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THE HL-LHC: 2025-2035

High
LHC / HL-LHC Plan Luminosity
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THE HL-LHC: 2025-2030

HOW WERE THINGS 15 YEARS AGO?

025F |n. <05

E CTEQ4M vs DO dat
0.25:—W
: . ! b

(Data-Theory)/Theory
o
I

“The current agreement between theory and data is

at the level of 30% over 8 orders of magnitude...”

(M. Mangano, EPS 1999)

(IT 1S SUPPOSED TO BE A GOOD THING)



QCD IN THE YEAR 2000

DGLAP SPLITTING FUNCTIONS KNOWN UP TO NLO
NNLO SPLITTING FUNCTIONS PUBLISHED IN 2002-2004
(Moch, Vermaseren, Vogt)

ONLY INCLUSIVE TOTAL CROSS SECTIONS WITH COLORLESS FINAL STATES
(DRELL-YAN, HIGGS) KNOWN AT NNLO

RAPIDITY DISTRIBUTIONS COMPUTED TO NNLO IN 2003 (HIGGS),

2004 (DY) (Anastasiou, Melnikov, Petriello)

PDF UNCERTAINTIES ESTIMATED BY COMPARING DIFFERENT PDF SETS
FIRST GOBAL PDF SETS WITH UNCERTAINTIES PUBLISHED 2002
(CTEQ, MRST)

EW CORRECTIONS MOSTLY AVAILABLE FOR LEPTON COLLIDER PROCESSES
EW CORRECTIONS TO HIGGS PRODUCTION 2004-2006

(Aglietti, Degrassi et al., Passarino et al., Dittmaier et al.)



QCD IN THE YEAR 2030‘? |

e THE STRUCTURE OF THE QCD EXPANSION
— RESUMMATION AND ITS USES
— ANALYTIC STRUCTURE OF CROSS-SECTIONS

— HIGHER ORDERS: UNCERTAINTY AND DIVERGENCE

e FELECTROWEAK CORRECTIONS
— THE PHOTON PDF

— MIXED QCD-EW CORRECTIONS

e PDFs (& o)
— DATA: FROM LHC 10O LHC-II (AND LHEC?)
— PDFs BEYOND NNLO & THEORETICAL UNCERTAINTIES

— MATCHING TO MONTE CARLO



HIGHER ORDERS AND
RESUMMATION




a [pb]

920

HIGHER ORDERS:

WHAT DO WE KNOW?
N°LO HIGGS IN GLUON FUSION

UNRESUMMED VS RESUMMED

SCALE DEP VS N2LO SIZE

14 TeV, yy = py

70

60 [

! N3LO appro)l (K=0) ——

N3LO approx (K=5)
N3LO approx (K=10) =—--
N3LO approx (K=15) ===~
N3LO approx (K=20) - - -
N3LO approx (K=30) == -
N3LO approx (K=40) -+

NNLO ——
NLO ——
LO ——

B R
40 |-
s
30 b
20 f
\
0.0625 0.125 0.25 05 1 2
wmy

(Bihler, Lazopoulos, 2013)

EXACT N°LO

B LO = NLO ®m NNLO ® NNNLO

wwwwwww
Ve

(Anastasiou et al, 2015)

e THE PERTURBATIVE EXPANSION IS WELL-BEHAVED

e SOFT RESUMMATION ACCELERATES CONVERGENCE

EXPANSION

Higgs cross section: gluon fusion

T T
N-soft

T 17T

T
my = 125 GeV

LHC 8 TeV

—-—- NNLO
s [ LO+LL
— — = NLO+NLL
—-—- NNLO+NNLL
——— NNLO+NNNLL
O T T 171 I 1 1 1 1
0.06 0.1 02 03 0.5 1 2 3

MR / My

(Bonvini, Marzani, 2014)



Q: WHEN (AND WHY) IS SOFT RESUMMATION USEFUL?

M?
® PARTONIC CROSS SECTIONS &(2, &us) ARE DISTRIBUTIONS, 0 < z = — <1,
CONVOLUTED WITH LUMINOSIITY TO GIVE HADRONIC CROSS-SECTION

e THEIR MELLIN TRANSFORMS & (N, s) ARE ORDINARY FUNCTIONS

e FOR GIVEN qu AND s ONLY ONE “SADDLE” N VALUE CONTRIBUTES;
POSITION OF SADDLE DETERMINED ESSENTIALLY BY PDF
=> PDF TELLS YOU WHICH FRACTION OF HADRON MOMENTUM GOES INTO PARTONIC PROCESS

A: WHEN SADDLE N IS LARGE ENOUGH

M2
e SOFT RESUMMATION INCLUDES TO ALL ORDERS o In(1 — 2), z = =% & asIn N

® SOFT <+ z — 1+ N — 0.

HIGGS IN GLUON FUSION

SADDLE VS COLLIDER ENERGY

A\ my=125GeV — — |
: \ \ my = 600 GeV -----. 1
35 - \ ]
e RESUMMATION CURRENTLY INCLUDED IN HXSWG i AN . ]
RECOMMENATION: NNLO+NNLL % \ farge mfimit
p4 t N
r N
® BUT Ngaddle ~ 2, = RESUMMATION SUMS UP  2°! \o S ]
/30043 111 2 ~ 004 << 1 2: (NLO is shown as a shadow) S~ - _ e
73 99()() \\"‘~—__,
e WHAT IS LARGE ENOUGH ¢ 15 A

Vs [TeV]

(Bonvini, SF, Ridolfi, 2012)



NO?
M (7] (N) ~3610g° N
+170.679...log> N
+744.849 .. . log* N
+1405.185...log® N
+2676.129...log> N
+1897.141...log N
+1783.692...
log® N
08
+108—
4
L+ 615.606... 8 N
log3 N
+2036.407 ... —
log? N
3305.246 . . .
+ D N
log N
3459.105. ...
+ 345 N
+703.037.

“LEADING” LOGS DO
DOMINANT CONTRIBUTION

HIGGS IN GLUON FUSION:

SHOULD RESUMMATION HELP?

R

(— 0.0013%)

(— 0.0226%
(— 0.2570%
(— 1.0707%
(— 4.0200%
(— 5.1293%
(— 8.0336%

)
)
)
)
)
)
(— 0.0105%)
(— 0.1418%)
(— 0.9718%)

(— 2.9487%)
(— 5.2933%)

(= 1.7137%).

(Anastasiou et al, 2015)

NOT PROVIDE THE

e EXPANSION IN POWERS OF 1 / N CONVERGES

VERY SLOWLY

30 N T T =
AR

YES!

Higgs cross section: gluon fusion

T T T T T
my = 125 GeV |

LHC 8 TeV

|- - - N

| —-—- NNLO
g [f LO+LL ]

/| - — - NLO+NLL

"| —-—- NNLO+NNLL

[| —— NNLO-+NNNLL
0 T T 1 I 1 | 1 L1 1 1
006 0.1 02 03 05 1 2 3

MR / My
Bonvini and Marzani, 2014

RESUMMED EXPANSION CONVERGES

FASTER THAN UNRESUMMED ONE

SCALE DEPENDENCE ALWAYS SMALLER AT
RESUMMED LEVEL



ANALYTIC STRUCTURE IN N SPACE
MELLIN-SPACE PARTONIC CROSS SECTIONS ARE ANALYTIC FUNCTIONS OF N

AS N — oo THEY BEHAVE AS POWERS OF In N

FINITE- N SINGULARITIES ARE ISOLATED POLES ON THE REAL AXIS FOR INTEGER
N <1

RECONSTRUCT FROM SINGULARITIES, WITHOUT INTRODUCING SPURIOUS CUTS
EXAMPLE: LARGE-N In N = ¢ (N).

HIGGS IN GLUON FUSION

Higgs partonic gg. Order 052 Mellin transform

TOP PAIRS
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(Muselli et al., 2015)
(Ball et al., 2013)



WHAT DO WE KNOW?

EIKONAL OR SOFT EXPANSION:AS N — oo (I.LE. z — 1)
6B (N) = cogIn® N 4 co5 In® N +--- +coaIn?2 N 4 co1 In N + cgp +
% (c151In° N+ ciaIn* N + -+ + c10) +ﬁ (c2aln* N+ -+ +ca0) + ...

CURRENT KNOWLEDGE: EIKONAL, UP TO NNLL FOR MANY DIFFERENTIAL
DISTRIBUTIONS

BFKL OR HIGH-ENERGY EXPANSION:AS N DECREASES (L.E. z — 0)
RIGHTMOST SINGULARITY AT N = 1;
5@ (N) = (dhs s + diz iz + i griyy ) + (dos s+ +dor ) + -

CURRENT KNOWLEDGE: LL,FOR SEVERAL TOTAL CROSS SECTIONS; ONLY
GGHIGGS RAPDITY DISTRIBUTION

APPROXIMATE HIGHER ORDERS?

HIGGS GLUON FUSION: SCALE DEP

APPROX VS. GENERAL
e AT NNLO METHOD WORKS WELL

e FOR GGHIGGS, FROM SCALE VARIATION RESULT
SEEMS IN GOOD AGREEMENT WITH EXACT
(AWAITING FOR FULL COMPARISON)

e N*“LO COMPUTATIONS?

e IMPROVING BOTH THE
e SOFT AND THE BFKL EXPANSION?

(Biihler, Lazopoulos, 2013)



IMPROVING THE SOFT EXPANSION
BEYOND THE LEADING POWER

-y ey gy
.

(a) (b) ()

IMPRESSIVE PROGRESS IN THE ORGANIZATION OF RESUMMATION BEYOND THE EIKONAL LEVEL:
NEXT-TO-EIKONAL ‘T NEXT-TO-NEXT-TO-EIKONAL ‘2% ETC (Laenen, Magnea, C.White
et al, 2012-2105)

“METHOD OF REGIONS”: SEPARATE INTEGRATION REGIONS OVER MOMENTA THROUGH
APPROPRIATE SCALING

COMBINE WITH FACTORIZATION TO CLASSIFY EMISSIONS FROM INTERNAL BLOBS, DRESSED
WITH RADIATION FROM EXTERNAL LINES



IMPROVING HIGH ENERGY RESUMMATION
BEYOND INCLUSIVE OBSERVABLES

e CURRENTLY KNOWN TO LL FOR TOTAL CROSS SECTIONS (HIGGS, DRELL-YAN,

HEAVY QUARKS)

e RAPIDITY DISTRIBUTIONS KNOWN FOR HIGGS (Caola, SF, Marzani 2011)

e pr DISTRIBUTIONS :
— CAN STUDY SENSITIVITY TO m

— BEHAVIOUR OF p; RESUMMATION IN RE-

GION myp < pr < my,

HIGGS IN GLUON FUSION: LLx p:
SPECTRUM
POINTLIKE VS. EXACT

00 1200
nnnnnnnnnnnnnnnnnnnnnnn (Gev)

FOR pt > my
EXACT DEVIATES FROM POINTLIKE

(Muselli, SF, Vita, in preparation)



THEORETICAL UNCERTAINTIES

SCALE VARIATION IS A CRUDE METHOD WHICH OFTEN FAILS
CACCIARI-HOUDEAU: LOOK AT THE BEHAVIOUR OF THE PERTURBATIVE EXPANSION

PASSARINO-DAVID: TRY TO DEFINE SUM OF THE SERIES BASED ON SERIES
ACCELERATION METHODS

BETTER UNDERSTANDING AS MORE PROCESSES KNOWN

HIGGS IN GLUON FUSION:

o [pb]

SCALE Vs CH vs PD DEP ON DOB AND ON SCALE RANGE
- oy [pb
+ L4
- * ¥ + :
- 20
- 15
15 l | »
L I @
10 } 10 PP ->H
r | =@= Scale Variation - CH (A, =0.6, DoB = 0.95)
s [ L 4 i [ ] = CcH w= CH (1, =0.6, DoB = 0.68)
L [ ]
L == (_H Scaled Parameter 5 & Scale Variation (r=4)
0 - | ‘ ==§==" David-Passarino we Scale Variation (r=2)
LO NLO NNLO N3LO ‘ | ‘ K
XS order k=2 k=3 k=4

(s.f., Isgro, Vita, 2014) (Bagnaschi, Cacciari et al., 2015)



e CAN WE USE THE ASYMPTOTIC SUM AS A
MEANS TO ESTIMATE THE THEORETICAL UNCERTAINTY?

52

Opp—H [Pb]

32 C

WHEN WILL IT START DIVERGING?

e THE QCD PERTURBATIVE EXPANSION IS ASYMPTOTIC:
DO WE HAVE TO WORRY ABOUT ITS DIVERGENCE?

HIGGS IN GLUON FUSION:
NNLO UNCERTAINTY VS TRUE N3LO

VARIOUS MODELS

50 F

m===Theor. unc.

48 |

® NNLO

46 |

4 F

............................

42 F

40 F

38 F

36 F

34 F

NRM ERM

NSRM ESRM

Opp—1 [PD]

NNNLO UNCERTAINTY

(s.f., Isgro, in preparation)

e ORDER OF THE DIVERGENCE: LANDAU POLE = n ~ 70; RENORMALONS = n ~ 70

e ASSUME ASYMPTOTIC SUM GOVERNED BY RENORMALONS AFTER SUBTRACTING SOFT
CONTRIBUTION (NSRM) = REASONABLE RESULTS AT NNLO

e BECOMES MORE RELIABLE AS ORDER INCREASES



ELECTROWEAK
CORRECTIONS
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ELECTROWEAK CORRECTIONS

EW CORRECTIONS HAVE A SIZABLE IMPACT ON THE GLUON FUSION XSECT 5%

CURRENTLY INCLUDED USING COMPLETE FACTORIZATION:
IF ONLY APPLIED TO LO (PARTICAL FACTORIZATION), CHANGES UP TO 3%

WILSON COEFFICIENT COMPUTED TO O(Agwas) IN EFT
(EXPANSION IN g’bﬂi , WTV@ ) (Anastasiou, Boughezal, Petriello 2008)

100% VIOLATION OF FACTORIZATION NOT ENOUGH TO PRODUCE SIGNIFICANT
EFFECT

FINITE m:, myw CORRECTIONS PROBABLY SMALL

CAN WE REALLY TRUST FACTORIZATION TO O(Agwa2)?

DEPENDENCE OF FACTORIZATION

LHC
8 ‘ ‘ ‘ ‘ ‘ ‘ ACCURACY OF EFT

P

- Light fermions, Real Masses
| Complete, Complex Masses

Opw (%]

Lo

NLO

0 ——— NNLO, Cyyy=-10

o NNLO, C,y =10
NNLO CF

Sewy [%]
N W~ O OO NN O © O

120 130 140 150 160 170
My, [GeV]

—_
—_
o

Il Il Il Il Il Il
110 120 130 140 150 160 170 180
my, [GeV]

(Uccirati, Les Houches 2015)
(Anastasiou, Boughezal, Petriello 2008)



ELECTROWEAK CORRECTIONS

QED PDFs

\Y \J W
B Y
Tn Sy W
~ W
Y B

PHOTON PDF CONTRIBUTION CAN BE SIZABLE:
EXAMPLE: W PAIR PRODUCTION
AT LARGE INVARIANT MASS

CURRENTLY DETERMINED ONLY BY W
(ON- AND OFF-SHELL) PRODUCTION DATA,
AFFECTED BY VERY LARGE UNCERTAINTIES

WILL BE DETERMINED IN GLOBAL PDF FITS
DIRECT PHOTON PRODUCTION AT THE LHEC?

e N [m NNPDF2.3QED, qg |

- Ny | NNPDF2.3QED, yy |

e - MRST2004QED, yy |3

210t E

o F E

10° E

10-3 ? | | | | | IiE

200 400 600 800 1000 1200

Mo (GeV)
Photon PDF comparison at 10* GeV?

0.16 A B A B LAY T

x —— MRST2004QED .

0.14 N N N S NNPDF2.3QED average —]

P NNPDF2.3QED replicas

0.12F>.. — NNPDF 1o 3

N — — NNPDF 68% c.l. -

C N\ ]

SR N =

"00.08} =

I g

=0-06F E

0.04F ]
0.02-
o

_002; ol TR | ol ol L \\HH:

10° 10" 10° y 102 10t 1

NNPDF2.3QED, Carrazza et al.

WW production @ LHC Vs = 8 TeV
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PDFs: RECENT PROGRESS
PARTON LUMINOSITIES
QUARK-QUARK
2012 2015

LHC 8 TeV - Ratio to NNPDF2.3 NNLO - o, =0.118 Quark-Quark, luminosity
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Generated with APFEL 2.4.0 Web
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o(H) [pb]

PDFs: RECENT PROGRESS
HIGGS IN GLUON FUSION

2012 2015
LHC 8 TeV - iHixs 1.3 NNLO - PDF+0, uncertainties ggH, ggHiggs NNLO, LHC 13 TeV, 0,=0.118

20.51 ] 45 7
C a,=0.117, 0.119  «,=0.117, 0.119  «a,=0.117, 0.119 ] n Il NNPDF3.0 7
e = 425 A MMHT14 —
: ] 1V CTl4p ]

- ] . “{ @ CMCPDF E
195 e = 2 fee Envelope .
7 l = L R e —
195 l rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr ’ ——————— = g F -
= [ - g ®F | E
18-5? """" I """"""""""" >‘< """"""""""" T """ E g 42.5;— l ® é
188 NNPDF2.3 ki Qo - © a2 T | —
[ —<— MSTWO8 . - g

17 5E- - B e ek ~
~F=6="CT10 f - ]

L - 41— L il

MAJOR UPGRADES FROM ALL GLOBAL FITTING GROUPS:
NNPDF2.3—3.0 (10/2015); MSTWO08 — MMHT14 (12/2015); CT10 =
CT14 (06/2015)

METHODOLOGICAL IMPROVEMENTS: CLOSURE TESTS (NNPDF); EXTENDED
PARAMETRIZATIONS (CT, MMHT)

LHC-I DATA INCLUDED

PDF UNCERTAINTY ON HIGGS PRODUCTION DOWN TO ABOUT 2%
ENVELOPE NO LONGER NECESSARY



PDFS AT LHC RUN II

DATA AT HIGHER CM ENERGY & INFO ON CORRELATION TO LOW ENERGY
— EXTENDED KINEMATIC COVERAGE & REDUCED SYSTEMATICS

POSSIBLY REDUCED STAT. UNCERTAINTIES
EXPECT REDUCTION IN MODEL DEPENDENCE

MODERATE REDUCTION IN UNCERTAINTY

FURTHER IMPROVEMENTS DUE TO THEORY
EXAMPLE: GLUON FROM NNLO Z pr DISTRIBUTION

THE GLUON
CTEQ AFTER RUN II NNPDF AFTER RUN II
NOW P Q2 = 10000 GeV? PR Q2 = 10000 GeV?
NNLO, Q? = 100 GeV? g B CT10 3 I NNPDF3.0
T — {‘5 Bl CT10+ R, & x2.0 5 Il NNPDF3.0 + R, 3 x 2.0
¥ NNPDF3.0 A X B CT10+R;, 5 x1.0 X B NNPDF3.0 + R, 5 x 1.0
5% CT14 K G 12r B CT10+R;, 5 x0.5 G 12- B NNPDF3.0 + R, 8 x 0.5
: : :
“N A% MMHT14 ,55:'} % %
""" [ X P~
S
x4 1
« 0.8 Hf/?f‘;?/fz‘er 0.8 HE /y;c itter
1 llllllll 1 lllllllI 1 L 1 llllllll 1 llllllll
103 10 10" 103 1072 10"

(PDFALHC: 1507.00556)



PDFS AT THE LHEC?

e ESPECIALLY IF CORRELATION INFO AVAILABLE, LHC RUN II CAN LIKELY
— REMOVE SYSTEMATIC BIAS & DISCREPANCIES
— BRING DOWN PDF UNCERTAINTIES TO ~ 4% LEVEL

e VERY DIFFICULT TO REDUCE UNCERTAINTIES FURTHER AT A HADRON COLLIDER

e HIGH-ENERGY DEEP-INELASTIC DATA COULD LEAD TO PDFS AT 1% LEVEL

Ratio

THE GLUON AGAIN

NOW

xg(x,Q), comparison

g nnpdf3.0nnlo

222444 ctldnnlo
Q = 1.90e+00 GeV,

Generated with APFEL 2.4.0 Web

rel. unc. xg(x)

AT THE LHEC

HERAPDFL1.(0 settings, 02-1 9 Gevz. Experimental Uncert.
0.4

" HERA 1
0.3 LHERA I+LHC(Wasymm)
= HERA I+BCDMSE )
HERA T+LHeC m——
0.2
0.1
o ......
-0.1
-0.2
-0.3
-0.4

(A. Cooper-Sarkar & Voica Radescu, 2015)



THE VALUE OF o

HIGGS IN GLUON FUSION O(a?), LARGE NLO CORRNS: Ao ~ 2.5Aq;

PDG VALUE (AUGUST 2014): as(Mz) = 0.1185 + 0.0006
e LATTICE UNCERTAINTY CURRENTLY ESTIMATED
BY FLAG (arXiv:1310.8555) TO BE TWICE THE s PETERMINATIONS IN PDG

PDG VALUE (40.0012) vdecays o
(If PDG WERE TO ADOPT THIS, COMBINED UN- Lattice o
CERTAINTY LIKELY TO DOUBLE) DIS o
ete” annihilation —+——Or—
e IT IS AN AN AVERAGE OF AVERAGES Z pole fits o
® SOME SUB-AVERAGES (E.G. DIS) INCLUDE MU- TR TR
TUALLY INCONSISTENT VALUES
o (Mz)
e SOME SUB-AVERAGES (E.G. 7 OR JETS) IN-
CLUDE DETERMINATIONS WHICH DIFFER FROM as AT THE LHEC
EACH OTHER BY EVEN FOUR-FIVE o combined fit to PDFs+as using LHeC data

e AVERAGING THE TWO MOST RELIABLE VALUES
(GLOBAL EW FIT & 7, BOTH N°LO, NO DEP. ON i
HADRON STRUCTURE) GIVES

as = 0.1196 = 0.0010

e LITTLE PROGRESS FOR MANY YEARS: PDG
1998-2006 Aas(Mz) = 0.002; PDG 2010- 100}~
2014 Aa,(Mz) = 0.0006 = 0.0008 (CHANGE | &, &

OF AUTHOR) M Klein, V Radescu — NC,CC e

e UNLIKELY TO CHANGE - SHOULD DETERMINE — NC,CC+F2c
FROM HIGGS IN GLUON FUSION?

e COULD BE DETERMINED ACCURATELY AT THE LHEC

~ 0.3% precision from LHeC

400

htemp
Entries 8
Mean 0.118
%MS 0.0004306
x / ndf 0.2653/5

300|-

¥




THEORETICAL UNCERTAINTIES ON PDFSs:

PDFS ARE DETERMINED BY COMPARING TO DATA THEORY AT SOME FINITE ORDER

AFFECTED BY THEORETICAL UNCERTAINTY JUST LIKE HARD CROSS-SECTIONS

NOT INCLUDED IN CURRENT “PDF UNCERTAINTY”
(ACCOUNTS ONLY DATA & METHODOLOGY)

CAN WE ESTIMATE THEM?

SCALE VARIATION DIFFICULT:
CORRELATED BETWEEN PROCESSES? HOW DOES IT CORRELATE WITH PROCESSES
IN WHICH PDFS ARE USED?

AT NLO: WE KNOW THE SHIFT TO NNLO

AT NNLO: LOOK AT THE BEHAVIOUR OF THE PERTURBATIVE EXPANSION
(CACCIARI-HOUDEAU)



THEORETICAL UNCERTAINTIES
NLO PDF unc. vs NLO-NNLO SHIFT vS NLO CACCIARI-HOUDEAU (NNPDF2.1)
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THEORETICAL UNCERTAINTIES
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N°LO PDFs:

e NEEDED AT THE 1% ACCURACY LEVEL
e IMPACT OF N>3LO DEPENDS ON PROCESS:

— HIGGS GLUON FUSION: PERTURBATIVE DEP. OF PDF NEGLIGIBLE IN
COMPARISON TO MATRIX ELEMENT = N°LO NOT NEEDED

— TOP: PERTURBATIVE DEP. OF PDF SMALLER, BUT NOT NEGLIGIBLE IN
COMPARISON TO MATRIX ELEMENT, ANTICORRELATED TO IT

= N3LO NECESSARY

SCALE UNCERTAINTY & DEP. ON PERTURBATIVE ORDER

HIGGS

20

o [pb]

10

1 ' Fixed PDF LO
]

Fixed PDF NLO

T 1T ‘ T T ‘ T T ‘ T T ‘ T 1T T
—
o [pb]

C Fixed PDF NNLO

LO NLO NNLO N3LO

280

260

240

220

200

180

160

140

120

TOP

o

Fixed PDF LO

—

Fixed PDF NLO

| | ® Fixed PDF NNLO

LO NLO NNLO
XS order

(s.f., Isgro, Vita, 2014)

WHEN WILL WE HAVE THEM?

e N°LO DIS COEFFICIENT FUNCTIONS KNOWN
e BOTTLENECK: N3LO ANOMALOUS DIMENSIONS

e ANOMALOUS DIMENSIONS: LO: 1974: NLO: 1981;: NNLO: 2004: N°LO: 2030?



MONTE CARLO PDFs

Peak Transition Tail

=ut =T
T TKQ P L T~Q
N narrow jets © > Njets

Resummation (agL? ~ 1) Fixed Order
NLL, ~ ag/t (ag L))" LOnsq ~ Qg
NNLL, ~ a2/t (a L))" NLOjyq ~ @2

(Alioli et al., 2012)

e THEORETICAL CALCULATIONS GETTING CLOSER TO THE FINAL STATE:
— FULLY DIFFERENTIAL
— PRODUCTION COMBINED WITH DECAY
— FIDUCIAL OBSERVABLES
e REQUIRES MATCHING OF FIXED-ORDER, RESUMMATION, PARTON SHOWERING
(POSSIBLY ALSO HADRONIZATION)

= (AT LEAST) THREE METHODS ALREADY AVAILABLE: GENEVA (SCET-BASED); NNLOPS
(POWHEG-BASED); UN2LOPS (SHERPA-BASED)

e EVENTUALLY, THIS WILL LEAD TO MONTE CARLO PDFS = SAME TOOLS USED IN
PDF DETERMINATION AS IN PHYSICAL PREDICTION



WHAT SHOULD WE AIM FOR 20307

TYPICAL ACCURACY BELOW 5%, WITH RELIABLE UNCERTAINTY ESTIMATION:

NNLO AS A DEFAULT FOR QCD CALCULATIONS

SOME INCLUSIVE N°LO OBSERVABLES
(MOSTLY FOR UNCERTAINTY ESTIMATION)

CONSIDERABLE PARTIAL INFORMATION ON HIGHER ORDERS FROM
RESUMMATION (EIKONAL, NEXT-TO-EIKONAL, HIGH ENERGY)

MIXED NLO QCD-EW CORRECTIONS AS A DEFAULT, SOMETIMES NNLO
CONSISTENCY BETWEEN GLOBAL PDF FITS
N°LO PDFS (MOSTLY FOR UNCERTAINTY ESTIMATION)

WHEN UNCERTAINTIES ARE SMALL, CAN WE ESTIMATE THEM RELIABLY?



EXTRAS



HIGGS IN GLUON FUSION:
RESUMMATION AMBIGUITIES

¢ LARGE SUBLEADING TERMS => LARGE AMBIGUITIES
e SCET RESUMMATION SMALLER, DUE TO 1/N TERMS (Bonvini, SF, Ridolfi, Rottoli)
e RESUMMATION EFFECTIVELY AMOUNTS TO APPROXIMATE HIGHER ORDERS

RESUMMED / UNRESUMMED RATIO (NO CONST. EXPONENTIATION)

[ —
-% 13 — ggF inclusive (boxes), gg only (PDF set to zero for quarks) (Circles)
E [ Closed (open) markers for u_ = pu_=my/2(my)
S — Ratioto o
@ B F.0.NNLO
= 1.2 B
o N
o L
ﬁ —
S 11k ;
e N
- B - a
o B a
—
O - g
I
£ - my,=125GeV s =13TeV
No EW correction, infinite top-mass approximation
B p pp
09— MSTW2008nnlo68cl, a, = 0.1171
~ NNLO NNLO NNLO NNLO
B NNLL I NNLL | NNLL NeLL
0.8 dFG ABNY BBFMR BBFMR

note k factor computed wr to NNLO at respective scale
e De Florian, Grazzini (DFG) (HXSWG REFERENCE) RESUM In N
e Becher, Neubert et al. (ABNY): SCET (z SPACE) APPROACH TO NNLL (REALLY N3LL¥*)

e Ball et al. (BBFMR): RESUM In /N, DIFFERS FROM DFG BECAUSE OF ‘ANALYTIC’
RESUMMATION (correct small-N singularities when expanded to finite order)

e BBFMR: N3LL ALSO AVAILABLE



GLOBAL FITS: PROGRESS
e MMHT (SUCCESSOR OF MSTWO0S8) DECEMBER 2014

e CT14 JuNE 2015
e FOR ALL, PROGRESS IN METHODOLOGY & DATASET

METHODOLOGY

NNPDF3.0 MMHT14 CT14
NoO. OF FITTED PDFs 4 4 §]
PARAMETRIZATION NEURAL NETS | z%(1 — 2)?x CHEBYSCHEV | z°(1 — z)® x BERNSTEIN
FREE PARAMETERS 259 37 30-35
UNCERTAINTIES REPLICAS HESSIAN HESSIAN
TOLERANCE NONE DYNAMICAL DYNAMICAL
CLOSURE TEST 4 X X
REWEIGHTING REPLICAS EIGENVECTORS EIGENVECTORS

e MMHT, CT10 LARGER # OF PARMS., ORTHOGONAL POLYNOMIALS
e NNPDF CLOSURE TEST



DATASET

NNPDF3.0

MMHT14

CT14(PREL)

SLAC p,D DIS
BCDMS p,D DIS
NMC p,D DIS
E665 pr,D DIS
CDHSW Nu-DIS
CCFR NU-DIS
CHORUS NU-DIS
CCFR DIMUON
NUTEV DIMUON

HERA I NC,CC
HERA I CHARM
H1,ZEUS JETS
H1 HERA II

ZEUS HERA II

E605 & E866 FT DY

CDF & DO W AsYym
CDF & DO Z rAP
CDF RuUN-II JETS
DO RUN-II JETS

ATLAS HIGH-MASS DY
CMS 2D DY

ATLAS W,Z RAP
ATLAS W PT

CMS W Asy

CMS W +cC

LHCB W,Z RAP
ATLAS JETS

CMS JETS

TTBAR TOT XSEC

SRR R RN I[N xR ICx U xxx S\

SRR U NN RSN RNN = KSR xKKKLKS

R NN Rl N N VA N N N VA VTR R N VA N R N R N

TOTAL NLO
TOTAL NNLO

42776
4078

2996
2663

3248
3045



OUTLOOK: NNPDFS 1
NEW DATA (MINIMAL SET)

HERA-II COMBINED DATA arxiv:1506.06042
DO W ASYMMETRY arXiv:1412.2862
ATLAS LOW-MASS DY arXiv:1404.1212
ATLAS PROMPT PHOTON arXiv:1311.1440
ATLAS W + c arXiv:1402.6263

ATLAS Z p, arXiv:1406.3660

ATLAS tt RAPIDITY arXiv:1407.0371

ATLAS INCLUSIVE JETS 7 TEV 5 FB~! arXiv:1410.8857
CMS DOUBLE-DIFFERENTIAL 8 TEV arXiv:1412.1115
CMS Z p; arXiv:1504.03511

LHCB W — uvr RAP. arxiv:1408.4354



COMBINING INFORMATION
Clrox(N) = CEEL(N) + ) (V)
NOTHING ELSE TO DO: SINGULARITIES TAKE CARE OF THEMSELVES

NLO AND NNLO

EXACT+SOFT+HIGH ENERGY+APPROX.
O (O{S ) O (as )

Higgs partonic gg. Order a Mellin transform Higgs partonic gg. Order o Mellin transform

30 ‘ : . 300 . ,

| my = 125 GeV my = 125 GeV
25 250
20 + 200

exact exact

Z 15| soft 4 Z 150 L soft
N3 high energy — — 5"10 high energy — —
10 \ approx — - - | 100 approx — - - |
5L ) 50
\ \

C(N) 7 CMgaca(N)
o o h
o O =
N |
l
. 1
|
|
l
|
|
2Ny/C
o o
o O
7
\\

NOTE FOR N ~ 1.2 WHERE SMALL DISCRAPANCY WITH NNLO IS OBSERVED, “EXACT” IS
BASED ON AN UNRELIABLE APPROX.



THE PIECES OF THE PUZZLE

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt8TeV#gluon_gluon Fusion Process

my, = 125 GeV; o =19.27 pb172 (SCALE) 173 (PDF+a)
M = Hp = M
(NOTE: IF mpyg = 125.5 — 0 = 19.12 pb)
(De Florian, Grazzini, 2012)

e NNLO+NNLL

e TOP MASS DEP, AND BOTTOM AND CHARM CONTRIBUTIONS AT NLO+NLL
DECREASE ~ 1.5% DUE TO TOP+BOTTOM (MOSTLY BOTTOM)+
FURTHER ~ 1% DUE TO CHARM

e NLO ELECTROWEAK CORRECTIONS (COMPLETE FACTORIZATION)
INCREASE ~ 5% (WOULD CHANGE BY A FEW PERCENT WITH
PARTIAL FACTORIZATION)

e COMPLEX-POLE (OFFP)
FINITE-WIDTH BELOW ~ 1% FOR LIGHT HIGGS

e NO MIXED QCD-EW AND REAL EW RADIATION
BELOW ~ 1%



BENCHMARKING

THE GROUPS INVOLVED:

Mistlberger — PARTIAL N°LO

THE NNLO CROSS-SECTION

50

ABNY Ahrens, Becher, Neubert, Yang — NNLO+NNLL RESUMMED (SCET)
STWZ Stewart, Tackmann, Walsh, Zuberi — NNLO WITH EXP. CONSTANTS

DFMMYV de Florian, Mazzitelli, Moch, Vogt — APPROXIMATE N°LO

BBFMR Ball, Bonvini, SF, Marzani, Ridolfi — APPROXIMATE N°LO+N°LL
ADDFGLHM Anastasiou, Duhr, Dulat, Furlan, Gehrmann, Lazopoulos, Herzog,

Gy [PD]

48

46

44

42

40

38

| ggF inclusive (boxes), gg only (PDF set to zero for quarks) (circles)

Closed (open) markers for M=M= myl2 (my)

W 461 W 46.2 W 46.2

W 46.0

® 438
O 43.2

® 438
O 432

® 438
O 432

® 438

O 421 0 421 0 42.1

my=125GeV s =13 TeV
No EW correction, infinite top-mas
MSTW2008nnlo68cl, o = 0.1171

NNLO
F.O.

NNLO
F.O.

NNLO
F.O.

NNLO
F.O.

S approximal

O 432

0 421

tion

36

ABNY ADDFGHLM BBFMR STWZ

COMMON SETTINGS FOR PDFs, EW, HW, ETC ADOPTED;
NOT MEANT TO BE REALISTIC, FOCUS ON SIZE OF QCD CORRECTIONS



BEYOND NNLO
LO, NLO AND NNLO

Higgs cross section my=125GeV @ LHC 8 TeV
30

25 | s 8
20 B N il |
= IEEN
2 15 L .
b ‘ T
F LO ........................................
5 =~ 1 1 | Tttty 7
r NLO ---
. NNLO ——
0 | 1 1 | | | | | | | | |
0.06 0.1 0.2 0.3 0.5 1 2 3

THE PERTURBATIVE SERIES FOR gg — H CONVERGES SLOWLY
SCALE VARIATION UNDERESTIMATES SHIFT TO NEXT ORDER
FACTORIZATION SCALE DEPENDENCE NEGLIGIBLE, ONLY RENORMALIZATION SCALE

DEPENDENCE SIGNIFICANT
QUESTIONS

DOES RESUMMATION IMPROVE THE FIXED-ORDER RESULT? HOW AMBIGUOUS IS IT?

CAN WE CONSTRUCT A REASONABLE APPROXIMATION TO N°LO BASED ON CURRENT
KNOWLEDGE?



RESUMMATION

k—1
o(N, m3%;) Efol dr TV 2o (r,m%); z= Mj <1n T (i_m)> & In* N+ O(In*~1 N)+ 0 (%)
_|_

S

Ores(N, ozs)—aogo(ozs)exp[ L gi(asInN) 4+ g2(asInN) + asgz(asInN) + .. }
go(as) =1+ asgo1 + a’go2 + O(a?);

N*LL RESUMMATION: ALL g; WITH ¢ < k + 1, ALL goj WITH 7 < k
TO ORDER af, In" N PREDICTED WITH 2(n — k) < m < 2n

in SCET literature, this is called N*LL’, at N*LL one less power of log: 2(n —k)4+1<m <2n
AMBIGUITIES

e SHOULD go SIT IN THE EXPONENT, ENTIRELY OR IN PART?
NOTE go,1 NATURALLY PART OF g; 2
=> DIFFERENCE SUBLEADING!

e HOW DOES ONE FIX SUBLEADING TERMS?
In N, InN + 1, ¢g(N) (MELLIN OF (ﬁ)Jr) BEHAVE IN THE SAME WAY AS N — oo, UPTO O(1) &
O(1/N) TERMS
= DIFFERENCE SUBLEADING!
NOTE IN SCET APPROACH, RESUMMATION NATURALLY IN z SPACE =- SUBLEADING

DIFFERENCES



CONSTANT EXPONENTIATION

e IN SCET APPROACH, 72 EXPONENTIATION W. IMAGINARY SCALE:
STWZ: ADDED TO FIXED NNLO; ABNY: ADDED TO NNLO+NNLL

e IN DQCD RESUMMATION DIS-SCHEME CONSTANT EXPONENTIATION
BBFMR: BOTH NNLO+NNLL AND NNLO+N3LL AVAILABLE

EXPONENTIATED / UNEXPONENTIATED RATIO (NO RESUMMATION])

c =

-% 13 — ggF inclusive (boxes), gg only (PDF set to zero for quarks) (Circles)

b= " Closed (open) markers for Mo =Ho=My /2 (my)

S L

S — ABNY & STWZ: with-n2 / no-n2, BBFMR: impact of g, €xponentiation

$ 12—

QJ —

© N

3] = 8

® L

g_ 1.4 o

= : v Q
- a a -

1 __ _____________________________________ [
- my,=125GeV s=13TeV
B No EW correction, infinite top-mass approximation
. MSTW2008nnlo68cl, e, = 0.1171
0.9 s
- NNLO NNLO NNLO NNLO
B F.O. NNLL NNLL I N°LL
0.8 STWZ ABNY BBFMR BBFMR

note k factor computed wr to NNLO at respective scale
e IMPACT SMALLER FOR ur :mH/2 THAN FOR pyr = mmg
e IMPACT SMALLER AT RESUMMED THAN AT FIXED ORDER

e IMPACT SMALLER AT N°LL THAN AT NNLL



CHOICE OF LOGS

e DFG: CURRENT REFERENCE ur = mpg

ABNY: SCET (z SPACE) APPROACH TO NNLL (REALLY N3LL*, OR SCET-N3LL)
BBFMR: DIFFERS FROM DFG BECAUSE OF ‘ANALYTIC’ RESUMMATION

(correct small-N singularities when expanded to finite order)

e BBFMR: N3LL ALSO AVAILABLE
RESUMMED / UNRESUMMED RATIO (NO CONST. EXPONENTIATION)

[ —

-% 13 — ggF inclusive (boxes), gg only (PDF set to zero for quarks) (Circles)

E [ Closed (open) markers for u_=pu_=my/2(my)

S — Ratioto o

@ B F.0.NNLO

= 1.2 =

o N

o L

ﬁ —

S 11k ;

£ -

—— — @] a

o B a

© -

I

£ - my,=125GeV s =13TeV
B No EW correction, infinite top-mass approximation
L P pp

0.9 MSTW2008nnlo68cl, &, = 0.1171
~ NNLO NNLO NNLO NNLO
B NNLL NNLL NNLL NELL
0.8 dFG ABNY BBFMR BBFMR

note k factor computed wr to NNLO at respective scale
e IMPACT SMALLER FOR ur :mH/2 THAN FOR ur = mpgy
e z-SPACE: LITTLE EFFECT, ANALYTIC: LARGER EFFECT

e IMPACT LARGER AT N°LL THAN AT NNLL



FROM RESUMMATION TO N°LO

TECHNICAL INTERLUDE

® PARTONIC CROSS SECTIONS G (z, as) ARE

9 SADDLE VS COLLIDER ENERGY

M 4 N —
DISTRIBUTIONS, 0 < z = —k <1 [ \ My =125GeV — — |
- s = : \ my = 600 GeV -----. 1
~ 3.5 -
e THEIR MELLIN TRANSFORMS 6 (N, as) ARE : \ , ,
ORDINARY FUNCTIONS sl AN large mylimit
= i N
® FOR GIVEN m?; AND s ONLY ONE “SADDLE” 250 o N
N VALUE CONTRIBUTES , | (NOisshownasashadow)  ~~ _ el
e BONUS: HAD. XSCT PRODUCT OF PARTONIC TIMES 15!

LUML o (N, m%) =6 (m%, as) ZL(N) e

Q: WHY ARE THERE LARGE RESUMMATION AMBIGUITIES?
A: BECAUSE Bgas1In2 = 0.04 < 1:RESUMMATION IS PERTURBATIVE!

IN ALL FLAVOURS OF RESUMMATION DISCUSSED ABOVE
BETWEEN 2/3 AND 3/4 oF THE NNLL OR N3LL RESUMMATION
COMES FROM N°LO,

ALL REMAINING INFINITE ORDERS CONTRIBUTING ~ 1 = 2%
RESUMMATION IS AMBIGUOUS BECAUSE N3LO IS APPROXIMATE!



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR 2z =1

6B)I(N)=cogIn® N+ cosIn® N+ ---+¢co2In? N+ co1 InN +coo +  SOFT (S)

+ % (615 In® N 4+ c14 1n4 N+ -+ ClO) + NEXT-TO-SOFT (NS)
—|—#(CQ51H5N+C24IH4N+"'+C20)—|—... NNS

53 (2) = ¢ (m51<+j>)+ b, (ih +ehy6(1—2)+  SOFT (S)
+ (s In®(1—2)+chyIn* (1 —2)+ -+ ) + NEXT-TO-SOFT (NS)
+ (1 —2) (chsIn®(1 — 2) + +chy In* (1 — 2) + - -+ chy) +- .. NNS
NSPACE ¢ COEFFICIENTS DETERMINE THE z SPACE ¢’ AND CONVERSELY:

e N-SPACE N* SOFT < 2-SPACE N* SOFT
e N-SPACE N¥LL < 2z-SPACE N*LL

e MELLIN OF z SPACE N* SOFT EQUALS N-SPACE N* SOFT pPLUS N*t! TERMS

e MELLIN OF z SPACE N*LL EQUALS N-SPACE N*LL sOFT pPLUS N*T1LL TERMS



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR z =1

5'(3)(N) = Co6 1n6N—i—Co5 In® N+ -4+ co2 In? N + co1In N + cgo + SOFT (S)
+ % (s N+cialn* N+ 4 c10) + NEXT-TO-SOFT (NS)

—|—$(CQ51H5N—|—C24IH4N+"‘+CQO)+--- NNS

S5(1—z
53 (2) = chg (%L +otcl, (ih +cho8(1—2)+  SOFT (S)
+ (s In®(1—2) +chyIn* (1 —2)+ -+ cfp) + NEXT-TO-SOFT (NS)
+ (1 —2) (chsIn®(1 —2) + chy In®(1 — 2) + -+ chy) + - .. NNS

® cog TO co2 DETERMINED BY NNLL RESUMMATION

® co1 COMPUTED (Moch, Vogt, 2005; Laenen, Magnea, 2005)

e COMPLETE z-SPACE SOFT = c(), (Anastasiou et al. 2014)

® Ci5, C24,...C51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)
® c14 COMPUTED BASED ON CONJECTURE (deFlorian, Mazzitelli, Moch, Vogt, 2014)

e COMPLETE z-SPACE NS =- ALL clli (Anastasiou et al. 2015) — CONJECTURE VALIDATED

e COMPLETE 2-SPACE In*(1 — 2) & In®(1 — 2) = ALL ¢}, ¢}, (Anastasiou et al. 2015)
(FORMALLY LEADING LOGS)



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR z =1

5'(3)(N) = C06 In® N + cos5 In® N+ -4 cp2 In? N 4+ co1In N + cgo + SOFT (S)
+ % (s N+cialn* N+ 4 c10) + NEXT-TO-SOFT (NS)

—|—$(0251n5N—|—6241H4N—|—“'-|-620)—I—--- NNS

S(1—=z
63 (2) = cl <%)+ + .4y (i)-l— + (o0 (1 — z) + SOFT (S)
+ (s In®(1—2) +chyIn* (1 —2)+ -+ cfp) + NEXT-TO-SOFT (NS)
+ (1 —2) (chsIn®(1 — 2) + chyIn* (1 —2) + -+ chy) + ... NNS

® cog TO co2 DETERMINED BY NNLL RESUMMATION

® co1 COMPUTED (Moch, Vogt, 2005; Laenen, Magnea, 2005)

e COMPLETE z-SPACE SOFT = c(), (Anastasiou et al. 2014)

® Ci5, C24,...C51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)
® c14 COMPUTED BASED ON CONJECTURE (deFlorian, Mazzitelli, Moch, Vogt, 2014)

e COMPLETE z-SPACE NS =- ALL Clli (Anastasiou et al. 2015) — CONJECTURE VALIDATED

e COMPLETE 2-SPACE In*(1 — 2) & In®(1 — 2) = ALL ¢}, ¢}, (Anastasiou et al. 2015)
(FORMALLY LEADING LOGS)



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR z =1

&(3)(]\7) —cogIn® N +co5In® N+ -+ coaIn®? N + co1 In N + cgo + SOFT (S)
+ % (s N+cialn* N+ 4 c10) + NEXT-TO-SOFT (NS)

—|—$(CQ51H5N—|—C24IH4N+"‘+CQO)+--- NNS

S5(1—z
53 (2) = (%L +o (1%)+ +cho8(1—2)+  SOFT (S)
+ (s In®(1—2) +chyIn* (1 —2)+ -+ cfp) + NEXT-TO-SOFT (NS)
+ (1 —2) (chsIn®(1 — 2) + chyIn* (1 —2) + -+ chy) + ... NNS

® cog TO co2 DETERMINED BY NNLL RESUMMATION

® cp1 COMPUTED (Moch, Vogt, 2005; Laenen, Magnea, 2005)

e COMPLETE z-SPACE SOFT = c(), (Anastasiou et al. 2014)

® Ci5, C24,...C51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)
® c14 COMPUTED BASED ON CONJECTURE (deFlorian, Mazzitelli, Moch, Vogt, 2014)

e COMPLETE z-SPACE NS =- ALL Clli (Anastasiou et al. 2015) — CONJECTURE VALIDATED

e COMPLETE 2-SPACE In*(1 — 2) & In®(1 — 2) = ALL ¢}, ¢}, (Anastasiou et al. 2015)
(FORMALLY LEADING LOGS)



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR z =1

&(3)(]\7) —cogIn® N +cos In° N+ -+ +coaIn® N + co1 In N + coo + SOFT (S)
+ % (s N+cialn* N+ 4 c10) + NEXT-TO-SOFT (NS)

—|—$(0251n5N—|—6241H4N—|—“'-|-620)—I—--- NNS

5 —Z
63 (2) = g (mf+))+ TR (L)+ +ch,5(1—2)+  SOFT(S)

1—=2
+ (s In®(1—2) +chyIn* (1 —2)+ -+ cfp) + NEXT-TO-SOFT (NS)
+ (1 —2) (chsIn®(1 — 2) + chyIn* (1 —2) + -+ chy) + ... NNS

® cog TO co2 DETERMINED BY NNLL RESUMMATION

® co1 COMPUTED (Moch, Vogt, 2005; Laenen, Magnea, 2005)

® COMPLETE z-SPACE SOFT = ¢(,, (Anastasiou et al. 2014)

® Ci5, C24,...C51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)
® c14 COMPUTED BASED ON CONJECTURE (deFlorian, Mazzitelli, Moch, Vogt, 2014)

e COMPLETE z-SPACE NS =- ALL Clli (Anastasiou et al. 2015) — CONJECTURE VALIDATED

e COMPLETE 2-SPACE In*(1 — 2) & In®(1 — 2) = ALL ¢}, ¢}, (Anastasiou et al. 2015)
(FORMALLY LEADING LOGS)



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR z =1

Co6 1n6N—i—Co5 ln5N—i—---—i—c()2 ln2N—i—001 In N + coo + SOFT (S)

+ % (s N+cialn* N+ 4 c10) + NEXT-TO-SOFT (NS)
—|—$(C25IH5N—|—C24IH4N—|—"‘—|—C20)—|—... NNS

S5(1—z
B)(2) = chg (%L + 4y (ih + chpd(l —2)+  SOFT (S)
+ (s In?(1—2)+ iy In* (1 —2)+ -+ )p) + NEXT-TO-SOFT (NS)
+(1—=2)(chs In?(1 — 2) +chyIn* (1 —2) + -+ chy) + ... NNS

coe TO co2 DETERMINED BY NNLL RESUMMATION

co1 COMPUTED (Moch, Vogt, 2005; Laenen, Magnea, 2005)

COMPLETE z-SPACE SOFT = c(;, (Anastasiou et al. 2014)

C15, C24,...C51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)
c14 COMPUTED BASED ON CONJECTURE (deFlorian, Mazzitelli, Moch, Vogt, 2014)

COMPLETE z-SPACE NS =- ALL Clli (Anastasiou et al. 2015) — CONJECTURE VALIDATED

COMPLETE 2-SPACE In*(1 — 2) & In®(1 — 2) = ALL ¢}, ¢}, (Anastasiou et al. 2015)
(FORMALLY LEADING LOGS)



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR z =1

5'(3)(N) = Co6 1n6N—i—Co5 In® N+ -4+ co2 In? N + co1In N + cgo + SOFT (S)
+ % (csI® N+ cialn* N+ -+ 4 c10) + NEXT-TO-SOFT (NS)

—|—$(CQ51H5N+CQ4IH4N+"'+CQO)+--- NNS

S5(1—z
53 (2) = chg (%L +otcl, (ih +cho8(1—2)+  SOFT (S)
+ (s In®(1—2) +cf, In* (1 —2) 4+ -+ c)p) + NEXT-TO-SOFT (NS)
+ (1 —2) (chsIn®(1 — 2) + chyIn* (1 —2) + -+ chy) + ... NNS

® cog TO co2 DETERMINED BY NNLL RESUMMATION

® co1 COMPUTED (Moch, Vogt, 2005; Laenen, Magnea, 2005)

e COMPLETE z-SPACE SOFT = c(), (Anastasiou et al. 2014)

® Ci5, C24,...C51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)
e 14 COMPUTED BASED ON CONJECTURE (deFlorian, Mazzitelli, Moch, Vogt, 2014)

e COMPLETE z-SPACE NS =- ALL Clli (Anastasiou et al. 2015) — CONJECTURE VALIDATED

e COMPLETE 2-SPACE In*(1 — 2) & In®(1 — 2) = ALL ¢}, ¢}, (Anastasiou et al. 2015)
(FORMALLY LEADING LOGS)



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR z =1

Co6 1n6N—i—Co5 ln5N—i—---—i—c()2 ln2N—i—001 In N + coo + SOFT (S)

+ =+ (c1sIn® N+ c14In* N+ -+ + c10) + NEXT-TO-SOFT (NS)
—|—$(CQ51H5N—|—C24IH4N+"‘—|—C20)—|—... NNS

S5(1—z
O)(2) = ch ("HEE2), + o+l (1), +ehod1l—2)+  SOFT(S)
+ (s In®(1—2)+chyIn* (1 —2)+ -+ )y) + NEXT-TO-SOFT (NS)
+ (1 —2) (chsIn®(1 — 2) + chyIn* (1 —2) + -+ chy) + ... NNS

coe TO co2 DETERMINED BY NNLL RESUMMATION

co1 COMPUTED (Moch, Vogt, 2005; Laenen, Magnea, 2005)

COMPLETE z-SPACE SOFT = c(;, (Anastasiou et al. 2014)

C15, C24,. . .51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)
c14 COMPUTED BASED ON CONJECTURE (deFlorian, Mazzitelli, Moch, Vogt, 2014)

COMPLETE z-SPACE NS = ALL ¢, (Anastasiou et al. 2015) — CONJECTURE VALIDATED

COMPLETE 2-SPACE In*(1 — 2) & In?(1 — 2) = ALL ¢}, ¢}, (Anastasiou et al. 2015)
(FORMALLY LEADING LOGS)



N°LO: WHAT DO WE KNOW

THE SOFT EXPANSION
ABOUT N - o0 OR z =1

5'(3)(N) = Co6 1n6N—i—Co5 In® N+ -4+ co2 In? N + co1In N + cgo + SOFT (S)
+ % (csI® N+ cialn* N+ -+ 4 c10) + NEXT-TO-SOFT (NS)

—|—$(0251n5N—|—0241n4N—I—-“-|-620)—I—--- NNS

S5(1—z
53 (2) = chg (%L +otcl, (ih +cho8(1—2)+  SOFT (S)
+ (s In®(1—2) +cf, In* (1 —2) 4+ -+ c)p) + NEXT-TO-SOFT (NS)
+ (1 —2) (chsIn®(1 — 2) +chy In* (1 —2) 4+ +chy) + ... NNS

® cog TO co2 DETERMINED BY NNLL RESUMMATION

® co1 COMPUTED (Moch, Vogt, 2005; Laenen, Magnea, 2005)

e COMPLETE z-SPACE SOFT = c(), (Anastasiou et al. 2014)

® Ci5, C24,...C51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)
® c14 COMPUTED BASED ON CONJECTURE (deFlorian, Mazzitelli, Moch, Vogt, 2014)

e COMPLETE z-SPACE NS =- ALL Clli (Anastasiou et al. 2015) — CONJECTURE VALIDATED

e COMPLETE z-SPACE In*(1 — 2) & In”(1 — z) = ALL ¢/, ¢/, (Anastasiou et al. 2015)
(FORMALLY LEADING LOGS)



N°LO: WHAT DO WE KNOW

THE HIGH-ENERGY EXPANSION
SMALL /N POLES OR ABOUT z =0

rightmost singularity at N = 1:

B (N) = (dlgﬁ + di2 iy + dun ﬁ) n LEADING LOG z (LLz)
+(d06%+---+d01%)+ NLLzx
‘|‘(d—l6m+"‘+d—llﬁ)++--- NNLLz

6@ (2) = (dis22 + diz'22 4 din L) + LEADING LOG z (LLz)

+ (d06 In® 2z + -+ +dp; lnz) + NLLx
+2z(d—16In®z+ - +d_11lnz) +... NNLLx

® AS ABOVE, z-SPACE < [N-SPACE, ORDER BY ORDER (LOG & POWER), UP TO SUBLEADING
TERMS

® ONLY di3 KNOWN EXACTLY FROM BFKL+SMALL * RESUMMATION

e CLASS OF DOMINANT (?) CONTRIBUTIONS TO di5, di; KNOWN FROM NL
BFKL

e ALL SUBLEADING SINGS UNKNOWN



APPROXIMATE N°LO

e DFMMYV: N-SPACE APPROXIMATE NS; NOW NS KNOWN EXACTLY: SMALL EXPECTED CHANGE

e BBFMR: ALL KNOWN SINGULARITIES (SOFT & HIGH ENERGY):
NS AND BEYOND APPROXIMATELY DETERMINED
— IMPROVED WITH EXACT NS — IMPROVED WITH EXACT In? N, In® N (SMALL CHANGES)

e ADDFGHLM: ALL KNOWN z SPACE TERMS (FULL) — PURE z SPACE NS ALSO SHOWN
N3LO/NNLO k-FACTOR

o C L
w L GNsLO/ O\nLo K-factors  (no resummation included)
O -
;‘ 1.3 Closed (open) markers for Mg =M =My /2 (my)
B 3 . . .
© - Arrows: N'LO approximation uncertainty
L 12F 3
(o) C
-(_.—B, r @ w w 4 4
€ 14 ¢ i ' i :
C $ L] i1
| -o1--
= | |
0.9F v
0.8
0.7 [approx. N°LO approx. N°LO approx. N°LO approx. N°LO part. N*LO paft. N°LO
C | | exact: NS terms lNS, In®N and In“N| NS, | FuLL
dFMMV BBFMR BBFMR BBFMR ADDFGHLM  ADDFGHLM

note k factor computed wr to NNLO at respective scale
UNCERTAINTIES (ARROWS)

e DFMMYV: S-NS BAND
¢ BBFMR: ESTIMATE OF SUBLEADING SINGULARITIES VALIDATED BY KNOWN ORDERS
e ADDFGHLM: ENVELOPE OF SCALE VAR. OF NS-FULL DIFFERENCE AT mpyg, X 1.DOR 1

SIZE OF UNCERTAINTY HOTLY DEBATED!!



WHAT IS THE CROSS-SECTION?

STWZ: DIFFERS FROM NNLO BY CONST. EXPONENTIATION

ABNY: DIFFERS FROM NNLO+NNLL (REF) BY CONST. EXPONENTIATION & DIFFERENT
RESUMMATION

DFMMV: APPROXIMATE N3LO BASED ON APPROXIMATE IN-SPACE NS: ARROWS: S-NS
DIFFERENCE

BBFMR: APPROXIMATE N3LO BASED ON ANALYTIC APPROX (INCLUDING NS+BFKL);
ARROWS: ESTIMATED MISSING SINGS+ FACT SCALE VARIATION FROM MISSING QUARK

CHANNELS; — N3LO+N23LL BEST PREDICTION

ADDFGHLM: ALL KNOWN 2z SPACE TERMS; ARROWS: ENVELOPE OF SCALE VARIATION OF
NS-FULL DIFFERENCE

THE GLUON FUSION CROSS-SECTION

o) E
2 - ggF inclusive cross section, s =13 TeV, My =My
w — . -~ .
32 60 Uncertainty band: largest scale-var deviation from nominal
© - Arrows: N°LO approximation uncertainty
55—
C Run 1 HXSWG
L recommendation
e T s o
50— " E ¢ f
1 1
= ] I 9 N I % l
— O 1 o 1
45=~ - Rl el -I------ ittt & -
[ 1 1
: 1 1
40— bo---- J
- m, =125GeV s=13TeV
35 — No EW correction
- MSTW2008nnlo68cl, e = 0.1171
30 [ NNLO NNLO NNLO NNLO  approx. N°LO approx. N’LO approx. N°LO part. N°LO
FO. | NNLL | NNLL , FO. | FO. | FO. NeLL | 0.
baseline dFG ABNY STWZ dFMMV BBFMR BBFMR ADDFGHLM

all numbers given with benchmark settings (K-factor to dFG very stable)
band is seven-point fact. and ren. scale variation



