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HIGGS PHYSICS AT THE LHC
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HIGGS PRODUCTION
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HIGGS COUPLINGS
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Current status for Higgs
production at the LHC (ATLAS)

feen = 0.81 7019 = 0.81 +0.16(stat.) T0-07 (exp.) *0-0! (theo.)
uygr = 2.0 8g=20 iOS(stat)+ (exp)+ 5 (theo.)
,uVH—O7+09—07 + (.8 (stat. +02(exp)+ (theo.)
/.ttop—05+02—05+Og(stat)+0}(exp)*o(l)(theo)
arXiv:1802. 04146

Experimental uncertainties are
getting close to the theoretical
uncertainties

New physics might modify the
standard model at the % level

Precision calculations (and
generators) are needed
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HIGGS PRODUCTION
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VECTOR-BOSON FUSION
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» Small corrections to the
inclusive cross section
(~5% NLO, ~3% NNLO,
~0.1% N3LO)

» Sizeable (~6-10%) corrections
to fiducial cross sections

O_nocuts [pb] O_VBF cuts [pb]
LO 4.03270-057 0.95770-098
NLO  3.929%0053  0.8767500%
NNLO  3.88870015  0.826700%)
P > 25 GeV, yj, ,| < 4.5,
Ay, i, = 4.5, mj, i, > 600 GeV,

Yir Yjs < 0, AR>04

[Bolzoni, Maltoni, Moch, Zaro; Cacciari, Dreyer,
Karlberg, Salam, Zanderighi; Dreyer, Karlberg]
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HIGGS PRODUCTION
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FRAMEWORK FOR PRECISION QCD 10

» Separate Higgs production from \__M:NR\'LN\B\\
proton description

9 y v
N

» Measure PDFs, compute _
partonic cross sections S

3

()

Higgs production: gluon fusion
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QCD CORRECTIONS TO GLUON FUSION 11

» Compute dominant m>

contribution atthe LHCin > :::359 -----
fixed order perturbation 99090
: P ag = 0.1181 + 1%
theor A 2,,LO 3 ,NLO 4 ;NNLO 5 sN3LO
/ O = 0,0 = + O + o o + Qg
» Very successful for inclusive v \/ v \/
cross section 5°f e m LO = NLO = NNLO = NNNLO
» Perturbative series stabilizes o
at N3LO
30;
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[Anastasiou, Duhr, FD, Furlan, Gehrmann, Herzog,? 4 6 8 10 12 14

Lazopoulos, Mistlberger; Mistlberger]



THRESHOLD EXPANSION 12
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» N3LO calculations are difficult RPN 60"
» Many complicated (analytic) ST | AT
integrals h s K

» First step: threshold
expansion

N
2
—
)
V)
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o DN

[Mistlberger]

LHC 13 TeV
1 PDF4LHC15.0
u=125 GeV

n== IHixs 2.0

github.com/dulatf/ihixs
[FD, Lazopoulos, Mistlberger]
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BEYOND QCD CORRECTIONS TO GLUON FUSION 13

T S e

o = 48.58 pb! 7P (TE700) (theory) & 1.56 pb (3.20%) (PDF+ay).

» LHC precisign requires 48.58pb= 16.00pb  (+32.9%) (LO, rEFT)
+20.84pb  (+42.9%)  (NLO, rEFT)

effects beyond pure QCD _ 205pb  (—42%)  ((t,b,c), exact NLO)
9.56pb  (+19.7%)  (NNLO, rEFT)
0.34pb  (4+0.7%) (NNLO, 1/my)
2.40pb  (+4.9%)  (EW, QCD-EW)
1.49pb  (+3.1%) (N3LO, rEFT)

» Mass effects, electroweak
corrections

+ 4+ + +

» PDF uncertainties

lo| MMHT14 —¢—
[®| ABMP16 -
e -
A ]
ggHiggs.v3.5
LHC 13 TeV
my = 125 GeV o

[Anastasiou, Duhr, FD, Furlan,
Gehrmann, Herzog, Lazopoulos,
Mistlberger]
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ELECTRO-WEAK CORRECTIONS 14

» Factorized EWK )
corrections ~5% } |
0O =0QCD X (1+5EWK) 0000 R

[Actis, Passarino, Sturm, Uccirati; Degrassi,

> ReSidual uncer‘tainty: ~1 % Maltoni; Anastasiou, Boughezal, Petriello; ...]
» Factorized vs non-factorized corrections (recently: LO
th r()ugh 0(62) ) [Bonetti, Melnikov, Tancredi]

» Corrections to (Higgs+Jet) (keung, Petriello]

» Small corrections for inclusive Higgs, but need to be
taken into account at current level of precision (could be
larger for differential)



MASS CORRECTIONS
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I
» Infinite top-mass EFT is just an 000X ! 000000
approximation { £ ' b
I
I
» Exact mass dependence known \Q00000 ! 00000
at NLO [Dawson; Djouadi, !
Spira, Zerwas]
» Corrections to EFT at NNLO ol 34811
NLO  37.00[2]
[Harlander, Kilgore; Anastasiou, Melnikov; O.?Vfgg . 63%
Ravindran, Smith, van Neerven] aem;t 36761 __5-6%
o | oNLO, 35.09[1 0.8%
» Interference Wltl:] light quarks is NLO 34.91[1 10.3%
large and negative e
» Particularly import in differential S
distributions (some progress B

towards NNLO)

[Bonciani, del Duca, Frellesvig, Henn,
Moriello, Smirnov; Melnikov, Tancredi, Wever]

Hy=pg=my=125 GeV

Grazzini, SargSyan




DIFFERENTIAL DISTRIBUTIONS
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» Experiments don’t measure fw_cusm
inclusive cross sections <237 G025 my g ey
Il ¢ [1.37, 1.52] P > 0.35 my, ot ;%ﬁy&mm |
» Instead: Differential s T
distributions, fiducial cross f::
sections H—vy «

17111181111911ll1ollll11llll’211l131.1“11
is (TeV)

» We need high precision eMS

predictions for observables that

ofid — 69115 (stat.) "5 (syst) fb ‘

are close to the experiment

m Lo

0.10

s NLO

0.08 “0 NNLO |1
0.06 [Boughezal, Focke,
Giele, Liu, Petriello]

0.04 i

N1

04 + S cJi R SR
AR : - NN
o Lo . P
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TOWARDS DIFFERENTIAL N3LO 17

» Fully differential N3LO is
difficult

» Focus on Higgs-differential
observables

» Calculate semi-inclusively

by integrating out QCD 1% Rapidity
radiation pr  Transverse momentum
mp Mass / Virtuality

O Azimutal angle
PP—H+X —=~vyy+ X

PP—->H+X —>4l+ X



TOWARDS DIFFERENTIAL N3LO 18

» Proof of principle at NNLO o
» Stable distributions g R

» Theoretically interesting low- °

3
©)
[}
pt results :
1
[ ] [ ]
» Realistic observables A
[ Y|
109 ' | ' NLO
| | NNLO
';‘ pp— H+ X
2 LHC@13TeV
Q MMHT2014
3 ﬁ 10— 1 4 p=mp/2
% i n
5| CEY
-300F |
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B S e L
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pr [GeV] o]
. 3 . +
[FD, Lionetti, Mistlberger, S T S S R S S N

Pelloni’ Specchia] 0 20 40 60 80 100 120 140 160 180
pr [GeV]



ot / BR [pb]

FIDUCIAL HIGGS RAPIDITY DISTRIBUTION IN DIPHOTON
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DISTRIBUTIONS OF FINAL STATE MOMENTA

100

LO
; NLO
8 NNLO
» Distributions of final 2 101 W HAX A X

state momenta: <

= . | MMHT2014
- i w=mp/2
M~
3 |
i)
—2 | | | ! |
£ o Iiﬂ

] ]

» Leading photon pT | =

2.5
[ ] [ ] [ ] 8 2 ]
» Rapidity difference : D ey S
o L
9 1 [
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LO
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< 80 |
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SOFT EXPANDED RAPIDITY DISTRIBUTION
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» N3LO is still difficult

» Again: Threshold
expansion

» Validate at NNLO

dpT

1.2

0.8—|

0.4

,,,,,,,,,

(1-2)° _— (:1—2)1
- (1_;_2)4 ‘

_____

l | |  LHC 13 TeV
| | ~ MMHT 2014




RAPIDITY DISTRIBUTION AT N3LO 22
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» Threshold expansion
\ \ | for rapidity
++++++ ~ —we —w (distribution at N3LO

I
LHC 13 TeV

—
%, MMHT2014
2 ‘ ‘ PF;n—>H-|J‘X
. S Moy
| | | 2 |

| |
,,,,,,,, .~ lHCM3TeV
| | | | | MMHT 2014
- PP —>HX

—

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

[FD, Mistlberger, Pelloni] 05 1.



CONCLUSION
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» LHC experiments demand high-precision predictions

» Precision observables can shed light onto possible BSM
physics

» Lot of progress in theoretical observables, many high
precision predictions available

» New level of precision requires careful reevaluation of
previously neglected effects

» Next goal: push differential distributions to % level
accuracy

FULLY DIFFERENTIAL N3LO IS WITHIN REACH!







