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-ORDER QCD CALCULATIONS FOR THE LHC
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THE PLAN.

1. NNLO predictions for the LHC

jets & interpolations grids

identified photons & fragmentation

2. Differential N3LO

Higgs & fiducial power corrections

Drell-Yan & PDFs

3. Bayesian approach to MHO

the abc model & correlations

4. Summary & Outlook



WHAT WE HOPE NINLO WILL GIVE US

gob— b ?
- ¢ © reduced uncertainties (< missing higher orders)
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N ] 1 %X .
2| : ¢ © guaranteed that all partonic channels open up at NNLO
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I 12 © better modelling of final-state kinematics & jets
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THE MASTER FORMULA
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arton distribution functions -
P non-perturbative effects

(non-perturbative, universal)

(power suppressed)

hard scatterig
(perturbation theory)




PERTURBATION THEORY © LEADING ORDER

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

" :INNLOJ,ET pp— y—ll—j | (N] > .1), Vs = 13|T6V:
== LO | 2
O 103 B il ATLAS —e— | ©
v g —o— i 5
— ; —e— 1
102 _ —o— 4
o )
—o— =
> 10! — 1=
8 —e— =
~— 100 | o | D
é : —o— 1
5 jo-1 L NNPDF3. —e— 1
= = g =kF =pF 1 2
8 w02f [ = 15
E | pf > 100 GeV 3~
10—3 ;— |yj|<2.37 —; g:
E | Y] <237 excl. [1.37,1.56) . | ©
1074 = | R > 08 pp —> }/ + J _:3
10-5 I 1 1 . ! L l | =
==
27 | | ' | ' ' | §
1.8 +l""*ih*|] -
Q 16| + —w—‘—+ 12
o 14 —+ 1
S 12 r 1
Only captures gross features & g |
unreliable uncertainty estimates 08 | :
0.6 | | | L | L L L L | |
125 200 300 500 1000 2000

py|GeV]



PERTURBATION THEORY ' NEXT-TO-LEADING ORDER
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can become unresolved , NNLOJET pp—v+j (N;j>1) /s=13TeV

107 & | | ' I T I 3
- LO ] 9
O _ ~ 103 i NLO =3 ] @
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A [
. 10% £ 1l &
soft: collinear: %
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o
O

typically ©(10 — 30%) precision 2 el _
here: limits the interpretation of datal 07 1 , - —l— R

125 200 300 500 1000 2000




PERTURBATION THEORY ' NEXT-TO-NEXT-TO-LEADING ORDER
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9 o NNLOJET  pp—y+j (Nj21)  s=13TeV
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EXPECT
WHAT WE HoPE NINLO WILL GIVE US

NNLOJET pp—Y+j (N;>1) /s=13TeV

10* ¢ ] — M o
3 ’;;;‘_ go 19 [MATRIX] M/ Z W _]et [Boughezal, Liu, Petriello "16]
107k | NNLO = CDD 7 TeV CMS W
: . ATLAS —e—i |
10 & - {1 - ire) LN BN DAL LA BN . = - - .
— T ) = - ATLAS 10' ] NLO :
~ 0¥ 1 @ Y S50 Wzomh EEE NNLO
o ot ] = B ~ e ATLAS Ys=13TeV (m,  66-116 GeV), 3.2 fb" - = 0} 1
= R ~ 4 ATLAS {s=8TeV (m,  66-116 GeV), 20.3 fb" = 3 f I 1
S qo-t [ NNPOF3T —e— ] 9 40[— = ATLAS Vs=7TeV (m,  66-116 GeV), 4.6 fb" -] s '} 1
= - HR=HF =PT f g - v D0 {s=1.96 TeV (m,  60-120 GeV), 8.6 fb" R = .
S w2 [ N & CDF V5=1.96 TeV (corr. to m__ 60-120 GeV), 7.1 fb" - e 107 1
3 pr > 100 GeV G) 30 .__ — %
1073 — |yj‘<2-37 - —_ — - ? 10° i 1
\ E | 7] <237 excl [137,1.56] 2 20: - <
10 3 RY 08 E— (_2 - ~ MATRIX NNLO, pp»WZ (m, _ 66-116 GeV) ~ 10
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WHAT CAN WE DO TODAY? — THE NNLO TIMELINE

Tremendous progress in the past ~ 5—10 years! T E [

2 — 2 under good control; 2 — 3 next frontier

O S O S O S

2, .. finite |

Antenna - H+jet  Hjj(VBF)

| P . ; ; . Z+jet
qr e*e§—>5)ets K . VH :VH

2jets . _>
ep—>2jets Z+b-]e§t vy B8 77 BES g

Njettiness ey Main challenges:

y+X  WHi+jet y+X (+§frag)

| : W z e :
Colourful ZIW  WH 2y vy HH tt bbb Wrcjet : : :
o Wiz i Wt ojes frejet multi-loop integrals

nested soft-coll. n - | :
: : H§+)et ep—>)et - WH(m;, # 0) Hjj(VBF)

o YY W @Casa)

wiz  H Hy (VBE)
Ttot o tot = 5 | | s | -

YYYy

VX Zejet B z00(a, 3 : S
| ! (a,2) Sjets infrared subtractions

HHjj (VBF)

WH

ere—>Jjets
e ¢ ¢ ¢ ¢ . . . . . . H ‘
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do/dp, ; [fb/10 GeV]

INDEPENDENT CALCULATIONS — H + jet x3!

residue subtraction T, jettiness subtraction antenna subtraction
[Caola, Melnikov, Schulze ’15] ‘Boughezal, Focke, Giele, Liu, Petriello ’15] [Chen, Cruz-Martinez, Gehrmann, Glover, Jaquier ’16]
-Campbell’ ElllS, Seth ’19] _1 NNLOJET pp— H+=0jet mu=125 GeV Vs =8 TeV
03 i ' ' T ' ' T ' ' T ' ' lLO ' i . __I T T T | T T T T | T T T T | T T T |__ 10 :
| NLO s ANLO, €=2.5x10°F - s -
0.25 — NNLO mmm : . NNLO, c—10"% ) NLO EFL'I'SDM
02| NNPDF2.3, 8 TeV | - NLO E - ﬁﬁ:ﬁ%ﬁ?’;,'%iiﬁ;mH :
. — B = PDF4LHC15 (NLO and NNLO) | {
0.15 L é 3 5 pR=pF=(1/4,1/2,1)-(MB+p?y) 2| |
_ o - §
0.1} T 2
i "8 2 t\5_'10'3 3
0.05 | : =
B T
1.9 -
1.25 | i o'
10 0 — ZI 4 i
-2 0 2 < _
_‘3 2
[
O13L
] lculat lidation! S ool
very complex calculations validation! 0o
o5l
0

long-standing [~’15] discrepancy in H + jet o¥ Gev
only resolved in [719]

benchmark approaches
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JEST ARE...

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

the ideal pQCD laboratory
simple 2 — 2 parton scattering

produced in abundance

Standard Model Production Cross Sectic

_Q AO td [ o
O 10" Foag ATLAS Preliminary
ed 2
b 6 o Run1,2 v/s=5,7,8,1
incl
10 N L
(m)
dijets
5
10 o
> 25 GeV
104 0 =0
2
Oy
103 m2 1 neo O
F ]CIZSHO ﬂo nAﬂév ta
- py;lDOGeV njz2 AOD
2 4, %o o, ‘ O
10 F ’ e WA
= nj=3 '
C 4.0 Dnj»zo A o
101 E e o L
: 3 ApQg LEEPN "o A
n;z5% o "o
1 :E lg "/—"‘o “o
C o )
4L li "o 0
107 F o 250
E n,;én o
oL e, ..
10 3 e B
10‘3E
PP Jets 7 w Z tt t V

[pb/GeV]

d3o
dpT,avgdypdy *

wide kinematical range

108
107
106
10>
104
103
102
101
100
10-1
10-2
10-3
10-4

197 f.b_l (8 TeV)

O=syp<l O0=sy*<1(x102)
O=syp<l 1=sy*<2(x102)

SITeTS

O=sypr<l1
l=yp<2
l=yp<?2
2=<yp<3

NLOJET++ (NLO®EW®NP)

2=<y*<3(x101)
O0=sy*<1(x101) +
l=y*<2(x101)
0= y*<1(x100) 4

NNPDF 3.0

U = PT, maxe 03" .
anti-ktR=0.7

1000

PT, avg [GeV]

Constrain PDFs
(high-x gluon)

0s(Q%)

running

0.35

0.25

0.15 |

0.05
1 10 100

x =1L (e™ + ™)

S

o (v LO: 3 variables (pr.y. y;

e inclusive jet[2] (some smearing)

® di—jet[3] (reconstructible: 3-D)

T decay (N°LO) +=- ]

low Q? cont. (N°LO) Fe— |
DIS jets (NLO) - ]

Heavy Quarkonia (NLO)
e'e jets/shapes (NNLO+res) F*— ]
pp/pp (jets NLO) H&+
EW precision fit (N 3SLOYe— 7]

pp (top, NNLO) =+ -

— o (M2) = 0.1179 + 0.0010

Q [GeV]
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+NNLO
LHC13 TeV anti-k.. jets R=0.7 (pR=pF=2pT)— NNLOJET

0.0<|y|<05  PDF4LHCI5 nnio '

S 15 [ / €

INCLUSIVE JETS — 2 CALCULATIONSI A I 4 :
............................................................................................................... % 05 %_ _;
- | . T =

O L E O05<hcto R E

= NNLOJET [Currie, Glover, Pires '16] Z T E =
..g 1 ; R M- S S S =S —— IW”?

4|7 STRIPPER [Czakon, van Hameren, Mitov, Poncelet '19] pre-e f_ | | ———————+—+— _f
O 5 E 1.0<|y| < 1.5 =

Z — -

T

o ' © 05 ;— | | | 4 —;
in very good agreement! o .. Eaam .
. o — -
sub-leading colour B 05 F- =
o - : : : — ;
negligible! 1s | YR =
2 i R e ;

8 05 =

- | | o =

Q s %_ 25<|y|<3.0 S _§

E 1 % = Ly i'_LiTqulT;'l%T ;

9O — ]

8 05 [ | —

Q 45 E 3.2<|y|]<'4.7 S E

5 i E I—-—T —_— -

@) — _

® 05 ] J { =

- | o _

N

2102 4x10°  6x10° 10° p_ (GeV



FAST INTERPOLATION GRIDS — APPLFAST [APPLGrid, fastNLO, NNLOJET “19, “22]

NNLO calculations ©(100k) CPU hours prohibitive in PDF & q fits!

approximate the costly convolution using a grid:

— sum: cheap!

o = / dx f.(x) ol 6,(x) =~ Z falz®) a / dz 6,(z) EW ()
0 1 . .

¢
;{;» °
! 3

1.25 cubic interpolation of

= 1 reweighted CTEQ6.1M gluon
c
% 0-75 7 w(x) =x % (1 -0.99 x)*
® 05 [
X o025 |4
= ;

0 : _

I I IIII | |I|||||| ]
10 10 10 10° 0.5 0.9
Xglu
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# jobs

THE INVESTMENT

[APPLgrid, fastNLO, NNLOJET

103

102

101

Grid / NNLOJET

= Total CPU

time: 333 kh

v

Grid / NNLOJET

: ni3832_yb0_ys0O_ptavgjl2

: mi3832_yb0 ys2 ptavgjl2

— 10 e 10"
S : ¢ O 9 . .
id . 2 | Central rapidity: el 2 Forward-baockward jets: ‘
grid generation e | Aclo<1% ¢ v | ¥ | Aolo~23% .
39 4 RRb g" * + + + + + : : < .
° 4 RV v : v "5 s
runtime ~ X2—-3 1% ew ] efdow x 1 ¥ O 7 —
+ :0 + & + 1 A » & A a m ? L a0
v v '* ' 1 s & A :
e e e g = = 4 " .
A A, vy Yy 4 8] >
= AAA‘A“‘ A & B * ’ t °
. < B Aaasr, ki 5‘121' 4 4 ®
Storage I- 1073 44“i<<<<4<<<4<<i‘ 10~ 4 4 F 7 14 4 p @
| n 0 i . ...-A i " @
-..-.III--.Ii-I..-. R ® ® ® . 8 *
10741 : oy g PR aa g E ;0
e *» ] v
MC Uncel"'. . s ;.."0000000000”..’»::: Y PRRa
2 prT o0
< f o LTI T L T Vv
~J ew /o :\t,:tal
o -5
e 10° o 2 x 102 3 x 102 4 x 102
ptavgj1l2_[GeV] ptavgjl2 [GeV]
APPLfast + NNLOJET ATLAS Js= 7 TeV
| | |

1.802 |- LO O NLO ¢ NNLO . 1

1.981 B -1+1% ° °
oo grid evaluation vs.

®oo °><>é?é?é?é? o ® o ¢
N : “vanilla” NNLOJET
060 vanilla” NNLO]J
%

8.999 1-13 : b O 1 7
inclusivg jets lnterp. 1a.S S o O
s<ii<z forward

8.998 |- He = Hr -

| | |
100 200 500 1000 "4

15 20 25 30 35
CPU hours
APPLfast + NNLOJET ATLAS Vs = 7 TeV
I I I
1.002 | LO NLO <o NNLO
1.6881 |
&
06060 . § s
100000088 © @@%@ooooo@@@a
O & o
o
8.999 [
inclusive jets
o < Iy <85 central
9.998 - He = Hr
| | |
106 200 500 10606
) [GeV]

pr) [GeV]



THE INVESTMENT & RETURN APPLGrid, fastNLO, NNLOJET 22]

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

APPLfast + NNLOJET ATLAS Js = 7 TeV

do/dptd [pb/GeV]

APPLfast + NNLOJET ATLAS Js= 7 TeV
19*4 I T I 1 1.3 | | | AT Scale
. : L0 inclusivg jets Ug = Hy
== NLO E=== NNLO scale dependence 1.2 F 8.5 < |yI| < 1 NNPDF3.1 | — @.108
1@+2EE_ Vs, 1-:: :_______;________.____.T.;__..___..__:_____T___; - - 9.118
8.9 = — - —_-— L=~ " — 3.112
o} o, €[0.108,0.124] o7 F— ===
. - - 8.116
O | | |
1872 | 1.3 - T —  9.117
i 1.2 -
~ — 9.119
inclusive jets = 1.1 n
187 F 8 < Iyl <8.5 e == e R
ug = Fr " — = == _ .
NNPDF3. 1 g 8.9Fp--------°- — 9.1e2
187° ' ' ' o 0.8 , , , 1 —— 8.124
1.3 T T T -ll:I>
_l.2r — = 1.3F ! ! ! ]
1.1 F \< :2[) NNLO
= 1 1.2 | 7
R S N NN (kg He) T .
207} i dependence e
5 9:6 B N .9 F - .- o TS -~ — 7
oo L . . . 1 £ B | 8.8 . . . .
100 200 - 560 1000 n 108 200 500 1000
ord [GeV] ‘ o.ggsé pT‘J [GEV]
| —10.996
predictions obtained
7x10 0.988 .
6x10°" 0.986 ln Seconds !
o0 Be10" 70 1 2 "5

L
wfu,



PDF DEPENDENCE & UNCERTAINTIES [APPLgrid, fastNLO, NNLOJET “22]

central forward
APPLfast + NNLOJET ATLAS Js= 7 TeV APPLfast + NNLOJET ATLAS Js = 7 TeV
20 I I T 20 I I , I
-4 IR NNPDF3. 1
_ _ o = Hr 0T
= 10 2 18 [ % -| [ NNPDF4.8
= = IR N NN S s
= inclusive jets = inclusive jets ' oo B2 CT18
' 18| 8 < |y)] <0.5 - ' -10 '
. | | | .
£ 29 = 20
== == HERAPDF2.0
~ 10 | ~ 180 MSHT28
5 95 ABMP16
= 9 =X g BE=
3 5 ' =1 PDF4LHC21
16 i . ™ N e i mavaves ATLASpdf21
1686 200 5006 16686 180 200 5006 16080

prd [GeV] ppd [GeV]

ABMP16 & ATLASpdf21 largest excursion from the rest of the “pack”
extremely small NNPDF4 .8 PDF errors
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VALIDITY OF K-FACTORS

_do NNLO(#)/ dpt
H) = do™LO (1) /dpr

Oapprox. 1 (1) = 07 (1) X KNV (pirer)
Oapprox. 2 (1) = 07 (1) x KNNO(p)

K-tactor must be applied

with correlated scales to
avoid 0(10%) scale unc.

extremely robust ( < 0.5 %
w.r.t. PDF choice!

KNNLU

( Kﬁ%ﬁ> / K“%%RL1 = :) [%]

— )

O

|
(&)

&y

|
(&)

O = = N W
I

APPLfast + NNLOJET

central

ATLAS Js= 7 TeV

inclusive jets
B < |yJ| < 8.5

2006

560
pr) [GeV]

1066

KNNLU

( Kﬁ%ﬁ> / Kﬁ%%ﬁ&1 = :) [%]

&y

|
O

(&)

|
O

o  ®©® O O —= = N W
|

o © o1 -

APPLfast + NNLOJET

[APPLgrid, fastNLO, NNLOJET "22]

forward

ATLAS Js= 7 TeV

inclusive jets
- 1.5 < |yJ| < 2

Y
|

166 2606

560
pr) [GeV]

160606

Scale
NNPDF3.1

Us
NNPDF3.1
NNPDF4 .86
CT14
CT18

HERAPDF2.0
MSHT26
ABMP16
PDF4LHC21
ATLASpdf21
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AVAILABLE GRIDS TABLES

inclusive jets

di-jets

[APPLgrid, fastNLO, NNLOJET "22]

Data Vs L no.of anti-kr kinematic range fiducial cuts ugR/r-choice
[TeV] [fb~!] points R [GeV]
CMS [30]  2.76 0.00543 81 0.7 pist € [74,592] ly| < 3.0 Pt Hr
ATLAS [28] 7.0 4.5 140 0.6 piS* € [100, 1992] ly| < 3.0 Pt Hr
CMS [31] 7.0 5.0:: 133 0.7 pist € [114,2116] ly| < 3.0 Pt Hr
ATLAS [32] 8.0 20:3: 1Tl 0.6 pis* € [70,2500] ly| < 3.0 Pt Hr
5.6 pist € [21, 74] :
CMS [33 8.0 248 0.7 < 4.7 et i
133] 19.7 Jet € [74, 2500] vl T
ATLAS [34] 13.0 3.2 177 0.4 p’s* € (100, 3937] ly| < 3.0 Pt Hr
36.3 0.4 i
CMS [35] 3.0 ., 2x78 o pis* € [97,3103] ly| < 2.0 piet i

Data Vs L no. of anti-kr kinematic range fiducial cuts ur F-choice
[TeV] [fb~!] points R [GeV]
ly1], [y2| < 3.0
ATLAS [55] 7.0 45 90 0.6 mi2 € [260, 5040] [pT.1,PT,2] > [100, 50|GeV miz
y* < 3.0
ly| < 5.0
CMS [31] 7.0: 750 54 0.7 m1s € [197, 5058] [pr.1,pT.2] > [60,30]GeV m12
|ymax| < 2.5
ly| < 5.0 pr,1exp(0.3y")
CMS [49] B0 197 19 0.7 (pT12) € [133,1784] pr.1,pT.2 > 50GeV
ly1], ly2] < 3.0 mi2
Iyll’ |y2| <3.0
: 75GeV
ATLAS [34] 130 32 136 0.4 mia € [260, 9066] e s 0 mia

(pT1’2> > 100GeV
y* < 3.0

all grids available on: ploughshare.web.cern.ch

caveat: calculation based on leading-colour approximation in NNLO parts

leading: N7, N,n;, n;

Mg
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How GOOD Is LCe

NNLOJET

wEREE]

LRNTETTITAT
|

Vs =13 TeV

1.0
0.8

0.6t 0.0 <|y]| <0.5

%ll

T NN

1.0

0.8

0.6t 0.5 <|y]| <1.0

1.4

1.0

12i’ll{%

0.8

0.6t 1.0<y| <15

= 1.2}

o 14f IM

0.8

o6t 1.5<|y|<2.0

2.0<|y|<2.5

o ] I . LLH pora 'H v

12 g H

1.0 — | : T =

0.8

0.6- i I L " I " i a 1 |

1.4 | 2.5<|y|<3.0

1.2} .

1.0——F Attt

0.8 R

0.6- L 1 i N 1 . i a 1

L.4r 3.2<|y|<4.7 &= LO

12t | | m— NLO

S M=Hr —— NNLOFC |

0.8 anti-kr(R=0.7) i CMS g

0.6} NNPDF40 nnlo_as 01180 !
200 300 400 600 800 1200 2000

pr (GeV)

sub-leading colour:  SLC
leading colour: LC

full colour (LC+SLC): FC

NNLOJET  V5=13Tev
. . 05'_ 0.0<|y|<0.5 _-
improved agreement ! |

1.00F l M
with the data . e
- 0.5<|y|<1.0 -
1.057 .
+ve SLC contribution '“E=fasssrmrmss
LOS: B 11);|y|<]“5:
100 e —
0.951
hfLOSL B 115;|yh<21):
impact on NNLO: e e i
S 0.95¢
S 2 % o I 2.0=<|y|<2.5_-
7 7 1.00 - ﬁaf—a—c%
within A -
LOSZ rrj_ 215<|yL<31):

SLC small in incl. jets (R=0.4, 0.7) ;22 - = o ol

still small on di-jet do/dm;; (R=0.4) ol TT32<lyl<47

. 1 . .o N 1.00F 1 =t = | — NNLO FC -

substantial in 3D di-jet (R=0.7) o S LT O oot B

NNPDF40_nnlo_as 01180 .
200 300 400 600 800 1200 2000
pr (GeV)
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TRIPLY-DIFFERENTIAL DI-JET PRODUCTION

different event topologies
disentangle mom. fractions

0<y* <1

* o(pb
aLover O0<Y, <1 O0<y'<i (pb)

* o(pb
anLover O0<Y,<1 1<y’<2 (pb)

* o(pb
wLoser 0<Y,<1 2<y'<3 (pb)

1 10° 1 10° 1 10°
A [N 10* 10* 10
|
N
"Q 10° 10° 10°
— % \ I -1 -1 -1
A\ 10 ) 10 ) 10 )
\V} U 10 10 10
& | \ <! 10 8 10 8 10
] s c T . C C 1
v I \ 10 10 10
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TRIPLY-DIFFERENTIAL DI-JET PRODUCTION

TH vs. DATA
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[Chen, Gehrmann, Glover, AH, Mo '22]

large NP corrections
1O"V'pT,avg

EW corrections only impacts
high'pT,avg
Yp ¥* <1

improved description of data
reduced uncertainties

21



Ratio to FC

Ratio to FC

TRIPLY-DIFFERENTIAL DI-JET PRODUCTION
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[Chen, Gehrmann, Glover, AH, Mo '22]

large SLC contributions
low-pr ave 30-60%

med-pr 4y, small |
high_pT,an T 20 %

FC
+5 % enhancement

LC

grids with FC very desirable!
resolve tension with other
datasets? [NNPDF4.6]
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IDENTIFIED OBJECTS CHALLENGES IN TH VvsS. EXxP

ISOLATED PHOTONS ¥ + jet HADRONS

” NNLOJET pp—v+j (N;j>1) /s=13TeV
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unfolding
O(10%)
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y + jet @ NNLO WITH FRAGMENTATION

NNLOJET pPp-ytJjet VS=13 TeV
1013
E--T:::E:: LO
10°; e 0 NLO
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% u)lg ¢ ATLAS
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slight deterioration
of agreement

maybe ok at NLO;
matters at NNLO
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DEPENDENCE ON D, _,

BFG 11 ALEPH

[Bourhis, Fontannaz, Guillet '98]
[ALEPH collab. '96]

differences on do/dp.
2 —4%

frag. contrib. x 10~
O(1) differences

accessto D,_,, @ LHC

new observables?

NNF rag?

vVs=13 TeV

NNPDF40_nnlo_as_ 01180
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CONCLUSIONS & OUTLOOK

NNLO QCD calculations in good shape

2 — 2 essentially solved

2 — 3 new frontier methods reaching maturity

loop amplitudes becoming a bottleneck again

in the quest for percent-level theory mixed QCDXEW important
dissemination of results

public codes , nTuples,

fast interpolation grids APPLgrid fastNLO PineAPPL
identified objects mismatch in TH vs. Exp/NNLO

photon isolation, flavour tagging, hadron fragmentation, ...
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THE PLAN.

1. NNLO predictions for the LHC

jets & interpolations grids

identified photons & fragmentation

2. Differential N3LO

Higgs & fiducial power corrections

Drell-Yan & PDFs

3. Bayesian approach to MHO

the abc model & correlations

4. Summary & Outlook



HIGGS ggH @ N3LO — INCLUSIVE ™ PREDICTIONS

[ Anastasiou, Duhr, Dulat, Herzog, Mistlberger '15] [Dulat, Mistlberger, Pelloni ’'18]
B B | 120
[ G27  |mLO M NLO M NNLO B NNNLO | 7 LHC 13 TeV S 3 3 3
Central scale: = my, ‘ ‘ Ny /,/ | | < | M | | | |
, 7/ MI\/IHT 2014
o) 0 gg |
2 [ —
] kR g - SRR . O
1 1] et et st ”*””* ********* = = = o e — - - Tt A e - ©
0 : l
O e . d . : . . . : . . . : . . —
042§- ‘
0.1 "— i
0.0 :L_ :
| S N R R SSaset ——
B e Y e Ve e T e Y

nice convergence of
perturbative expansion

differential info lost:

Higgs kinematics, QCD radiation,

analytically integrated over emissions: @ extremely fast; © idealised setup 07



FULLY DIFFERENTIAL ggH @ N3LO

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

Projection-to-Born:

[VBF @ NNLO: Cacciari et al. ’15]

N*L.O N*LO
dUF B dUF, inc.

dO dOp

N*—1LO N*—1LO
d0F+jet d0F+jet

idea:
restore differential into
of an inclusive calculation

do"®-/d|y"| [fb]

Ratio to NNLO

(eI av N e v BN aV)

—_—

56

40

36

20

10

o NN 0 N0 == = DN

[Chen, Gehrmann, Glover, AH, Mistlberger, Pelloni 21]

INCLUSIVE

>y < 2.37
> reject 1.37

FULLY DIFFERENTIAL

< |y”| < 1.52 (barrel-endcap)

» photon isolation in AR < 0.2

= D

AR;~<0.2
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O —
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| | | |
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- | ' ' ' ] 1.2 F | ' ' ' ]
2 1.1 M%‘X IR q »
= B XXX 77 /7 7/ ot
= 1 // Z Z %1 7 4 4 /. / AVAN
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FIDUCIAL ACCEPTANCES & vy

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

y o= linear fiducial power corrections!
4\ 4 / | | | |
K 1.2 | i
; 1.1 Sssooe - _yyxywﬁx/xé/ 77 7T 7 oo
N2 N VA e | -
| 4 0.8 | E
= 0.7 F |
AMIERRNRR AR NS L ]
y2=+2.37 = ' = '
// 0 8.5 1 1.5 2
. H | yH]
S / > Y [Billis, Dehnadi, Ebert, Michel, Tackmann '21]
N\ 301 :
\\\ 28 :_ ATLAS Preliminary (139 fb™ ") _:
\\\\\\\\\Q\ WA C ] N
) P
N / " ! N3LO [ N3LL/+N°LO 1
) . m;‘ 2407 N*LL+NNLO -
k @ can be cure o | 1 -
b)’ resummation \E - - NRLO Aresum | NNLLA-NLO -
© 201 =
Born acceptance i Aresum B Aro Ny
P © hard 6" should not 18—_AF0 90— H —~y (13 ToV)
$ ~ L1 Ay, 7,)| < cosh™ ( My ) ~ 0.9 need resummation el 1 NLO 'EFT, my — 125 G6V -
2 ’ — 2mein '
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ACCEPTANCE [(p.)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

fp) = fo+fi - pr + O((p1)?)

[Frixione, Ridolfi ’97; Ebert, Tackmann 19 + Michel, Stewart ‘21; Alekhin et al. ’21]

0.80
N @ Linear p%{ dependence
= 0.75 - i factorial growth for fixed-order
KQ iﬁ sensitivity to very low py
0.70 - 3
% Oasym ~J0 Cinc
: 3 ym ~Jo%ine. 0.18, —0.15_,+ 0.31 ,
1My = 125 GeV S GOfO s s s
0.65 +—————————————" ~ (.12 @ N°LL
0.0 12.5 25.0 '
Pt H [GeV] [Salam, Slade '21]
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ACCEPTANCE [(p.)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

VPt+Pt,— >0.35my
0.80 1:h. _ >0.25my -
....... (Z@ Quadratic p%,_l dependence
= 0.75 - e i suppress factorial growth
q‘% o fixed order ~ resummation /
M%
0.70 - 3
g:)r Onrod —J0 Oin
: 2 prod ~J0inc. 0.005, + 0.002_, — 0.001
{1 My = 125 GeV 3 Goﬁ) s s s
0.65 +—————1—————1 ~ 0.006 @ N3LL
0.0 12.5 25.0 '
Pt H [GeV] [Salam, Slade '21]
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do/d|y"| [fb]

Ratio to NNLO

o 0 0o ©

HIGGS @ N3LO WITH PRODUCT CUTS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

—
.

®

®

45

26

15

NNLOJET + RapidiX pp — H (= y y) + X Js = 13 TeV
| | | |
LO E5523 N3LO _
NLO NNLO x Kp3_g
=== NNLO _
/ /1

N°LO ~

N
no visible instabilities; no “features” in the corrections; very flat K-factors

do/d|Ay(yq,v2) | [fb]

Ratio to NNLO
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8.5

NNLOJET + RapidiX p p — H (= y y) + X
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|
=521 N3LO
NNLO x KN%ﬂ

|t l : | —
| Ay(yy,75) | -
5] 8.5 1 1.6 2

|AY(Y1 1Y2) |

\/pgl pl> > 035 - My,

no visible
instabilities
flat K-factor

N°LO
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DRELL—_YAN @ N3LO () DEPENDENCE ‘Dulat, Duhr, Mistlberger '28 '21]

LHC 13TeV | - 1.O NL.O ] 4
PDF4LHC15_nnlo_mc ; 3 | .
el PP e’ +X : Z/ }/* - |= NNLO — N3LO T
10

00 NNLO, i/ 00 NNLO, an [PD]
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TR st ~ PDF 4LHC15_nnlo_mc
e PP y'+X (e'e +X)

40 50 60 70 80 90 100 110 120 130 140 150 160 1"
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) P = NNLO: 1 ~ +20

V) (large cancellations)

1.05
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(| o8
Z zZ 1.
s s N3LO: 1|~ +2
o ~
K—Factor W* K—Factor W~ - = -
0.95- LHC 13TeV 0.95F s LHC 13TeV
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,ucent.=Q llcent.=Q
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NNLO AN3LO
— T scl

resonance region non-overlapping bands; A,
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DRELL_YAN @ N3LO YV DISTRIBUTIONS [Chen, Gehrmann, Glover, AH, Yang, Zhu ‘21, ¢22]

K — — -
SCET+NNLOJET pp—=>1717(y") V=13 TeV SCET+NNLOJET pp-W7T(-=L7v) + X VS =13 TeVv SCET+NNLOJET pp-W (—>L70) + X V=13 TeV
110.0 3.2
—— L0 —— NNLO ] L0 = NNLO xy S— L0 == NNLO
1Q7.5 | —————— ........................................... ........................................... —NLO —— N3LO 31_ ..................... E ] NLO ] N3LO —— NLO — N3LO
po g s e L R e 5261 o  NNPDF31nnlo.
c cC 1 : : 7-point scale variation
— _ 2. HF = HR = My,
PR — . R — ,
= =
> >0
3 3
S o
© o  _ NNPDF31pnlo ©
~ 7-point scale variation
HF = Hr =My :

Ratio to
NNLO

0.0 05 1.0 1.5 2.0 2.5 3.0
lyw+|

same collider @ 13 TeV almost universal NNLO — NS3LO corrections!

NC & CC* processes probe different parton content across Y;,
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DRELL_YAN @ N3LO COLLIDER DEPENDENCE [slides from C. Duhr: TH colloquium ’22]

pp — Z/v* — e e~  PDFALHCI5 nnlo_ mc pp — Z/y* — et e~ PDFALHC15_nnlo_mc
B 1O NLO [ NNLO [ N3LO Bl LO NLO [ NNLO B8 N3LO
Tevatron ” "
VS — 1.96 TeV no “odd” scale

behaviour @ 2 TeV

)

025 5

1.05- LHC

VS =13 TeV
0.95-‘ ‘ main difference from:

1.05- T \ collider energy

very similar between:

FCC-hh

1.00 {

L —
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N3LO PARTON DISTRIBUTION FUNCTIONS

N3LO evolution

4-loop splitting functions
[Moch, Ruijl, Ueda, Vermaseren, Vogt '17,'18,'22, in progress]

aN3LO PDFs (MSHT)

[McGowan, Cridge, Harland-Lang, Thorne ‘22]

g, Ratio to NNLO, Q2% = 10* GeV?
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purely resummed p?

spectrum
DITYL cvcni ~Acab A b A~

[ Neumann, Campbell ’22]
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syst. differences between PDFs

PDF
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o 0.96 .
[e) 0.94 —
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CONCLUSIONS & OUTLOOK

NSLO predictions are key to reach percent-level accuracy
computation of inclusive 2 = 1 processes very mature gocH, DY, VBE, VH, ...

differential predictions for pp — "colour neutral” appearing
relies on very stable NNLO “+jet” calculation

but: performance of slicing methods very poor O(10M) CPU core hours

Fiducial cuts linear power corrections
crucial for practicability of slicing approaches

Inadequacies in traditional scale variations DY @ N3LO
etfect from missing N3LO PDFs?
more robust TH uncertainties desirable
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THE PLAN.

1. NNLO predictions for the LHC

jets & interpolations grids

identified photons & fragmentation

2. Differential N3LO

Higgs & fiducial power corrections

Drell-Yan & PDFs

3. Bayesian approach to MHO

the abc model & correlations

4. Summary & Outlook



WHAT IS THE UNCERTAINTY Apy OF MY RESULTS

increasingly urgent to address with Agxp \

what does 56 mean if Ay non-negligible?

interpretation of data in need for robust Aqyy: PDF fits, % in ATLAS jets, ...
various sources that contribute to A-y:

Ay, Aparam’ Parametric uncertainties exp. extraction

Appg: parton distribution functions (PDFs) fits

A . hadronisation, UE, ... parton showers [e.g. HERWIG vs. PYTHIA]

non pert.-

Avio: missing higher-order (MHQO) corrections o cus here
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CONVENTIONAL APPROACH FOR Ay pyp — SCALE VARIATION

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

approximation for an observable @ (next-to-)" leading order: electroweak (EW):
<> scheme dependence

NHLO: Y~ En(/’t) — Z E(k)(//t) S a<Kag
k=0

truncation of series induces a sensitivity to terms of the next order

d
_ nop+n+1\ __
U _Zn(ﬂ) = @(0{90 ) = @(AMHO)
du
0.04 |
0.839 -
Zpert e e . B.038
NG ¢ = 8.037
©
central : 5 8.636
value g 8.0835
convention: N T (kg HF) 9.034
[12,2]

Hol2 Ho 214




ISSUES WITH STANDARD SCALE VARIATIONS

known to be insufficient: choice of the central scale
exclusive jet(s) fastest apparent convergence (FAC)
ratios Z(n)(ﬂFAc) =0
cancellations principle of minimal sensitivity (PMS)
9 5(n) —

HpMS

BLM /PMC

[Brodsky, Lepage, Mackenzie ’83]; [Brodsky, Di Giustino ‘12]

o/oN3LO

| | | | K—Factor W*
0.95~ : : f | : LHC 1 3:TeV | :
| | | | | PDF4L.HC15 nnlo_mc
ﬂcent.zQ | |

crucially: no statistical interpretation!
need to do better

[02, J8bBJaqrasTi ‘3eTng ‘Jynq]

20 40 60 80 100 120 140 160 180 200
Q [GeV]

41



PROBABILITY DISTRIBUTIONS FOR Ao Caceiari. Houdeau "1

Sequence of perturbative corrections 0, normalised w.r.t. LO
%, =29 (146 +...+6,) 5, = O(al
Probability distribution for 6, , given 0, = (Jy, 9y, -..,9,)

P(5n+1) _ fdmp P(0,.1p) Py(p)
P(5,) [dmp P8, |p) Py(p)

P(5n+1 ‘671) —

P(A,B) = P(A|B) P(B)

Model: P, |p) Hidden

P(A) = 4B P(A, B)

a5 parameters
Priors: Py(p) 4

Unknown orders:
P(5n+1 ‘571)

Bayes: P(p|0;) « P(0,|p) Py(p)

.



THE CH MODEL .
[Cacciari, Houdeau ’11]

perturbative expansion §, = ¢; a¥ bounded by a geometric series: |c,| < ¢ Vk

S| < Dlald < e
k k k

one hidden parameter: ¢

constrain upper bound ¢ from known orders
constraint on unknown coetficients c, ,

limitations:

g O

a, at what scale? why not: —,
T 2m

, Q In*(v), a, In(v), ... 7?7
why not let the model figure out the expansion parameter itself?
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THE GEOMETRIC MODEL i 20

bounded by a geometric series with expansion parameter a:

16,| <ca* Vk two model parameters: a, ¢
Pg(g)(ék |a, c)
1 kA
. pk _ K
model: Pgeo(ékla’ C) = 2o ok ®<C 1k ) 5,
—cak +cak ]
priors:  Py(a,c) = Pyla) Py(c) | ?: :
N\
Py(@) = (1 + o) (1 — )" B(a) O(1 — a) T~
8 |
Py(c) = O(c — 1) dc/c ~ dlIn(c)

Cl+8
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THE INFERENCE STEP - GEOMETRIC SERIES: §, = (0.7)"

505 1 | n =0 ——

Py(a,c) = B(a) O(1 —a) Py(c)

p— 2 i i
chose w = 0 for very broad distribution

flat prior in a 1.5 F -

0.5 I //\\ i

0 | | | | I B
0 6.5 1 1.5 2 2.5 3 3.5

no inference yet!
P(5,) entirely determined

by the model & priors P(5)) = Jdajdc P(l)(51 |a, c) Py(a,c)

geo
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THE INFERENCE STEP - GEOMETRIC SERIES: &, = (0.7)"

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

O o=l — A S
Py(a,c) = O(a) O(1 — a) Py(c) Pla) 3 | _
2.5 |- _

NLO = 8, = 0.7 1 V| _
P(a,c|é)) « Péé())(él |a, c) Py(a, c) s L

. L
9.5
posterior likelihood prior
e |
Bayes’ theorem:
<
P(B|A) P(A
P(A|B) = ( 1‘0(1)3) ) P(6,|6)) = JdaJdc P(6,|6,a,c) P(a,c| o)
o, independent:
TEER X Jda Jdc Pég())(éz |a, c) Péé())(él |a, c) Py(a, c)
P(6,6,) = P(0,)
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THE INFERENCE STEP - GEOMETRIC SERIES: &, = (0.7)"

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

LO oy = 1
Py(a,c) = O(a) O(1 — a) Py(c)
NLO =68, =0.7
P(a,c|8)) « Py (8, |a,c) Pya,c)
N2LO - 8, = 0.7°
P(a,c|8,,8,) « P(6,|8,,a,c) P(a,c|5)

x P? (0, ]a,c) P(l)(él |a, c) Py(a,c)

geo geo

Bayes’ theorem a~ 0.7
& independence also: c ~ 1

—_ N w ~

S
' | | &

N-g—
3.5 n =1 —— -
n =2
3 L i
2.5 L -
localised i

0

Nl
0.5
N
6 0.5 1 1.5
3
P(5;]8,,8,) Jda[dc I[P

k=1

2 2.5

&la,e)

3 3.5

Py(a, c)
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THE INFERENCE STEP - GEOMETRIC SERIES: &, = (0.7)"

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

LO oy = 1 3.: i
Py(a,c) = O(a) O(1 — a) Py(c) 31 |
NLO = 8, = 0.7 o
P(a,c|6)) < P8 |a,c) Pya,c) o T
NZLO = 8, = 0.7 L
P(a,c|6,,8,) « P(5,|8,,a,¢) P(a,c| ) % b5
& Pyeo(65 ] a, ¢) Pgp(8y1a, ¢) Py, c) )
PG,0118)  |da |de T [Pataila.o)] Pytac)
k=1

can be solved analytically
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THE abc MODEL - ASYMMETRIC GEOMETRIC MODEL e B et Santron o1

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

geometric model is symmetric: P(d, ...,0,) = P(|dy], ..., |0, |) (0p41)ge0 = 0

allow for different lower & upper bound:

O
b—c< —]Ii <b+c Vk three model parameters: a, b, c
a
I ngl(ékla, b, c)
model: PY(5,|a,b,c) = : Of c — ﬁ_b )
’ abc™ k1770 ZC‘alk ak 5.]‘
(b = c)a" (b + ¢)a*
priors:  Py(a,b,c) = Py(a) Py(b,c)
Pya) =~ (1+w) (1-|al)” O —|al) support: [-1,+1]
en’

|
Py(b,c) = O(c — ) 2z O(Ec — b)

Cl+8
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A REAL-WORLD EXAMPLE — m, (OS «» MS)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

; 5 2.5 .
Py n — — ]
Z5 () T n=1 - | _
my = —— mdu S Ly n= ER
t t\V*R _ _
5 =3 — | <
Zp(ug) = 4 I i
< 0.1} N S
PT— : " E & —
=2 m" S om I N
: ~ e\ —
0.001 | ' | L ! . —
160 165 170 Al75 80 - -2 —-15 -1 =05 0 0.5 1
(me)5sty (GeV) (05241 = bn1)/10n1]
e © 180
strongly peaked n / L
1 /->\ 175 I “ $ FO*= =O* |
estimate for m, — (m), 3
i 170 + -
Clee = [0.008,0.046] GeV ¢s
3

positive corrections

Clys = [—0.027,0.112] GeV anticipated 165 || (my)y o -

abc model +——
geometric ——

160 - - '
0 1 2 3 1

n 50




WHAT TO DO WITH THE THE SCALE /2

_ n—3 —
——  abc-model ——
——  geometric

| > 1IN e e

Clgg/o5 ﬁ (geo) ﬁ(abc) 2 70 1 N

A
/

eO N——"
= Y.l L 7 ¥
always entered around E.Q()"__ s T
om | N o _..

very narrow peak

abc 0.1

uluy 2 1 anticipate pos. N3LO
ulpy S 1 bias slowly disappears
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WHAT TO DO WITH THE THE SCALE ;2

Vi~ P(03]0g, 01, 025 ) 90 l —
— 80 | - nEY T EL T
o n=1-—mn=3 —
Clgsyos ﬁ (geo) ﬁ(abC) = 107 4@ ’ ‘
Ol FAC Mrac -
o 5D B | %‘ _
- " ~
two options: % 40 1 ~
—~ 30 - ’ ’ -
1. invoke some principle to 5 i é ;
s 20 1 ? i ? i ; ;
pick the “optimal” scale 2 10 L gH ]
0 L N R I
EAC, PM5, PMC, ... 0.1 0.20 0.9 1 2 4 1C

ur/(mu/2), pr = mg /2

Fastest Apparent Convergence depends on order

Y (Upac) = Z,_1(Hpac) might not be unique
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WHAT TO DO WITH THE THE SCALE x2

Vi~ P(03]0p, 01,003 ) 90 . —
—~ 80 - n=0-—m=2—
2 n=1—mn=3 —
CI68/95 ﬁ (geo) ﬁ(abC) =70 ¢ 2) 5 .
= 60 t Fems S i
< 50 - ]

S " S

two options: Sg 40 -
—~ 30 |- ? ? ]
1. invoke some principle to E 20 | ]
pick the “optimal” scale 2 10 L gH ]
0 L N S S I
FAL, PMS, PMC, .. 0.1 0.25 05 1 2 4 1C

ur/(mu/2), np =mpy /2

depends on order
might not be unique
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WHAT TO DO WITH THE THE SCALE ;2

- n—3 —
— abc-model ——
——  geometric

0 NT T -
Cleg/os ﬁ(ge()) ﬁ(abc) = 70 1IN

| =TI ]
two options: = 40 [ \\\l\l [ [‘mJ P [-j it
- . S RSl
1. invoke some principle to > 90 | ST

pick the “optimal” scale Ao U
FAC, PMS, PMC, ... 0 L

2. combine different P(d,,|0,;u) ur/(mu/2), up = mpy /2

pursued in the following
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PRESCRIPTIONS FOR SCALES

Scale Marginalisation (sm): Scale Average (sa):
[Bonvini ¢26] [Duhr, AH, Mazeliauskas, Szafron “21]
treat y as a hidden model parameter u has no probabilistic interpretation
marginalise over it: average over it:

_ Jdﬂ P(8,0118,:1) P(u15,)

P(ulo,) « P(0,; n) Py(u) with prior: weight function:
Po() = 51— @(mF— In(£) ) A W) = @(mF— In(%) )
In p

//l()/ F Ho F Ho 54



PEAK OF THE DISTRIBUTIONS [Duhr, AH, Mazeliauskas, Szafron ‘21]

Scale Marginalisation (sm): Scale Average (sa):
if pupac € [/ F, F pyl then if uppms € [/ F, F ppl then
Pn(0,4110,) peaks at 2, (upac) P (0,4110,) peaks at 2, (upyps)
P(0,|u) dominated by (k = n) term overlap between P(6,.,|0,; 1)

symmetric model enhanced at stationary point

6,(u) = 0 enhanced 2 (Hpms) = O

Choice of how to interpret the scale

has consequences for predictions!
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INCLUSIVE CROSS SECTIONS UP TO N3LO

(ovBr—H)5y1 (fb)

4.2

4.1 +

3.9 -
3.8
3.7

3.0

It W/

 (ovBrP—#)n(po, o) o
geo sm =+ sa == 9pt

abc sm = sa —— Tpt mm

0 1 2 3

n < 2: Clgg bigger than 9pt
0; <0 + abc alternating

n > 2: all prescriptions similar

overall: not radically different estimates for A0

(opy—nc)St; (nb)

b2 r
50 r
48 +
46
44
42 +
40
38

36

| 1l - | 0.152 +
i - - 0.15 |
el i ¥H L0148 |

% I %$| i 4 <5
|| ! €T 0.146 -

'l 1=
< 0.144 |
il (DY -NC)n (105 H0) © - 0.142
geo sm ——=  sa —— 9pt mm 0.14 L

abc sm ~ sa ~— Tpt mm
0.138
0 1 2 3
n

05 1s large and outside of 9pt!
similar unc.: sa ~ 9pt
n =2: sm < others

n = 3: all prescriptions similar

(Aw )n(po, f0) o -
geq sm = s == 9pt

abésm ~~ sa = 7pt mm |

0 1 2 3

n
large cancellations in the ratio
n < 2: 9pt performs poorly

(Aw), /

size: abc < others

n
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DIFFERENTIAL DISTRIBUTIONS

Bayesian approach also applicable to distributions
treat each bin individually will not include correlations!

new challenges

no longer “easy” to identify an appropriate hard scale
inclusive ggH: My vs. % My ? Just let the model figure it out.

ditferential distributions can probe different kinematic regimes

dynamical scale choice many choices!
e.g. in jet production: p,fr, p%l , (p;’r)avg, Hy = Z pr, Hy = Z Py -
IE]ets [Epartons
re-cycling via quadrature limited ideally interpolation grids
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W-BOSON + JET PRODUCTION

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

’

do/dp7 y (fb/GeV)
2

10

—
(&)
(o]
—

= Er,v)
OO —m /4
N OO OO —DMN W

Ratio to NLO (pg

—

Ug = Ery

|

0 100

pr.v (GeV)
— l L | il
B
B scale Spt
T e e T R ST T R T !
0 100

pr.y (GeV)

Ratio to NLO ([J@ = ET,W)
NN OO N WN0O® N WI00O® =N WO =R W
2 NG "‘I' .

geo sm C168 _

N

PAVANY WL WAVAN

XXX X X XN

\._VV —
O

€ 2K p
AVAN y\)\z\\r,\\(ww% SRERTOXTRETX

R N aaRaRiRi=

abc sa Clgg

n<?2:
Cl, bigger than 9pt
abc captures pos. shift
n=2
almost identical bands
Avipo very robust
sm Vs. sa

almost identical CI
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DI-PHOTON PRODUCTION

Ratio to NLO (pg = myy)

v =y oD > Yy J5= 8 TeV 1-2 - | ' T example where 9pt fails
10° F— ' ' ' 7 ] '
NNLO 1.4 N :
) 1.2 MANNNNNRNS g large corrections
o2 = T AAIEEEENNEENASARUS St SNEERN NN - 8
0 1.0
o 8.8 | - ANNLO > ANLO
= 0.6 | | o - MHO ~ “MHO
3 10 1.8F | | | A B
2 1.6 1 geo sm Clgg | :
3 SR no sign of convergence
— 1@@ E; :]|£21f 00707020 4
%>- I 1:@ N N\ n < 2:
E 1@-1 pT::T > 40 GeV g 0.8 &7 B
prYz > 30 GeV 0.6 — ~
lyY] < 2.37 excl. [1.37, 1.56 = g — Clgg ~2-3 X 9pt
-2 y [ ’ ] - %% e
10 o 1 6 TR R s <3l :
ORy,y, > 0.4 e R g ot R R R R RRIIRESEILLS
o T1.4F = . n=>2:
193 L S IR < 4 = AN -
100 1000 28 ] marginal overlap for geo
myy (GeV) 0.6 - | | | L
T ' ' ' ' ' T T ] ] B ' ' ' ' ' 11 . . . .
]2 - scale 9ot 12 i 200 53 Clyg differences in size & position
1.4 —— 1.4 K .
1.2 — = 1.2 SRS ideally N3LO for robust Ayyo
1.0 1.0
0.8 - - 0.8 &7 = N
@.6 . | .--.,ﬂ—ﬂ'””"""'"—'—"'::':'::::'_;;;;;5;;;;;;;:::::I:::::; @.6 ) | | | | | | | O _ SIN = Sa
100 1000 100 1000 -
myy (GeV) n,y (Gev) large corrections

prohibit FAC points
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THE PROBLEM WITH JETS

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

° /A
Ho = p%: infrared sensitivity Ho = Ht: recommendation [Currie et al. “18]
be = PT,j pp - jet(s) Js= 13 TeV pp = Hy pp - jet(s) Js =13 TeV
| | L R —_— | | | | | | |
104 NNLO ' 19 NNLO C——J |
NLO 1 = NLO 1 :
LO ] LO ]
~ 10%F 5 ~ 10k 5
= . = J
S S
o 0 o 0
E 107 F E & 107 F E
—é;; 1@-2 ) ) ? —é;; 1@_2 ; i
= E_ anti-kr jets _E' i, = E  anti-ky jets
© B R=20.4 . © R =20.4
E |yI] < 0.5 lyI| < 0.5
1976 | | | N B | 1976 | | | N B |
. 200 300 400 600 1000 2000 200 300 400 600 1000 2000
g pr,; (GeV) o pr,; (GeV)
| | L B R R —— | | | L B R R —— |
1.3 n n 1.3 F n
= 1.2 . = 1.2r .
\C': 1.1 F = s 1.1F _——
- 1P E— o bl = 1.0 BPBBMm— —— ===
i 9.9 _\/\/\/—j\ _| InStq I ")' Q 9.9t B, —
+ @.8 N scale 9pt "; @.8 B scale 9pt _
o 9 ! ! T T | | at IOW pT = | | L e |
5 200 300 400 600 1000 2000 & 200 300 400 600 1000 2000
pr.; (GeV) pr.; (GeV)
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non-trivial change of dynamical scales

THE PROBLEM WITH JETS PERSISTS cannot be captured by a simple re-scaling

po = pl: infrared sensitivity Uy =

1.3 F - 1.3

1.2 - - 1.2

1 larger NLO -

1.0 1.0

9.9 AMHO 9.9

0.8 0.8

1.3 F - 1.3 F _
> 1.2 - . —~ 1.2 - N
=11 F = = 1.1F
n 1.0 1.0 F
o 8.9 S aob abc captures
— 0.8 geo sm Clgg | 0.8 oy 0
s 28 | —" 1 barelyany < 0.8 positive
g 1.2p 1 difference s 1.2 corrections
@) . — o . -
E 1.0 = at NNI—O T 1.0 B
~ 0.9 T R R R IR IS _ T 0.9k ]

28 abc sa CIgg _ 0.8 L abc sa Clgg |

13E i ] i - [ | —t———t———+ | -

1.2 | : 1.2 | _

. N . e e \
9.9 = - 0.9 - \\\\ N
0.8 | , L Beo sa Lles - 0.8 |- . T 5 A R -
200 300 400 600 1000 2000 200 300 400 600 1000 2000
pr,; (GeV) pr,; (GeV)
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WORK IN PROGRESS — CORRELATIONS

idea: if two bins show similar (opposite) perturbative behaviour
two bins should be partially (anti-)correlated.

we want: joint probability distribution P(x, y) for two bins x & y
preserve projections for compatibility:

P(x) = de P(x,y) = [dz P(x, z)

hidden parameter —1 < ¢ < + 1 to smoothly implements the correlation

possibilities: algorithmic “earth movers distance”; map P(x) onto P(y), ...
can be done much simpler
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WORK IN PROGRESS — CORRELATION MODEL IN miho

projections of multi-dim. Gaussians are again Gaussian
map P; onto Gaussians, implement correlations, map back

P(CB,’y) - Pl(-’L')PZ(y) Yi(z) :/—oo dz' P;(z")
% d¢_1(a) (I)_l(p) - \/iEI‘f_l(—l—FQp)
do
1 £(z) = 271 (T1(2))
X
b n(y) =21 (Z2(y))
v
- X J
. \ ) ya

c=0.9

Uuse inference to constrain ¢
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CONCLUSIONS & OUTLOOK

Bayesian inference is a powerful framework to estimate Ay,

statistical interpretation P(,.,10,)
exposes our assumptions & biases clearly model & priors
but: it is not more reliable than scale variation careful analysis required

typically for n < 2: Clge >9pt; n > 2: Clgg ~ 9Ipt
public code: 3 7~ (miho) https://github.com/aykhuss/miho
future directions

correlations (PDF fits & data interpretation)

marginalisation over models,
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CONCLUSIONS & OUTLOOK

Bayesian inference is a powerful framework to estimate Ay,

statistical interpretation P(,.,10,)
exposes our assumptions & biases clearly model & priors
but: it is not more reliable than scale variation careful analysis required

typically for n < 2: Clge >9pt; n > 2: Clgg ~ 9Ipt
public code: 3 7~ (miho) https://github.com/aykhuss/miho
future directions

correlations (PDF fits & data interpretation)

marginalisation over models, Th ank y()u!
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