3LO: 4 o Lo
| R 3
|| %40
\ >overlapp1ng bands! | / |2 090k opumtonems
B Z &) R0 LNNLOw/NNLO(u=m)

0.0 0.1 02 03 0.4 0.5

® fully differential H(ggH VBF) ., o mg



LHC — GOING FuLLlY DIFFERENTIAL @ N3LO

P e  INClusive

i‘

| N3LO __ +2.07 pb ,
oo = 48.68 pb*I 7P

| V/analytic integration over full phase space |

I
[

A
/

4

— —

|
'L X no information on final state
\

A\ [Anastasiou et al. '15] [Mistlberger ’18]
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BN | (iffo o
/

[

21 o 25 - L0 E===3 N3LO T
10 R NLO NNLO x Ky3.g
2 L === NNLO i
N3L( : = T - ]
Otot 3 ‘

10 | A .

5 -
:
:E 0 ] ] 1 1 1 1
o
< 1.2 F | | | | | |
: =N e o
§ 1 o AV AVAVAY AVA
q | 3., //4g//ﬂ///
. | o o
v/analytic integratid 3 281 :
| E 0.71 i
| |
| - : 8.6 | -
| X partial informatio| e
| | -2 -15 -1 -85 @ @85 1 1.5 2
| H
y

> L .
., only ¥y > 3 o/ numerical integration of phase space

| » no informa
| 1v complete final-state information (decay, isol.,

v an

e —— = R [Chen, Dulat, Gehrmann, Glover, AH, Mlstlberger Pelloni (to appear



CONCLUSIONS & OUTLOOK

» LHC — remarkable opportunity to study high-energy physics
 search for new physics & probe the Higgs sector
 precision measurements using “standard candles”

= high-precision predictions essential!

(reduced uncertainties & often resolves tension to data)

» Remarkable progress in precision calculations:

e 2—=2@NNLO, 2-—1@N3LO, NLOEW?2—=56

= precision phenomenology using these calculations has only started!



CONCLUSIONS & OUTLOOK

» LHC — remarkable opportunity to study high-energy physics
 search for new physics & probe the Higgs sector
 precision measurements using “standard candles”

= high-precision predictions essential!

(reduced uncertainties & often resolves tension to data)

» Remarkable progress in precision calculations:

e 2—=2@NNLO, 2-—1@N3LO, NLOEW?2—=56

= precision phenomenology using these calculations has only started!

THANK YOU!



BACKUP.



WHY HIGHER ORDERS

» high-precision mandatory
— processes with large K-factors (1)

— “standard candles” (jets, V, t, ...) \
» reduction of scale uncertainties

Jet clustering

< variation of ugr & up LO NLO NNLO
PR <|Z’j7*?+,X, SN » better modelling of jet algorithm

o B between theory & experiment

% 60__ NNLO __

5 _ Initial-state radiation

o i / L0 & _

3 40_ k |

= - i

s | % % L;M }w

o 20— I\\/di:MlzzL TeV — NLO NNLO
0:.|....|....|...._|“._...|.: qrj S qg, 8 P gg a9, 97, 4q

i » opening up of all channels

» more complicated pr recoil

[Anastasiou, Dixon, Melnikov, Petriello '04]



ANATOMY OF NNLO CALCULATIONS

T AAA A2 A%
RR | AL LI > . _
ONNLO = / dJNNLO ! single-unresolved
P73 ' » double-unresolved
TS —————————

RV : | » single-unresolved
—I—/ donnio S LU 5
D740 5 1 > 1/c%, 1/e
TS ST ——>——
VvV = E
+ / donnio =k > 1/, 1/€%, 1/€%, 1/e
P71 s B
ST TS TS —>—

finite (Kinoshita—Lee-Nauenberg & factorization)

Non-trivial cancellation of infrared singularities

38



INCLUSIVE JET PRODUCTION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Measuremert; «

e
g PT;?)

Py

n reconstructed jets n binnings to doinc
. — :
in the event the histogram bz dp 7 Tt
Ins
scale choices T~ binning of individual jets vs. events

» “global” scales (event):  pr max, (PT), .-
» “local” scales (jet): DTy o



INCLUSIVE JET PRODUCTION — SCALE CHOICES (R=0.4)

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[Currie, Gehrmann-De Ridder, Gehrmann, Glover, AH, Pires "18]

NNLOJET . \(§=1I 3 TeVI anti-lkT jelts Ifi:(l).4l | NNLOJET . \(§=1I 3 TeVI anti-lkT jelts FI{=0I.4 —
= u=p —~LO =NLO ~=NNLO = w=2p -LO =NLO =NNLO
qla g PT = ! 2 PT
<212 =
L — —
o 1E =
08 — =
= . . ——t— = : . —— -
= —LO =NLO ~=NNLO = u=2p ~LO =NLO —=NNLO _J
;1-4 5 DT ,max 5 ™ 2 DT ,max 3
ke 12 E_ E_ —
S e
o8 — —
= : : b = — =
Q14 w=A /2 ﬂ- 9 L0 -NLO -NNLO S I:I -LO =NLO =NNLO —=
Z12 E T = T 3
() — — —
o 1FE }d
0.8 — —
— . . . . . Lo . — , . . ’ . Lo ]
2x10? 4x10? 6x102 10° p. (GeV) 2x102 4x10° 6x10° 10° p_ (GeV)

» most common choice: = pr & [ = PT max
— worst perturbative behaviour
» harder scales preferred: 1 =2pr & pu= Hr
— show good properties
» origin: infrared sensitivity of the inclusive-jet observable
< driven by 2" leading jet distribution p?2 (very small @ NLO)
— mismatch between real & virtual corrections (alleviated with larger R)



INCLUSIVE JET PRODUCTION — R DEPENDENCE

® © 06 06 06 0 0 0 0 0 0 0 0 0 0 0 0 O O O O O 0 O O 0 O O O O O O 0 O O O O O O O O 0 O O 0 O 0 O O 0 O O O 0 O 0 O O O O 0 O O O O 0 O 0 O O O O 0 O 0 O O 0 O 0 O 0 O O 0 O 0 O 0 0 O O O 0 0 0 0O 0 0 0 0 0 0 o

Dilets, R-dependence fit to 10* - (a + blog(R)

+ cR?), pp/p = Hr
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» accidental o(scale) ~ 0 at R=0.4

» small R: resummation

[Dasgupta, Dreyer, Salam, Soyez '16]

[Liu, Moch, Ringer '17 '18]



THEORY UNCERTAINTIES

> increasingly urgent to have more robust uncertainty estimates

> scale ambiguities in jets
» theory uncertainties in PDF fits

» scales in ratios:



THEORY UNCERTAINTIES

> increasingly urgent to have more =, | RadISHNNLOJET

13 TeV, pp = ZWH (=274, 07+ 1) + X

e NNPDF3.1 (NNLO) ﬁ
“1 NNLO+NS3LL

[Bizon et al. ’19]
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> scale ambiguities in jets

» theory uncertainties in PDF fits ' E

» scales in ratios:
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THEORY UNCERTAINTIES

> increasingly urgent to have more robust uncertainty estimates

> scale ambiguities in jets

» theory uncertainties in PDF fits

correlated: uncorrelated:

[ L]
) S C al e S ln ratl O S : NNLOJET pp—> Z+X, vy, inclusive Vs =8 TeV NNLOJET pp— Z+X, y,, inclusive Vs=8TeV

e pr(Z) / pr(W)

 ang. coefficients A;

1= — 1=
< - —— ATLASdata eIl . <

- —— ATLAS data

(76, )y = J AP Ao, kE™) [0,9) | | g 3
’ fdQ dU(M%en', Iu/dRen.) 2 2
z K

[Gauld et al. ’17]



THEORY UNCERTAINTIES

> increasingly urgent to have more robust uncertainty estimates

> scale ambiguities in jets

» theory uncertainties in PDF fits

» scales in ratios: s 1 uncorrelated
» pr(Z) / pr(W) i |
. 12IS 2(I)0 3(I)O | S(I)O o IIOiOO 15I00
 ang. coefficients A; piGev) (Chen et 19
%I correlated
o
e pr(y): 13TeV/8TeV 2 12 —
- ==— === s S e sy
5 0.98 |- o
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THEORY UNCERTAINTIES

> increasingly urgent to have more robust uncertainty estimates

> scale ambiguities in jets

» theory uncertainties in PDF fits

[Tackmann EWWG ’19]

» scales 1n ratios: 101

e pp — Z (13 TeV) E

» pr(Z2) / pr(W) — Ql\TNnEi;(z)/f 2()) .

e i e e e T
—_——_——

— ]

 ang. coefficients A;

. pr(y): 13 TeV / 8 TeV

Relative impact [%)]
=)

Il‘.llll‘{ll\l

. ° — |||||||||||||||||II|IIII|IIII|IIII|IIII—
> nuisance parameters 1n pr res. O e 0 15 20 25 30 35 40



ANGULAR COEFFICIENTS

lepton plane

pp = Z/7V 4+ X = 04T+ X

k1
‘% 0 0

2 A
x b1 P2

hadron plane

> lepton angular distributions (6, ¢)

» probe production dynamics & polarisation
> My & sin? 6y measurement

[Gauld, Gehrmann-De Ridder, Gehrmann, Glover, AH "17]

Angular coefficients: A;(p%, y%, myg) Yim(6,0), 1=0,1,2

do 3 do_unpol.

d4qg d cos 0 do¢ = 16n d4gq

1
{(1 + cos” 0) + > Ao (1 — 3cos’ 0)

1
+ Aq sin(260) cos ¢ + > Ay sin® 0 cos(2¢)
+ A3 sinf cos¢ + Ay cosf + As sin® 0 sin(2¢)

+ Ag sin(260) sin¢ + A7 sin 6 sin ¢}

[=0: m=20
Az(q> + ghpet }/lm(ey ¢> 1= 2. ﬁiii 9:1, 0

production dynamics lepton kinematics total: 9



ANGULAR COEFFICIENTS — Ao & A4

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

[Gauld, Gehrmann—De Ridder, Gehrmann, Glover, AH "17]

NNLOJET pp— Z+X, y, inclusive Vs=8TeV NNLOJET pp— Z+X, y, inclusive Vs =8TeV

™ 1= T T T T : ; I <t B T T T T T T T — 7]

< - —§— ATLAS data ] < 0.1 —- ATLAS data

0.8_—- """ LO ol B _:

[ [ NLO i 0'08: -

0.6 == NNLO - 006k E

0.4 — 0.04- R

2 it A E 002E A s

— ——ry 2 . B 4 7

_#-—I- - L -

O [ [T N )] [T .
R | ! — N
; 1.4 ——e — ; 1.5
o 12F E o -
S 1E = S e
& 08 E 2 osE
0.65 - =

» A, drives Lam-Tung violation (A, # As) » A, sensitive to sin” O,
negative corrections (@ low p,7T) » very stable w.r.t. QCD corrections
< NNLO ~ —20% (+ scale reduction) < NLO — NNLO (mostly scale reduction)

» visible improvement (data vs. theory)
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ANGULAR COEFFICIENTS — LAM—TUNG

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

05 NNLOJET pp—> Z+X, y inclusive Vs =8 TeV
< E o ATLAS data (reg) ] - O(as) prediction:
< O - ALAS = < vanishes (Lam-Tung)
— NILO 1 L | ]
LT Bt s st B ] - , o
: <+ | 1 =--: O(as) prediction:
o1 .l, | |+ E < ~ DYNNLO (NNLO)
. 1 ] — tension with data
0.0k ] s XQ/Ndat. ~ 4.89
o - - - . : - —_ O 3 d . .
o ! ———= —— O(a:) prediction:
> 3E } + ------------------------ = — large positive corrections
8 25_ + + H+ P _E —> X2/Ndat ~Y 175
o LT | E
E -
ch = = » data: [ATLAS arXiv:1606.00689]
- . o ] A C T . “ . -
0 20 100 500 — applies “regularization
p, , [GeV]

No significant data* vs. theory disagreement between
(un-regularized) ATLAS & theory @ O (o)

* 2 ' ) J J
X = Z (Oexp Oth )U j (Oexp_o h)
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ELECTROWEAK INTERACTIONS

» generic size: O(a) ~ O(as?)

» systematic enhancements possible:

SUDAKOV LOGARITHMS FINAL-STATE RADIATION

(kinematic tails) (resonances, shoulders, ...)

1
J
.. . 2
~ In? ( SZ‘; ) + sub-leading (collinear) . ~ ot In" (Q—)
MW . %

0(10-20%)

0(10-100%)

corrections!

corrections!
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EW — GOING OFF-SHELL

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

) nOW up tO 2 —> 6: WWW [Schonherr °18] W+W+ SCattering [Biedermann, Denner, Pellen '17]

> full NLO VBS(W+W+): gﬁ W }Nﬁf

T T u d u d
— LO
_ Ve Vu d
: W+ y/ W- N :M/\\ZAVQNW‘( +
% d e iz a_<_.
o }
-o%v
» EW corrections dominant!
u . > d o ew Q2
Wt " OLL = OLO |:1 — E4CW 10g2 (M—\%V>
e+
Y o Q2
+ —2b% 1 —
i g os (52|
S
o
_I_ PS [Chiesa, Denner, Lang, Pellen '19]
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