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Higgs discovery
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Rediscovering the SM

Standard Model Total Production Cross Section Measurements staius: Juy 2019
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Model-dependent

SUSY, 2HDM. ...

New particles
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New Interactions of SM particles
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o Introduction to the EFT
- EFT In top quark physics
~ Precision calculations in the EFT
- Towards global fits in the top sector

- EFT In the top-Higgs sector
~ lop loops in the EFT




SMEFT VS Anomalous couplings
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Rich phenomenology:

pair production X singlez
associated production K K

top loops :D' i}m :})‘ m

* connection to Higgs physics
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see for example: Aguilar-Saavedra (arXiv:0811.3842)
Zhang and Willenbrock (arXiv:1008.3869)

+four-fermion operators
+Nnon-top operators (Mixing)
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Operators entering various processes: Global approach needed




Use SMEFT to
parametrise and look for
deviations from SM
predictions




Use SMEFT to Use as many experimental

parametrise and look for W measurements as possible

deviations from SM ‘ Cross-sections+differential
predictions distributions
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Use the best SM
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QCD/EW corrections
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Need for oredictions
precgﬁg FaTIso N SE ™™ QCD/EW corrections




Use SMEFT to Use as many experimental

parametrise and look for W measurements as possible

deviations from SM ‘ Cross-sections+differential
predictions distributions

Need for precision

calculations
Automated tools
for the EFT Need for Use the best SM
brecision also in predictions |
SMEET X QCD/EW corrections




SMEFT@NLO

* Mixing between operators: anomalous dimension matrix: Jenkins et al
arXiv:1308.2627,1310.4838, Alonso et al. 1312.2014

* Additional operators at NLO: e.g. chromomagnetic dipole in single
top production

Recent progress in top physics:
* tOp palr Franzosi and Zhang (arxiv:1503.08841)

Single top Zhang (arxiv:1601.06163), de Beurs, Laenen, Vreeswijk, EV (arXiv:1807.03576)

'ITZ/V Bylund, Maltoni, Tsinikos, EV, Zhang (arXiv:1601.08193), Schulze and Rontsch (arXiv:1404.1005)
ttH Maltoni, EV. Zhang (arXiv:1607.05330)
Z/HJ Degrande, Maltoni, Mimasu, EV, Zhang (arXiv:1804.07773)
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* The same EFT couplings enter both the production and decay
e The width of the top enters in the total cross-section calculation
 Computing the width of the top consistently is needed to match the Wbj and {]

Cross-sections

de Beurs, Laenen, Vreeswijk, EV arXiv:1807.03576



Beyond the narrow width

approximation:

 Whbj production with off-shell
and interference effects

* Resonant-aware matching to
the Parton Shower (arXiv:
1603.01178)

W decay in MadSpin to retain
spin information
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Gauge-Higgs
Top couplings
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Degrande, Maltoni, Mimasu, EV, Zhang arXiv:1804.07773

Large deviations in the talls, as
expected from helicity amplitudes



tj tj t7j t7j
(pT > 350 GeV) (pT > 250 GeV)
TSMm 224 ph 880 fb 830 fb 60 fb
[ o 0.0275 0.024 0.016 0.010 |

Pew.ew 0.0162 0.35 0.095 0.67
Pog 0.121 0.121 0.192 0.172
Too@.eqm | 0.0037 0.0037 0.029 0.114
Poesott 0.00090 0.0008 0.0050 0.027
Py -0.353 4.4 -0.59 -2.22
Poga gqan | 0.126 11.5 0.65 5.1
P gqam | 0.0308 2.73 0.133 1.01
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* [ncreased sensitivity for dipoles and right-handed current (as expected
from helicity analysis)
* 4-fermion operators sensitivity due to higher thresholds can be
outperformed by high-pT single top measurements
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Degrande, Maltoni, Mimasu, EV, Zhang arXiv:1804.07773
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Rare processes can play a role in a global fit

Current:

CMS; PLB 779 (2018) 358-384: 0.75 = 0.27 current in particular for HL-LHC where high

ATLAS; CERN-EP-2017-188: 1.31 + 0.47

tZ] measurements:



Aim to obtain a complete Monte Carlo implementation based on:
 Warsaw basis
* Degrees of freedom for top operators as in arXiv:1802.07237
(LHCTopWG)
Current status:
* 73 degrees of freedom (top, Higgs, gauge):
 (CP-conserving
* Flavour assumption: U(2)ax U(2)ux U(3)d x U(3)L x U(3)e
 0/2F@NLO operators validated (with previous partial NLO
implementations) »http://feynruIes.irmp.ucl.ac.be/wiki/SMEFTatNLO
 4F@NLO operators validation: on-going
Future plans
e Full NLO model release (4F@NLO)
e QOther flavour assumptions
e CP-violating effects

Work in progress with: C. Degrande, G. Durieux, F. Maltoni, K. Mimasu, C. Zhang



JFO model with UV+R2 counterterms

mport to MG5_aMC@NLO
Proceed as in SM case

MG5 aMC>import model EFT

MG5 aMC>generate p p > t t~ z NP=2 [QCD]
MG5 aMC>output

MG5 aMC>launch
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JFO model with UV+R2 counterterm
mport to MG5_aMC@NLO
Proceed as in SM case

S

MG5 aMC>import model EFT

MG5 aMC>generate p p > t t~ z NP=2 [QCD]

MG5 aMC>output
MG5 aMC>launch

Results: Implem
—ixed order NLO
NLO+PS with MC@NLO OZUSM—I—Z

entation gives:
1TeV? 1TeV*4
A2 CZO'Z—I- A4 Cicjaij~

i<

interference interference between
with SM operators, squared
contributions
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| Notation | Degree of Freedom I

Operator Definition

Single top (t-channel) Single top (s-channel)
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Rich phenomenology

34 d.o.t.
CP-conserving
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Hartland, Maltoni, Nocera, Rojo, Slade, EV and Zhang, arXiv:1901.05965
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e Validity of the EFT expansion: E<A
* Ensure results are not dominated by high energy regions
e report limits as a function of the max scale probed Contino et al arXiv:
1604.06444

* Range of Wilson coefficients:
* The theory: perturbativity, unitarity, linear or non-linear EFT, UV completion
* The experimental limits: Think about and use as many processes as
possible to extract allowed range

* 1/A\2 vs 1/A% contributions
* 1/\2 suppressed due to helicity Azatov et al arXiv:1607.05236

* 1/A\*can be large for loosely constrained operator coefficients/strongly
coupled theories

02 > C; % >1>E2

E<A satisfied but O(1/A%) large for large operator coefficients
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1/A\2 is not positive definite

1/A2 is not suppressed PS point by PS point

1/A\2 is suppressed only when integrating
over the PS

3) ttZ production
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1/A\2 is suppressed compared to 1/A4
1/A4from dimension-6 much larger than
interference of SM with dim-8

Reasons why the interference is suppressed:
1) An accidental cancellation between the

contributions of the gg and gg channels
2) OtW not producing a longitudinal Z
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Brivio, Bruggisser, Maltoni, Moutafis, Plehn, EV, Westhoff, Zhang arXiv:1910.03606



Opy = (G T % i) (Fru Tt)

Ogs = (Q1.T4Q)(a7"T*q;)

Brivio, Bruggisser, Maltoni, Moutafis, Plehn, EV, Westhoff, Zhang arXiv:1910.03606



Theory Data

(N)
NLO QCD for SMEFT

| State-of-the-art PDFs without top data]

t Top pair production and single top (differential) §
' Associated production with W,Z,H
W helicity fractions

Parton-level

' Global SMEFT fit [ ©

Fit results can be used to bound
specific UV complete models
I New data can be straightforwardly added |
t Plan to extend to Higgs, gauge sector etc

Based on NNPDF ',
Faithful uncertainty estimate |
Avoid under- and over-fitting |
t Validated on pseudo-data (closure test)

Methodology Output




Data

Dataset | Thdat
ATLAS_tt_8TeV_ljets | my | T
. . CMS_tt_ETeV_ljets | gy | 10
Top-pair production  e=sms s jmuw|
_tt_13TeV_ljets2 |y, ] 8

L]

CMS_tt_13TeV_dilep |y ]
CMS_tt_13TeV_1jets_2016 | g |
ATLAS_WhelF_BTeV
CMS_WhelF_8TeV

W-helicities

-
-

CMS_ttbb_13TeV
CMS_tttt_13TeV
ATLAS tth_13TeV
CMS_tth_13TeV
ATLAS ttZ_8TeV
ATLAS ttZ_13TeV
CMS_ttZ_8TeV
CMS_ttZ_13TeV
ATLAS ttW_8TeV
ATLAS ttW_13TeV
CMS_ttW_8TeV
CMS_ttW_13TeV

4 tops, ttbb, top-
pair associated
production

CMS_t_tch _8TeV_dif
ATLAS_t_tch _BTeV | |
ATLAS_t_tch_BTeV |y, |
ATLAS t_sch_BTeV
CMS_t_tch_13TeV_dif |y |
CMS_t_sch _8TeV
ATLAS_tW_inc_8TeV
CMS_tW_inc_8TeV
ATLAS tW_inc_13TeV
CMS_tW_inc_13TeV
ATLAS tZ_inc_13TeV
CMS_tZ_inc_13TeV

Total

Single top
t-channel, s-
channel, tW, tZ
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[

One distribution from each dataset,
to avoid double counting

Theoretical predictions

Proces | sm | SMEFT
i NNLO QCD NLO QCD
single-t (t-ch) [ NNLO QCD NLO QCD
singlet (s<h) | NLO QCD | NLO Qeb
W NLO QCD NLO QCD
tZ NLO QCD + qu;&?il.)m“s
orE) | moQm | qu;&?(:(l?f“:gors
tih NLO QCD + qu;&?il.)m“s
e NLO QCD + qu;a,?(::hnors
Libb NLO QCD + Nszh?il?Mm

Baseline fit includes:

« Best available SM predictions

« NLO EFT predictions
o O(1/N\*) terms
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First limits reported tor some operators
Improvement for some operators: e.g. O, O834g, Opw

Hartland, Maltoni, Nocera, Rojo, Slade, EV and Zhang, arXiv:1901.05965



Fit allows to check the impact of NLO QCD corrections
and of including the O(1/A4) terms

SMEFIT analysis of LHC top quark data

10%

B SMEF[T NLO, ©(A™Y)
BN SMEFIT LO, O(A™%)
B SMEFIT NLO, ©(A~?)

101 -

95% Confidence Leve| Bounds (1/TeV?)
[~}

1077 4

Non-trivial impact of the two effects, can be different operator-

by-operator
Hartland, Maltoni, Nocera, Rojo, Slade, EV and Zhang, arXiv:1901.05965



o Introduction to the EFT

- EFT In top quark physics
~ Precision calculations in the EFT
- Towards global fits in the top sector

- EFT In the top-Higgs sector
~ lop loops in the EFT
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See also

. —
IO —€—
At iy ol Sl S
Oz = 195 (Q0o" T1) oG, - -
Degrande et al. arXiv:1205.1065
Grojean et al. arXiv:1312.3317

Azatov et al arXiv:1608.00977 ttH H, H +j HH

Use with 1) ttH and 2) H, H+] to break degeneracy between
operators and extract maximal information on these operators

Maltoni, EV, Zhang: arXiv:1607.05330



NLO: %Z—Ioop
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As in SM-HEET

Harder

but master integrals known

13 TeV o LO
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Deutschmann, Duhr, Maltoni, EV
arXiv:1708.00460
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Deutschmann, Duhr, Maltoni, EV arXiv:1708.00460
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Grazzini et al 1612.00283



do/dp,(H) [pb/GeV]
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The Higgs potential

1 1
V(H) = §M§IH2 + AHHHUH?) + Z)\HHHHH4

Mg,
202

H [
S0 S0

AHHH = A\HHHH =

HH production at 14 TeV LHC at (N)LO in QCD ]
MH=1 25 GeV, MSTW2008 (N)LO pdf (68%:cl) ]
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Phys.Lett. B732 (2014) 142-149

A challenging process at the LHC
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The future

The present

Given the current constraints on o(HH), o(H) and
the fresh ttH measurement, the Higgs self-coupling
can be currently constrained “ignoring” other
couplings

Precise knowledge of other Wilson coefficients
will be needed to bound A as the bound gets
closer to SM

Differential distributions will also be necessary
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including interference and squared terms
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The present
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the fresh ttH measurement, the Higgs self-coupling
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The future
Precise knowledge of other Wilson coefficients

will be needed to bound A as the bound gets
closer to SM

Differential distributions will also be necessary
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Precise knowledge of other Wilson coefficients
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Differential distributions will also be necessary



Are we measuring i or

NLO EW in SMEFT may not be small:

O(OéEw/ﬂ'Ct/CH) instead of O(OéEw/ﬂ')

Weak corrections can be important for
unconstrained operators




Orp = Q1@ (91) + h.c.,
0% = (¢1iD L) (@71 Q),
Opty = (¢'iDpg) ((4"D) + h.c.,

Oip = (Qo*t) $By,, + h.c., + Current constraints from
Opt = (1D ) (1), top LHC measurements

1 =g =
0% = ("D u) (@' Q)
O = (Qo*71t) (,BW,{V + h.c.,

Poor knowledge of top couplings leads to

uncertainties on Higgs measurements at the LHC:

0} vZ bb WW* 171"
gg [(-100%,1980%) (-88%,200%) (-40%,48%) (-40%,47%) (-40%.46%)
VBF[|(-100%,1880%) (-88%,170%) (-6.1%,5.3%) (-6.8%,6.7%)|(-8.8%,9.2%)
WH ||(-100%,1880%) (-88%,170%) (-5.5%,4.2%) (-6.1%,5.6%)|(-7.8%,7.9%)
ZH |(-100%,1880%) (-87%,170%) (-6.5%,5.9%) (-7.1%,7.1%)|(-9.4%.9.9%)

loop-induced tree-level
EV, Zhang arXiv:1804.09766




Circular Electron Positron Collider & HL-LHC:
Top + Higgs Global Fit

Higgs production and decay WW production
precision of the Higgs parameters at CC (global fit, Ax2=1)

. . 10" g7 5
precision of top operator coefficients (global fit, Ax?=1) |l CC 240GeV circular collider with unpolarized beams E
- |l CC 240GeV + HL-LHC 240GeV (5/ab) + 350GeV (0.2/ab) + S65GeV (1.5/ab}
: : - . L light shade: marginalized over top parameters |
M HL-LHC circular collider with unpolarized beams CC 240/350/365GeV B

Il CC 240GeV 240GeV (5/ab) + 350GeV (0.2/ab) + 365GeV (1.5/ab 1 1l CC 240/350/385GeV + HL-LHC| | solid shade: all top parameters set to zero 4
CC 240GeV + HL-LHC solid shade: 6k, setto 0 = & 3
CC 240/350/365 GeV light shade: 6k; set free - ]
5 CC 240/350/365 GeV + HL-LHC - .
&_' : -1 = ] H h—
L 10 5 107"E ; :
) 0 - ]
E S ]
% a 107 : E
- - 3
(&) C ]
107 =

107 :

6z Czz Czm Ty Tzy Ty & Oy 6Yp Oy: Oy, Az 6kx/10°
Durieux, Gu, EV, Zhang arXiv:1809.03520




« SMEFT is a consistent way to look for new interactions

* Higher-order corrections needed to match SM precision and
experimental accuracy

* Progress in top-quark processes: single top, t(t)+V, t(t)+H as
well as in the Monte Carlo automation of these corrections

 QCD corrections important both for total cross-sections and
distributions: SM k-factors are not enough

* First global fits results already available: important to include
NLO predictions where available and to combine as many
processes as possible to extract maximal information

* Electroweak loop corrections can be important, progress

towards computing them and assessing their impact



Thank you for your attention



