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|. Introduction
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® Higgs characterisation (HC)
2. The Higgs CP property at the LHC
® in ttH/tH/tWH
® in azimuthal correlations

3. SMEFT (Standard Model Effective Field Theory)

4. Summary and outlook
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Abstract

... The main goal of the working group was to present the state-of-the-
art of Higgs physics at the LHC, integrating all new results that have
appeared in the last few years. ...
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 HC provides an automated NLO(QCD)+PS accurate tool and predictions to

accomplish the most general and accurate characterisation of Higgs interactions in

the main production and decay modes at the LHC.

* The model file is publicly available at the FeynRules repository:
https://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation
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HCI:Artoisenet et al. [1306.6464, |HEP]
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FeynRules: http://feynrules.irmp.ucl.ac.be/
MG5 aMC: https://launchpad.net/mg5amcnlo

{ & Start the MG5_aMC shell

;./bin/mgS_aMC |
i >1mport model HC NLO XO 1 = Import the model
§ = Generate the process

f>generate p p > x0 t t~ [QCD] j§
§ >output § = Write the code (including html)

e } = Generate the LO/NLO events

Directory |Type(# Diagrams/# Subprocesses DIAGRAMS SUBPROCESS
PO_gg xOux |bom |8 1 postscript | g 2 > X0 t -~ XGLU=1 WEIGHTED=4 QNP=1 [ QCD ] WEIGHTED=1
virt | 184 1 postscript | g g > X0 t t~ WEIGHTED=4 QNP=0 QED=1 QCD=2 [ QCD |
real |50 I postscript | g 2 > X0 t t~ g XGLU=1 WEIGHTED=5 QNP=1 [ QCD ]
d~g > x0 t t~ d~ XGLU=1 WEIGHTED=5 QNP=1 [ QCD |,
_ |u~g>x0tt~u~ XGLU=1 WEIGHTED=5 QNP=1 [QCD ] .
wal |12 4 postseript | o o' x0 tt~ s~ XGLU=1 WEIGHTED=5 QNP=1 [QCD ] ,
o~ g > x0 t t~ c~ XGLU=1 WEIGHTED=5 QNP=1 [ QCD ]



https://launchpad.net/mg5amcnlo

born diagram 1 QCD=2, QED=1, QNP=0 born diagram 2 QCD=2, QED=1, QNP=0

2 t 5 2 )3
W%/ g xo"',oo
T
g <
yi~ t~
__________ X ______3 i~ 5
i~
g \t\
g \t\ 4
1 4 1
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diagram 37 QCDw4, QEDw1, QNP0 diagram 38 QCDw4, QED=1, QNP0 diagram 39 QCDw4, QEDw»1, QNP0




real diagram 31 QCD«3, QEDw1, QNP0
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real diagram 37 QCD«3, QEDw1, QNP0 QCD«3, QEDw1, QNP0




FeynRules: http://feynrules.irmp.ucl.ac.be/
MG5 aMC: https //Iaunchpad net/mgSamcnIo

Q /bln/mgS aMC

t>import model HC_ NLO X0
{>generate p p > x0 t t~
¢ >output

{>launch !
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2 Start the MG5_ aMC shell

1 = Import the model

[QCD] § = Generate the process

§ = Write the code (including html)
< Generate the LO/NLO events

run_card.dat

FEE R R R R R R R R R R R R R R R R R R R R R R R R R R EIER RN E TR LR R LRSS E:

# Collider type and energy .
#‘..‘“‘..“.‘..".“‘.‘..".‘.“““.““‘.‘O““.‘.““..““..““..‘
S 5 | ! beam 1 type (@ = no PDF)
1 = lpp2 | beam 2 type (@ = no PDF)
6500 = ebeaml ! beam 1 energy in GeV
6500 = ebeam2 ! beam 2 energy in GeV

”.........‘O....“.‘.‘....‘.‘..O..‘...O.‘.‘..‘.““."‘.‘..........O...‘

# PDF choice: this automatically fixes also alpha_s(MZ) and its evol. *
#......‘...‘..‘."‘."....‘.‘O....‘.‘.“.‘...‘.‘....“.‘O....“..O‘O..‘.

nn23nlo = pdlabel ! PDF set

230000 = Lhaid | if pdlabel=lhapdf, this is the lhapdf number
#.".“....“..“.l".‘...““‘....‘...‘...‘.“‘....‘.“......‘..“‘....
# Include the NLO Monte Carlo subtr. terms for the following parton .
# shower (HERWIG6 | HERWIGPP | PYTHIAGQ | PYTHIAGPT | PYTHIAS) ¢
# WARNING: PYTHIAGPT works only for processes without FSR!!!! ®

”...‘..“.‘.‘...‘."“.‘.“..‘.“.‘....'......“.““‘..‘....“..‘.O...‘

HERWIG6 = parton_shower



https://launchpad.net/mg5amcnlo

HC3: Demartin, Maltoni, KM, Page, Zaro [1407.5089, EP|C]

J. Gunion, X-G. He [hep-ph/9602226, PRL]

0F(SM)  kuee=1(ca=1)

£6 - _"Zt (Cal%mtgmt + 1SaKAttG At 75)".bt Xo 0~ Kaee =1 (ca =0)
0+ Kiee,ace = 1 (Ca = 1/\/5)
scenario oro (fb) onvLo (fb) K

0T | 130.3(1) 358 +5.0%  134.9(2) 733 +3.0%  1.04
LHC 8 TeV 0~ | 44.49(4) 1322 +10.3%  47.07(6) 57, +4.0% 1.06
0F | 87.44(8) T382 +6.0%  90.93(12) T3 +34% 1.04

0 | 468.6(4) 1538 +45%  525.1(7) 13T 100%  1.12
LHC 13 TeV 0~ | 196.8(2) 1305 +7.5%  224.3(3) T ; +3.2% 1.14
0F | 332.4(3) 1330 +5.4%  374.1(5) 1§08 +25%  1.13

e From 8 to |3TeV:
- the cross sections enhance by about a factor 4. * 0(0+) > 0(0-)
- the K factors slightly increase. ® 0(0+) = (o(0+)+a(0-))/2

* From LO to NLO:
- the uncertainties are significantly reduced. ® K(0-) > K(0+); Ag(0-) > Ac(0+)



HC3: Demartin, Maltoni, KM, Page, Zaro [1407.5089, EP)C]
HC4: Demartin, Maltoni, KM, Zaro [1504.0061 I, EP)C]
HC5: Demartin, Maier, Maltoni, KM, Zaro [1607.05862, EP]C]

G F Inclusive NLO cross section at LHC 13 TeV
Gluon fusion @ SMrate (kg,=1, K,,,=2/3)
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The ttH/tH/tWH total cross sections are very sensitive to the CP mixing. §




[CMS PAS HIG-16-019]

[ATLAS-CONF- 20|6 068] CMS proiminay 2.3fb~" (13 TeV)
LA L B | : ' : - I
ATLAS Preliminary =13 TeV, 132133 1" g PP btgl o ed expesedimt 1o
e — t — bév . ]
—total == stat. ) _ g % W expected + 1 std. dev. ]
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Obs. (exp.) significance:
28 (1.8) 0



HC3: Demartin, Maltoni, KM, Page, Zaro [1407.5089, EP|C]

B 0F(SM)  kuee=1(ca=1)
‘CB - _";bt (Cal%mtgmt + 1SaKAttG At 75)"1% Xo 0~ Kaee =1 (ca =0)
0+ Kiee,ace = 1 (Ca = 1/\/5)

scenario gLO (fb) ONLO (fb) K
0" | 468.6(4) 1328 +a5% 525.1(7) 1o l+2a% 112

LHC 13 TeV 0~ | 196.8(2) #3I-L +7.5% 224.3(3) *55, +32% 1.14
0F | 332.4(3) F330 +5.4% 374.1(5) 190 +2.5%  1.13

10! B pp—>ﬁX° at the LHC13 —— 0* (SM) -
o — 0‘ " ° ° ° °
oo — * The difference is significant

—
o
[=]

in the low pT region.
* The high-pT tail is not
sensitive to the CP mixing.

do/dpr(X,) [fb/bin]

=)
o

= |s the boosted-Higgs analyses
still sensitive to the CP mixing?

MadGraphs_aMC@NLO

107




HC3: Demartin, Maltoni, KM, Page, Zaro [1407.5089, EP|C]

020 |- pp—ttX, atthe LHCI3 (shape comparison)
t T . 0.18 | NLO+HERWIG6 0" (SM) -
‘CO — _"/)t (Canﬁttgﬂn T 28aKAttGAte "YS)",bt Xo 016 pr(Xy) > 200 GeV 81:
07(SM)  Kuwu=1(ca=1) 0.14 | -
0_ Kawe = 1 (CQ == O)
+ 0.12 E -
0 Kiee,ace = 1 (Ca == 1/\/5)

0.10

® NLO corrections can reduce the 008

theory uncertainties significantly.

CP-mixed

0.06

0.04
0z CP-even

® NLO corrections cannot be N |
[ X, NLO+PS/LO+PS (with total uncertainties)

described by an overall K factor Lo NLOSPS (1+PDF+0)  —moom. LOAPS (ePDB)

and the constant theoretical I
uncertainties. |

MadGraphS_aMC@NLO
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200 T NLOWPS (usPDFrcy)  ———— LOSPS (izPDP)
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Higgs characterisation [1306.6464, |HEP]
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Bishara et al. [1312.2955, JHEP]
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do/dA¢p ~ 1+ Acos2A¢p




Choi, Miller, Muhlleitne

r, Zerwas [hep-ph/0210077, PLB]
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Plehn, Rainwater, Zeppenfeld [hep-ph/0105325, PRL]

Demartin, Maltoni, KM, Page, Zaro [1407.5089, EP|C]

| GFvs VBF (shape comparison)
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Hagiwara, Li, KM [0905.43 |4, JHEP]
Englert, Goncalves-Netto, KM, Plehn [1212.0843, |HEP]

X — 27 — 4 Vector boson fusion (VBF)
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do/dA¢ ~ const. for 0y, do/dA¢ ~ 1+ Acos2A¢ for 03,

Nontrivial azimuthal angle correlations of the decay planes (X — ZZ)
and the jets (VBF) can be explained as the quantum interference
among different helicity states of the intermediate vector-bosons.




Kramer, Kuhn, Stong, Zerwas [hep-ph/9404280, ZPC]

R et x

Hagiwara, Li, KM, Nakamura [1212.6247, EP)C] Hagiwara, Ma, Mori [1609.00943]

Longitudinal spin (helicity) effect | Transverse spin effect S0
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Events / 40 GeV
2

[ATLAS CONF-2015-081]
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Bernon, Goudelis, Kraml, KM, Sengupta [1603.03421, JHEP]
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e.g. Butter, Eboli, Gonzalez-Fraile, Gonzalez-Garcia, Plehn, Rauch [1604.03105, JHEP]

as faa fBB fww f6,2 fwww
Log = LM — O —Q0 O —0 O
off S VIS + 5 A2 VBB + Az COwWwW + 5 A2 U2 + A2 WWW
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il T T T T T T T A {_f
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Falkowski, Fuks, KM, Mimasu, Riva, Sanz [1508.05895, EP)C]

Degrande, Fuks, KM, Mimasu, Sanz [1609.04833]
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® Ve discussed

- the EFT is one of the main approaches to explore the Higgs
sector.

- how we can determine the Higgs CP properties at the LHC:

» azimuthal correlations.

» ttH/tH/tWH processes.

- SMEFT provides a powerful framework to combine different
analyses, such as Higgs, gauge boson, EWPO, B-physics, ...



