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LHC Higgs Production in the Standard Model
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LHC Higgs Data

19.7 o (8 TeV) + 5.1 fb" (7 TeV)

ATLAS Input measurements Combined
Individual analysis +isonu n=1.00x0.14 m, = 125 GeV
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ATLAS Mass: PRL 114, 191803
ATLAS Couplings: arXiv:1507.04548

CMS Mass & Couplings

=8TeV, 2031 Signal strength (i)
‘ EPJ 75 (2015) 212

(1= 1,097 8= 1.097097 (stat) *$:04 (expt) *0:03 (thbgd)*§:97 (thsig)

most precise measurement, theoretical error as large as the statistical one !
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Theoretical Formalism

To compute cross sections we use the Factorisation Master Formula:

UPP—>X Z/dﬂ?ld@ fz L1, MF)f](CEmMF)

X doijx (21, %2, kR, br, {a}, {P})
x J({p}) (1 +O(Agen/Q) )

This formula gives rise to several sources of uncertainties:

 PDF Uncertainties:
Due to our limited knowledge of the Parton Distributions inside the Proton

e Couplings and Masses:
Due to our limited knowledge of coupling and mass parameters

* Perturbative Uncertainties:
Due to our limited ability to calculate partonic cross sections in perturbative QFT

* Non-perturbative Uncertainties:
Due to factorisation breaking terms. We don't know how to quantify these!
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Higgs Production
In gluon fusion
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Total Higgs Cross section as of 2014

* NLO QCD corrections known exactly (with

top-bottom interference) [Graudenz et al 93, Spira et al 95,Harlander
et al 05,Anastasiou 06, Aglietti 06]

* NNLO QCD in HQET [Harlander et al 02, Anastasiou et al 02,

Ravindran et al 03]

« Subleading terms in the heavy top expansion
[Pak et al 09, Harlander et al 09]

» EW corrections
[Actis et al 08+09,Aglietti et al 04,Degrassi et al 04]

* mixed QCD EW corrections [anastasiou et al 09]

» Soft gluon NNLL [catani et al 03] SCET NNLL [Anrens et al 0g]
» Approximate N3LO [Moch et al 05, Ball et al 13]

* N3LL resummation of threshold logs

QCD CONTRIBUTIONS BY INITIAL STATE CHANNEL [Bonvini et al 14, Catani et al 14]

 Soft Virtual and next to soft Approximation
for N3LO [Anastasiou et al 14]

K=2.05

aq initial state
95.5%

%2 T 91E1S [Eu) Bb

TOTAL NNLO: QCD vs EW

QCD corrections 95% %(SPDF %5#
TOTAL NNLO: —{—ﬁg —}-8.3?

NLO ma.t;:;:lamnnls - —T7.53 —9.26

[graphics by A.Lazopoulos]
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To increase Theory Precision one
needs N3LO QCD

0 In HQET the Higgs boson cross section depends only on a single dimensionless variable:

2
Mgy

A

S

0 Analytic evaluation likely in terms of multiple polylogarithms.

z

However..

®» Number of cut-diagrams to be evaluated is around 100.000

()

®» Phase Space Integrals “were” completely unknown from other processes

® Infra-red divergences up to

11.10.2015 Higgs Couplings 2015



2015: The first N3LO Calculation for the LHC

+UV and IR counter terms
Known[Pak, Rogal, Steinhauser; Anastasiou,
Buehler, Duhr, FH; Héschele, Hoff, Pak,
Steinhauser, Ueda; Buehler, Lazopoulos]

Real-Virtual Squared

KNown [Anastasiou, Duhr, Dulat, FH,
Mistlberger; Kilgore]

Triple Virtual Double Virtual- Real

Known [Dulat, Mistlberger; Duhr, Gehrmann
Known from QCD Form Factor [ J ]
[Baikov, Chetyrkin, Smirnov, Smirnov,

Steinhauser; Gehrmann, Glover, Huber, Ikizlerli, Studerus] N 3 LO

Double Real - Virtual Triple Real
gg channel known [Chihaya Anzai, Alexander Hasselhuhn, Maik Hoschele, Jens Hoff, William Kilgore, Matthias Steinhauser, Takahiro Uedal]

2_terms in soft expansion [Anastasiou, Duhr, Dulat, FH, Mistlberger,Furlan; 2 terms in soft expansion [Anastasiou, Duhr, Dulat, Mistiberger: Zhu]
Li, Mantueffel, Schabinger, Zhu] 301 Anastasiou. Duhr. Dulat. EH. Mistlb
30 terms [Anastasiou, Duhr, Dulat, FH, Mistlberger] erms [Anastasiou, Duhr, Dulat, FH, Mistiberger]
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The soft Expansion at N3LO in QCD:

An extremely good approximation for Higgs productions
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Scale Variation gives Theory uncertainty of 2-3%

50

40 |-

alpb

T T
LHC @ 13TeV
pp=rh+X gluon fusion
MSTWOS 68cl
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30|
Vs =8TeV M 6PDF
Atlas = LHCxWG x liatlas W 5QCD
. CMS = LHCXWG % toms =
251 iHixs8: MSTWO8 90% H
20
15'_ uoms = 1.004£0.14
L +0.15
PRELIMINARY taTras = 1.184013

ATLAS CMS iHixs8-N3LO LHCxWG iHixs8-NNLO
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Higgs+Jet
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Higgs+Jet

* Is a subprocess ofgg - h ‘
« Higgs transverse momentum is generated from jet recoil!

« By tagging on a jet, major backgrounds can be eliminated in several decay
channels, like WW, or yy

» Independent information about the Higgs coupling to gluons can be extracted
from its pt-spectrum

* QCD K-factors are similarly as in gluonfusion — NNLO is mandatory!
« Jet-veto may need resumation
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Higgs+Jet

« NNLO QCD in HQET this year! \
« Sector Improved Subtraction
[Boughezal, Caola, Melnikov, Petriello, Schulze]
(with decays) [Caola, Melnikov, Schulze]
* NJettiness improved Slicing
[Boughezal, Focke, Giele, Liu, Petriello]

e Antennas (gg channel only)
[Chen, Gehrmann, Glover, Jaquier]
« NLO EW known

e Resumations:

* (0-Jet Veto:[Banfi, Salam, Zanderighi; Becher Neubert; Stewart, Tackmann, Zuberi;
Tackmann, Walsh]

e 1-jet veto: [Liu, Petriello]
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Higgs+Jet

Anti — k£, with R = 0.5, k| > 30GeV

- NNPDF2.3, 8 TeV
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Fiduclal Cross Sections ..o
pp — H(etu vo) +j
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http://arxiv.org/abs/1508.02684

The 0-jet Bin at N3LO
Combining H@N3LO and H+J@NNLO

N3LO ( cut

__ _N3LO NNLO /. cut
n ;=0 P )_Jinclusive_UnJ21 < )

o P

Anti — k| with R = 0.5, k; > 30GeV

ord | 0§ (JVE) | o¢%i " (JVE) | 0p%& - (scales)
0-jet bin NNLO | 26.2720 pb 25.8733 25.871%
N3LO | 27.2%27 pb 27.2114 27.2+9-9

- ord | oL i (scales) | 059 i (JVE) ag‘i:gtNLL (JVE)
21-jet bin NLO | 14728 pb 14.7757 15.1727
NNLO | 17.5%12 pb 17.5+2¢ 175111

[Caola, Dulat, Monni]

« Good perturbative convergence for these parameters!
« Lower order uncertainties well estimated.
* Re-summation not required.
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Conclusions

s A new Era of Higgs Precision Physics has begun at the LHC! Theory is
(almost) ready.

s N3LO Barrier has fallen! NNLO is becoming the new standard!!

s The theory uncertainties in Higgs Production have decreased dramatically
Scale ~ 3% ~ PDF (next talk)

s Higgs+jet theory uncertainties are under control:
Scale ~ 6-8%, PDF ~ 5%7??7

s |n order to start controlling at percent level. Need get solid control on:
s PDF + &s Uncertainties

8 N3LO PDFs?
s Electroweak corrections

s Top, bottom mass corrections
s Non-perturbative/factorisation breaking corrections
Fully Differential (Rapidity) at N3LO
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&(Pt veto)

E(pt,veto) / Ecentral(f:)t,veto)

Jet veto Re-summation
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