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THE CHALLENGE FROM EXPERIMENTS
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THEORETICAL PROGRESS:

THE TOTAL CROSS SECTION

HIGGS + JET & JET VETOS

TOP MASS AND B MASS

MATCHING TO MONTE CARLO

FOCUS ON RECENT PROGRESS SINCE THE FREIBURG 2013 MEETING
NO ATTEMPT OF COMPLETENESS



THE TOTAL
CROSS SECTION



THE PIECES OF THE PUZZLE

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

my, = 125 GeV; o =19.27 pb1 72 (SCALE) 110 (PDF+q)
(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%



FIXED ORDER & RESUMMED

e LANDMARK CALCULATION: N3LO N-SPACE CONSTANT (SEE BELOW) (Anastasiou et al, 2014)

e = NSLL RESUMMATION (ALMOST) POSSIBLE (Bonvini, Marzani, 2014; Catani et al., 2014)
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(Bonvini, Marzani, 2014)

QCD CORRECTIONS LARGE;
SERIES SLOWLY CONVERGENT

FACT. SCALE MILD

REN SCALE DEP. SOMEWHAT MILDER
AT RESUMMED LEVEL

REN. SCALE FLATTENS AT N°LL

RESUMMED VS UNRESUMMED
DIFFERENCE RATHER LARGER
FOR (i = mp, THAN FOR p, = myp /2
(~ 20% VvS. ~ 5% FOR N°LL)



RESUMMATION AND ITS AMBIGUITIES

THE RESUMMED COEFFICIENT FUNCTION
Ores(IN,as) = 0pgo(as) exp [O%Sgl(ozs InN) + go(asIn N) + asgs(asIn N) + .. .};

gO(as) =1+ ®sgo,1 + 0‘390,2 + O(O‘g)’ 0(N7 m?{) = fol dr TN_2U(T7 m2H>> <& = Th
RESUMMATION SCHEMES

e RESUMMATION PREDICTS LOG ENHANCED TERMS TO ALL ORDERS
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e RESUMMATION PREDICTS LOG ENHANCED TERMS TO ALL ORDERS

e In N AND v (/N) BEHAVE IN THE SAME WAY AS N — 00 — ~ 6% DIFFERENCE AT p, = mp

e SHOULD gg SIT IN THE EXPONENT? NOT [dashes] (OR PARTLY) EXPONENTIATED gg HAS A 2%
EFFECT AT iy = mpy (BUT STRONGER SCALE DEP.)
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(Bonvini, Marzani, 2014) (Bonvini, s.f, Ridolfi, Rottoli 2014)

RESUMMATION PREDICTS LOG ENHANCED TERMS TO ALL ORDERS
In N AND % (IN) BEHAVE IN THE SAME WAY AS N — co — ~ 6% DIFFERENCE AT p, = mg

SHOULD gg SIT IN THE EXPONENT? NOT [dashes] (OR PARTLY) EXPONENTIATED gg HAS A 2%
EFFECT AT pr = mpy (BUT STRONGER SCALE DEP.)

“SCET” (Becher, Neubert, Ahrens, 2009) MOMENTUM-SPACE RESUMMATION
= TREATMENT OF LANDAU POLE MAKES NO DIFFERENCE

MELLIN OF In(1 — z) VS In N BIG DIFFERENCE
= IN SCET (BN IMPLEMENTATION) RESUMMATION HAS NO IMPACT AT p, = mpg



FROM RESUMMATION TO N°LO

TECHNICAL INTERLUDE

PARTONIC CROSS SECTIONS 6 (z, s ) ARE
2

M
DISTRIBUTIONS, 0 < z = —& <1

THEIR MELLIN TRANSFORMS 6 (N, a5 ) ARE
ORDINARY FUNCTIONS

FOR GIVEN m7; AND s ONLY ONE “SADDLE”
N VALUE CONTRIBUTES

BONUS: HAD. XSCT PRODUCT OF PARTONIC TIMES

LUML o(N,my) = 6 (m%, as) ZL(N)
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Q: WHY ARE THERE LARGE RESUMMATION AMBIGUITIES?

A: BECAUSE [pasIn2 ~ 0.04 < 1:



FROM RESUMMATION TO N°LO

TECHNICAL INTERLUDE
® PARTONIC CROSS SECTIONS 6 (2, ats) ARE
M2(  0ts) SADDLE VS COLLIDER ENERGY
4 T W T T T T T T T T T J J PR
DISTRIBUTIONS, 0 < z = —& <1 : \ =125 GeV — — |
— s — [ \ my = 600 GeV -----. 1
e THEIR MELLIN TRANSFORMS & (N, ats) ARE = \ ‘ ]
ORDINARY FUNCTIONS 3l . large m,limit |
= I N
e FOR GIVEN m?; AND s ONLY ONE “SADDLE” 250 o N
N VALUE CONTRIBUTES L. (NLOisshownasashadow) ™~ _ S
e BONUS: HAD. XSCT PRODUCT OF PARTONIC TIMES 15!

LUML o(N,my) = 6 (m%, as) ZL(N) Yo frev]

Q: WHY ARE THERE LARGE RESUMMATION AMBIGUITIES?
A: BECAUSE Bpas1In2 =~ 0.04 < 1:RESUMMATION IS PERTURBATIVE!

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

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



NNT O
Higgs parforiic'gd: ~Ofder o, Mellin transform

N°LO: WHAT DO WE KNOW fzgk/

e EIKONAL OR SOFT EXPANSION:AS N — oo (I.LE. z — 1)

5'(3)(N) = Co6 1116N—|—Co5 ln5N—|— -+ o2 1n2N—|—601 In N + coo +

% (6151n5N+0141n4N+---+610) + ﬁ (C241n4N+~-'+C20) +
— c¢og TO cgp2 DETERMINED BY NNLL RESUMMATION

— co1 (Moch, Vogt, 2005; Laenen, Magnea, 2005) AND cgg COMPUTED (Anastasiou et al.
2014)

— C15, C24,. . .51 KNOWN FROM LL RESUMMATION (Catani, deFlorian, Grazzini, 2001)

— ¢c14 COMPUTED RECENTLY BASED ON A CONJECTURE ON THE LOG STRUCTURE OF THE

HADRONIC CROSS-SECTION (deFlorian, Mazzitelli, Moch, Vogt, 2014)

e BFKL OR HIGH-ENERGY EXPANSION:AS N DECREASES (L.E. z — 0)
RIGHTMOST SINGULARITY AT N = 1:
6B)(N) = (@3@ - d12ﬁ —|—d11ﬁ) + (%6% + - —|—d01%) + ...
— ONLY d13 KNOWN EXACTLY FROM BFKL+SMALL x RESUMMATION

— CLASS OF DOMINANT (?) CONTRIBUTIONS TO di2, d11 KNOWN FROM NL BFKL

— ALL SUBLEADING SINGS UNKNOWN
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APPROXIMATE N°LO?

e Q: WHY IS N3LO FROM RESUMMATION APPROXIMATE?

e A: BECAUSE In N AND In N HLN ARE THE SAME AT LARGE N (REMEMBER N = 2)



APPROXIMATE N’LO?

e Q: WHY IS N3LO FROM RESUMMATION APPROXIMATE?

e A: BECAUSE In N AND In N HLN ARE THE SAME AT LARGE N (REMEMBER N = 2)

APPROXIMATIONS: LHCS8

Higgs cross section: gluon fusion

my = 125 GeV

LHC 8 TeV

"""""" NNLO ——
approx NNNLO —-—- ||
N-soft NNNLO —--—
soft-0 NNNLO -------

truncated NNLL+NNLO
1 T T T

4 L1 1 1 1 1 1
0.06 0.1 0.2 0.3 0.5 1 2 3
HR / My

(Ball et al., 2014)
WHAT IS THE ENHANCEMENT WR TO NNLO?

AT pr = mpyg, AS USUALLY DONE FOR RESUMMATION

e 1-SPACE: ~ (Becher, Neubert; Anastasiou et al.) NO ENHANCEMENT

e PURE N ~ (truncation of de Florian, Grazzini) ~ 6% ENHANCEMENT

e +CONSTANT OF Anastasiou et al. 2014 (trunc. of “N3LL de Florian, Grazzini”) ~ 10%
ENHANCEMENT

e +ANALYTIC IMPROVEMENT (Ball et al., truncation of Bonvini-Marzani) ~ 15% ENH.



APPROXIMATE N’LO?

e Q: WHY IS N3LO FROM RESUMMATION APPROXIMATE?

e A: BECAUSE In N AND In N HLN ARE THE SAME AT LARGE N (REMEMBER N = 2)

APPROXIMATIONS: LHCS8
EIKONAL EXPANSION LHC14

Higgs cross section: gluon fusion

my = 125 GeV

LHC 8 TeV

o[pb]

----- NNLO — — N3O sv+N !

approx NNNLO —-—- ||
N-soft NNNLO —--—

t-0 NNNLO ------- 10Ls L L L
]truncatedsﬁNLL+lNNLO 1 1/6 1/4 1/3 1/2 1 2 3

A L1 1 1 1 1 1 1
0.06 0.1 02 03 05 1 2 3 HR/MHy

(deFlorian, Mazzitelli, Moch, Vogt, 2014)

(Ball et al., 2014)
WHAT IS THE ENHANCEMENT WR TO NNLO?

AT pr = mpyg, AS USUALLY DONE FOR RESUMMATION

x-SPACE: ~ (Becher, Neubert; Anastasiou et al.) NO ENHANCEMENT

e PURE N ~ (truncation of de Florian, Grazzini) ~ 6% ENHANCEMENT

e +CONSTANT OF Anastasiou et al. 2014 (trunc. of “N3LL de Florian, Grazzini”) ~ 10%
ENHANCEMENT

e +ANALYTIC IMPROVEMENT (Ball et al., truncation of Bonvini-Marzani) ~ 15% ENH.

e IF INSTEAD ADD EIKONAL N3LL+ NEXT-TO-EIKONAL NLL (deFlorian et al 2014) SIMILAR TO
ANALYTIC; (NOTE THIS IS A DIFFERENT EXPANSION: DOUBLE COUNT IF COMBINED)



JETS AND JET VETOS



HIGGS+JET AT NNLO

e FIRST INCLUSIVE NNLO IN GG CHANNEL IN 2013 BY BOUGHEZAL ET AL.

e NOW ALSO FULLY DIFFERENTIAL PARTON-LEVEL EVENT GENERATOR,

INCLUDING <y DECAY

e NNLO/NLO K-FACTOR LARGE, OF ORDER 40%,

WEAKLY DEPENDENT ON pr AND RAPIDITY

e NNLO/NLO LARGER THAN NLO/LO AT AT LARGE RAPIDITIES & INTERMEDIATE pr

do/dpty (pb/GeV)

HIGGS pr DISTN. HIGGS RAPIDITY DISTN.
T T T p 1.6 T T T T n T
i TH i o 1
0.12 1al - LO ooooad |
NLO
0.1 1ol NNLO wasis |
0.08 = 17 1
=
s 08 ] . 1
006 B WX&%X%X%XXE%
0.04 F  jwn EEess N |4 ’ S
04 | W |
0.02 02} e EEE |
0L 0
200 -4 -2 0 2 4

(Chen, Gehrmann, Glover, Jacquier, 2014)



RESUMMATION OF THE TRANSVERSE ENERGY
DISTRIBUTION

e [ DISTRIBUTION SENSITIVE TO INITIAL-STATE RADIATION
=> USEFUL IN DISENTANGLING GLUON FUSION FROM VBF

e RESUMMATION (Papaefstathiou, Smillie, Webber, 2010) MATCHED TO NLO FOR ALL Fr

e HADRON-LEVEL RESULT DETERMINED, INCLUDING HADRONIZATION AND
UNDERLYING EVENT

e HADRONIZATION MODERATE WITH RAPIDITY CUT, BUT
SIZABLE EFFECT OF UNDERLYING EVENT

FO vS RESUMMED VS MATCHED HADRON LEVEL
05— L s S S S I S S 06— T
Eem = 8 TeV
04— N Eem=8 TeV ] : Resummed+matched |
I / N Resummed +matched - MC@NLO RW, hadrons in |n| < 5: |
/ ' Resummed only ]

04— hadrons+UE RW pthaa > 0. GeV —

03—
i hadrons+UE RW pthada > 1. GeV

hadrons+UE RW pmaa > 1.5 GeV |

0R—

do/dE; (pb/GeV)
do/dET (pb/GeV)

01—

0.0

1 1 1 i 1 1 I
50 100 150 200 250
Er (GeV)

(Grazzini, Papaefstathiou, Smillie, Webber, 2014)



JET VETO RESUMMATION

e RESUMMATION NOW EXTENDED TO FULL “TOWER” OF CROSS SECTIONS: og (no jets

with ppr > p}eto), 0>1 (at least one jet), o1 (exclusively one jet), 0>2. ..

e RESUMMATION OF 01 EXTENDED TO LOW pp ~ pp°
= CONSTRUCTED AS DIFFERENCE BETWEEN 0>2 AND 0>1;

o>2 COMPUTED TO NLO, o>; TO NNLL+NLO

e COVARIANCE MATRIX BETWEEN DIFFERENT CROSS-SECTIONS DETERMINED
= INVOLVES DETERMINATION OF “MIGRATION UNCERTAINTY  BETWEEN BINS

ONE-JET CROSS SECTION CROSS-SECTIONS IN JET BINS
pp - H + j, Scheme A cross sectionin jet bins

a1(p7) [pb]

2.5 v e
2.0 P =30GeV ; pf=25GeV -
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pry [GeV] Njets
(Boughezal, Liu, Petriello, Tackmann, Walsh, 2014)
e SMOOTH MATCHING OF pr REGIONS FOR ONE-JET

e GREAT REDUCTION OF UNCERTAINTIES



HEAVY QUARK MASS
DEPENDENCE



€(Ptveto)

s(pt,veto) / £central(pt.veto)

JET VETOS+ HQ MASSES!

(Banfi, Monni, Zanderighi, 2013)

e ZERO-JET VETO XSECT & EFFICIENCY COMPUTED
WITH FULL INCLUSION OF BOTTOM & TOP MASSES UP TO NNLO+NNLL

e MULTISCALE, NON FACTORIZED In Veto IN pret® > my REGION
Pt

e mp, my CANCELLATION, GENERALLY SMALL CORRECTIONS
UNLIKE pr DISTRIBUTION: WHY?
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€(Ptveto)

s(pt,veto) / £central(pt.veto)

JET VETOS+ HQ MASSES!

(Banfi, Monni, Zanderighi, 2013)

e ZERO-JET VETO XSECT & EFFICIENCY COMPUTED
WITH FULL INCLUSION OF BOTTOM & TOP MASSES UP TO NNLO+NNLL

e MULTISCALE, NON FACTORIZED In Veto IN pret® > my REGION
Pt

e mp, my CANCELLATION, GENERALLY SMALL CORRECTIONS
UNLIKE pr DISTRIBUTION: WHY?

e LARGE EFFECTS AT NLO+NLO, sMALL AT NNLO+NNLO:
RESUMMATION PERTURBATIVE!
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do/bin[pb]

LOOKING FOR HQ MASS SENSITIVITY
m; IN DOUBLE HIGGS PRODUCTION

INVARIANT MASS DISTN.

102 _HHrp_rloduction at the LHC14
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(Maltoni, Vryonidou, Zaro, 2014)

e TOP MASS DEPENDENCE STRONGER IN DOUBLE (& TRIPLE) HIGGS PRODUCTION

e FULL NLO FINITE m: NOT AVAILABLE, APPROX BASED ON OMITTING 2-LOOP VIRTUAL

e AT LO, FINITE mrt 15% BIGGER THAN m; — oo, BUT
AT NLO FINITE m7t (APPROX) ONLY 6% BIGGER

(Frederix, Frixione et al., 2014)



LOOKING FOR HQ MASS SENSITIVITY
mp IN HIGGS WITH BOTTOM PAIRS

pT DISTN. WITH ONE B, 4FS

pr DISTN., BFS, RES VS Ps

do/bin [pb]

-1 My=12 "
10 ;_r’f& 5 Ge

103 L

2
L

[ bbH@LHC 13 TeV

—- B5FS NLO+NLL

S

5FSNNLOSNNLL ]

5FS HW++ NLO+PS]
5FS PY8 NLO4PS ]

W el 0
MadGraph5_aMC@NLO

o

T el T

e R BT B 08 T

Loe SirEaoe @ospem
Ao MRADRDD2ORD
T

P I |-
20 40 60 80 100 120

pr(H) [GeV]

140 160 180 200

pr DISTN., 4FS vSs. bFS

do/bin [pb]
[ bbH@LHC13TeV ' ' 5FSNNLO+NNLL |
101 | My=125Gevy = 4FS HW++ NLO+PS
E —e 4FS PY8 NLO+PS ]
15 -
[ :E
= g
- i
;
104 | 14
F 1=
E. ] | I | Cl it 1 I | 3
16 T T T T L L T T T =
1.4 & E
1.2 F 3
1 Bt
0.8 2
086 [
04,
1.6 B
1.4
1.2 FH
1B
0.8 H
0.6 F3
O4BH, o 1a b i by e P Ui F v i e i sl e Uy i
0 20 40 60 80 100 120 140 160 180 200

e NLO CORRECTIONS LARGE,
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(Wiesemann, Frederix, Frixione et al., 2014)

MATCHING TO PARTON SHOWER IMPORTANT

e GOOD AGREEMENT BETWEEN ANALYTIC RESUMMATION & PS

e 4FS & 5FS QUITE CLOSE FOR SOME OBSERVABLES
(INCLUSIVE H pr DISTRIBUTION)

e CLEARLY DISTINGUISHABLE IF AT LEAST ONE b-JET



CLOSER TO THE FINAL
STATE



MATCHING: FIXED ORDER, RESUMMATION, SHOWER

Peak Transition Tail

.
L

Tcutr K Q p . T~ Q T
N narrow jets = N jets
Resummation (azL? ~ 1) Fixed Order
NLLg ~ ag/T (asl?)" LON41 ~ as
NNLL; ~ a5 /r (a,L5)" NLOws1 ~ a5 (Alioli et al., 2012)

e HIGGS PRODUCTION AT LHC (ESPECIALLY IN GLUON FUSION) SITS IN THE

TRANSITION REGION
= MUST CONSIDER BOTH & MATCH RESUMMATION AND FIXED ORDER

e ACCURATE FINAL STATE: MERGE WITH PARTON SHOWER

e THREE PROPOSALS FOR NNLO+PS MATCHING:

— GENEVA (SCET-BASED): APPLIED TO THRUST IN e'e ™, (Alioli, Bauer,
Berggren, Hornig, Tackmann, Vermilion, Walsh, Zuberi, 2012) ; GENERAL THEORY
AVAILABLE (Alioli, Bauer, Berggren, Tackmann, Walsh, Zuberi, 2013)

— NNLOPS: NNLO+NLL ACHIEVED FOR HIGGS IN GLUON FUSION (Hamilton,
Nason, Re, Zanderighi, 2013) AND DRELL-YAN (Karlberg, Re, Zanderighi, 2014)

— UN?LOPS NNLO+NLL ACHIEVED FOR HIGGS IN GLUON FUSION &
DRELL-YAN (Héche, Li, Prestel, 2014)



THE UN?LOPS METHOD

HIGGS IN GLUON FUSION

e UN?LOPS IMPLEMENTED IN SHERPA:
EXCELLENT AGREEMENT OF FIXED NNLO WITH STANDARD CODES

e RAPIDITY DISTN. AGREES WITH FIXED-ORDER CALCULATION

e pr SPECTRUM AGREES WITH ANALYTIC RESUMMATION,
WHILE REPRODUCING FIXED ORDER (LARGE pr)

e LARGE UNCERTAINTY IN ZERO-pr BIN BECAUSE SPECTRUM AT NLO+NLL

2 2
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(Hoche, Li, Prestel, 2014)



SUMMARY

THEORETICAL PROGRESS IS KEEPING PACE WITH EXPERIMENTAL
PROGRESS:

e BEYOND NNLO

e BEYOND FIXED ORDER

e BEYOND A SINGLE LARGE SCALE

e BEYOND THE PARTON LEVEL

“...the period of the famous triumph of quantum field theory. And what a triumph it
was, in the old sense of the word: a glorious victory parade, full of wonderful things
brought back from far places to make the spectator gasp with awe and laugh with

joy” (Sydney Coleman, 1988)



EXTRAS



ANALYTIC APPROXIMATION
THE N°LO PARTON-LEVEL RESULT

EXACT+SOFT+HIGH ENERGY+APPROX.
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(Ball, Bonvini, s.f., Ridolfi, Marzani 2014)



A (USEFUL) SIDE REMARK: SADDLE POINT

® THE CROSS SECTION IS DETERMINED FROM THE NN-SPACE RESULT BY MELLIN
INVERSION:

a(p,m2H) 1 c+io0 —N 2y _1 c+100 E(N,p,m3
 p T 2miJe—ioco dN p U(N’mH) o %fc—ioo dN e (N
_ 1
E(N,p,m%) = Nln >+ Ino (N, m%)
2
e DOMINATED BY SADDLE POINT 2Z (]\g]’i;mﬂ) —0
N=Ng

e SADDLE Ny ON THE REAL AXIS: ¢(/N) MUST BE A DECREASING FUNCTION OF N;
AS p — 0, Ng MOVES LEFTWARDS TOWARDS THE RIGHTMOST SING.

e MOST OF THE CONTRIBUTION COMES FROM A SMALL NEIGHBORHOOD OF Nj
e FOR My = 125 GEV, Ng =~ 2FOR s =7 — 8 TEV, Nyp ~ 1.8 FOR s = 14 TEV

EXAMPLE: HIGGS PRODUCTION
EXACT VS SADDLE LL AND NLL GLUON FUSION CROSS-SECTION

LHC 14 TeV NNPDF23
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