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Precision Interpretations

Want to improve...

Global nature Sensitivity
As many observables Experiment:
as possible Best measurements &

understanding of

|dentify patterns & uncertainties and
correlations in fits correlations

Exploit energy-growth Theory:
Best available
predictions for
observables (NLO,
NNLO, N3LO,...)
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Interpretation
Relies on accurate
knowledge of the size
& correlation among ai

Determining ci®
requires most precise

available SMEFT
predictions

Priority:
dim-6 & QCD loops

SMEFT@NLO



Higher orders in SMEFT improve...

Accuracy (better central value)

No deviation: better representation of new physics reach
Yes deviation: better pinpointing of new physics origin

Precision (better error bars)

Control over (must include running & mixing)

Sensitivity

Knowledge of the
Differential predictions - key for, e.g., multivariate & ME based analyses

New sensitivity (e.g., top loop in ggF)
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S M E FT @ N LO [Degrande et al.; arXiv:2008.11743]
htto.//feynrules.irmp.ucl.ac.be/wiki/SMEFTatNL O
Standard Model Effective Theory at One-Loop in QCD

Céline Degrande, Gauthier Durieux, Fabio Maltoni, Ken Mimasu, Eleni Vryonidou & Cen Zhang, ~»arXiv:2008.11743

The implementation is based on the Warsaw basis of dimension-six SMEFT operators, after canonical normalization. Electroweak input parameters
are taken to be Gg, Mz, M. The CKM matrix is approximated as a unit matrix, and a U(2)q x U(2)y x U(3)q x (U(1) X U(1)e)3 flavor symmetry is

enforced. It forbids all fermion masses and Yukawa couplings except that only of the top quark. The model therefore implements the five-flavor
scheme for PDFs.

A new coupling order, Np=2 , is assigned to SMEFT interactions. The cutoff scale Lambda takes a default value of 1 TeV-2 and can be modified
along with the Wilson coefficients in the param card . Operators definitions, normalisations and coefficient names in the UFO model are specified
in definitions.pdf . ~.. The notations and normalizations of top-quark operator coefficients comply with the LHC TOP WG standards of

1802.07237. Note however that the flavor symmetry enforced here is slightly more restrictive than the baseline assumption there (see the
dim6top page for more information). This model has been validated at tree level against the dimé6top implementation (see ~»1906.12310 and
the =» comparison details).

Current implementation

UFO model: SMEFTatNLO_v1.0.tar.gz

The current implementation imposes CP conservation. In the quark sector, it focuses primarily on top-quark interactions. The light-quark current
operator, qqHDH, uuHDH, ddHDH, with coefficients cpg3i , cpgMi , cpu, cpd are however included. The triple-gluon operator, with coefficient
G , is currently not available (see the loop-capable implementation). Vertices including more than four scalars or four leptons are not

MG5_aMC>import model SMEFTatNLO
MG5_aMC>generate pp >t t~ NP=2 [QCD]
MG5_aMC>output

MG5_aMC>launch
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What's in there” S

not 2499 Operators! [Grzadkowski et al.; JHEP 1010 (2010) 085]
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Some symmetries imposed to control parameter space
CP, B and flavor conservation

Top-specific flavour structure of 2 & 4 fermion operators
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~Flavor symmetry

Approximate flavor symmetry in the SM

» Broken by Yukawa interactions
- In the SMEFT, broken by: ~ ¥*X ¢, ¥°¢°, (LR)(LR),(LR)(RL) & O 4uq

* Any off-diagonal or non-universal entries of other 2F operators

SMEFTatNLO: minimal extension to single out top quark

cf. Minimal
flavor violation

universal  U(3)L X U(3)e x U(3)q x U(3)u x U(3)4 )
op UEB)L x U(3)e x U(2)a x U(2)u x U(3)4

.‘.

¢
Qo"
o

Yukawa — ¢?H? : (
Dipoles  ¢?XH : (
 (

(

See dim6top

[Aqguilar-Saavedra et al.;
3rd gen. arxXiv:1802.07237]

currents
3rd gen. 4F  ¥*:

W’ H?D : (¢'D, 90)(@7“ Q) (@Y7' Q), (Ey" 1), ...
QY Q) @V q), (@Y Q) Q. Q), ..
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N practice

Bosonic operators of the Warsaw basis

Top-specific flavour structures
 Chirality-flipping interactions involving Qs & tr
* Bottom quark chirality-flipping interactions not present (br)

« Chirality-conserving interactions: universal gen. 1 & 2 + 39 gen

[0(3)] N [O(i)]w and [0(3)]33 _ {(9“) (9( }

©q;

0,.] = [0,.)"7 and [0,,]°* ={0,.,.,0,, }
 four-fermions: 2-heavy-2-light & 4-heavy (no 4-light)

Lepton sector: [U(1)L x U(1)e]3, flavor diagonal (e,u,7)

: : [Aguilar-Saavedra et al.;
Conventions match dim6top, where relevant arﬁ,-v,7802,07237]

See definitions.pdf on webpage for more details
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5-flavor scheme (massless b) & CKM=T1

EW input scheme: {Gr, Mz, Mw}

Relevant field redefinitions & EW parameter shifts performed

EFT renormalisation scale mueft

Separate, fixed scale for the running of the Wilson coefficients
MG5 does not run the Wilson coefficients (yet)

Usual muR & mukF are kept for as & PDFs

Everything available for NLO/loop calculations, except...

Triple gluon operator, cG  http:/feynrules.irmp.ucl.ac.be/wiki/GGG

Scalar & tensor 2-quark-2-lepton operators: ctlS3, ctlT3, cblS3

Validated at LO against dim6top & SMEFTsim
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[CMS-FAS-TOP-001]  [CMS-PAS-HIG-19-005] [CERN-EP-2020-034] :
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Selected results



[SMEFT@NLO, arXiv:2008.11743]

. n | O(A~2) O(A™Y)
4F In top pailr o v
s, | a27tlL” 4.06" 1% 1.047%% | 1.03%2%
cga | 27970 2771 % 0.57715% | 0.61173%
LHC 13 TeV. SM = 744 pb, K-factor = 1.46 ety | 69975 6.67% 3% 161755 | 1.20%3%
| o 4.26’:;;): 3.931“}12 1.04f‘5‘:7‘; 0.798f§:7‘;
color-octet It: cha | 279750 2.93*70% 0.587%% | 0.48512%
. 99 . c‘?v(‘i 6.99"'?;7% 6.82+:Z° 1.61+§Z’ 1.69+3%7?
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color-singlet gqtt. cty | 1039797 -0.4721% | 0.5013%) | 7.2575% | 93670
. . 1 +0% ~ +23% +6% +6% +6%
interference with QCD ttbar at NLO cqu (033 gl | 03597 | (09T gl | 408 gy | 996 g
, , cha | [F0.1170%] [0.023(6) 2107 | [-0.197E%) | 2.6175% | 3.46737%
[x] interference with EW ttbar | 057H%) | -024730% | (0.3919% 1| 7.25%S% | 9.34+3%
. o coa | [1.9241%] | 0.088(7)*35% | [1.057)T%] | 7.2570% | 9.3270%
4-top operators: loop-induced sensitivity ¢ | 0.0586727% 0.125+19% 0.006287 55, |0.01331 55
cy, [0.0583F27% -0.107(6) " 39% 0.00619%1%% 10.0118*3%
cho 1 [-0.117157%1 -0.039(4)*227% | [-0.1217%) | 0.02827 127 0.0651 107
coe J[-0.068F15% 2517297 [-0.1242%1 | 0.02837 2% | 0.0667 5%
el X 0.21572%7% X X
0.08
_ = SM/1000 = cb,/10
0.06 o = e
0.04
=
- L = 002
some operators (Q) have a bb-initiated contribution = - —
£ 0.00
4-top interference in ttbar: . .
pattern of cancellations at differential level
L —0.04 1 pp — tt, LHC 13 TeV
competition between phase space & gg, bb Linear O(A-2), ¢/A% — 1 TeV-2
~0.06 *= .

350 400 450 500 550 600 650 700
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4—1:0 p [SMEFT@NLO, arXiv.2008.11743] I computation time warning !

che| 0.373T52%  0.201)F23% | 0.53]1.518133% 1.4073% 10.93
1 +88% +83% +53% +3%

chy [—0.007(1)185% —0.14(3)15374 21 [2.061733% 1.8973% 10.92
i, | 0.741%51%  0.42(3)11%% | 0.57| 6.08133% 5.6513% [0.93

( N C o 3 \ O(A™?) O(A™*) —
"‘M / T y 4 — 5 e LO NLO K LO NLO | K
s — bho| 0.126751%  0.089%8% | 0.71]0.1701%3% 0.16573% o0.97
t~ 6 6 ‘ g 1 \4
< . g diagram 290 ‘ NP=2, OCD::QED:D \ diagram 291 NP=2, QCD=4, QED=0
t 5 1 .
Nl LT e —
LHC 13 TeV. SM = 13.9 pb, K-factor = 1.37

—35% —66% —32% —26%
B, | 0.421783% 0.2951°% | 0.70]0.498152% 0.333715%10.67
All K-factors very different from SM Interference K-factors mainly « 1
Quadratic < 1

Recent 4.3(2.6) sigma evidence reported by ATLAS(CMS)

« Actually an excess, y ~ 2 [ATLAS-CONF-2020-013] [CMS: EPJC 80 (2020) 2, 75]

 Current limits on 4-top operators ~ |C| < 2-5 (A1 TeV)2/2  [CMS; JHEP 11 (2019) 0582]

. . 2 -2 -2
* Dominated by EFT2 quadrath term Operator Expected C, /A~ (TeV™“) Observed (TeV ™)
Ok [—2.0,1.9] [—2.2,2.1]
. 1 _ _
+ Room for complementarity from Oaq [-2.0,1.9] [—22,2.0]
Oy [-3.4,3.3] [-3.7,3.5]

loop-induced top pair effects
0%, [—7.4,6.3] [—8.0, 6.8]
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M U ‘ t i b O S O n [SMEFT@NLO; arXiv:2008.11743

gg-initiated K-factors

2.5
K/ 4 -2
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__________________ [ ISR 4 5 N
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: 0.0 ] °
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15; ......... Xl: ........ R ——
10f ¢ ¥ g t & ¢ ¢
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o v WWZ % 727272 A WZ o K<0
o "0, 0, Ous 04 0,, 0 0] O 0, 0,
. . . [CMS; arXiv:2006.11191]
Non-universal NLO corrections, different from SM CME Briiniay N —
Large, negative K-factors for triple gauge operator, cw combined | _9-4_»- S e
Non-interference/cancellation at LO broken at NLO ; |
www | sre— 116°385 0%
First triboson observation by CMS this year we| = == AT
| Wz | o e 22441122
* Also strong evidence from ATLAS N O v
- New window into SMEFT? [ATLAS, PLB 798 (2019) 134913] O DOV NS SR VS N SN |
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Improving fits
[Ellis, Madigan, KM, Sanz, You,; arXiv.2012.02779]  see also [ATLAS-CONF-2020-053]
STXS for ggF: one-loop is LO for the SM

o Tree-EFT x loop-SM and loop-EFT x loop-SM interference terms

» Heavy top limit OK for 0-jet, breaks down for high-pr

2 jet 2 jet
0 jet 1 jet 0<m;<350GeV  0<pf<200Gev high-pr
] STXS 1.1
0.4 - ggF prediction
W Cyc X 1072
03' W Cix0.2
o 02] = Co
Osm ] W Cy
01‘ M Chpox
0.01
-0.1
_0.2 T T T
A R S S S S S >
O O O O O © ©) ) O © O €
S N R\ S R S N P TS S N S P RN
R AN AN AN A 2 A I G
R XN OX XN X A A
of W8 L 0 S ey e
Q Q
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Conclusion & future plans

SMEFT@NLO is a milestone in tools for SMEFT predictions

* Automated, fully differential computations up to one-loop
* NLO+PS, loop-induced, tree-loop interference (see backup)
 Visit & contact us for more info http.//feynrules.irmp.ucl.ac.be/wiki/'SMEF TatNL O

Many extensions planned

* CP-violation

‘add-on’ for b-
* Extended flavor structure: U(2)° (b chirality-flipping ops) Yukawa operator at
- cg @ NLO LO (see website)

4 light fermions operators (gggqg & gqgll)

Open to suggestions!
Work in progress for running of Wilson coefficients in MG5

Long term: EW loops, already possible for the SM in MG5
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Single top

Fit with a

[Zhang; PRL 116 (2016) 162002] Fit without deviation (hypothetical) deviation
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Different patterns of phase-space cancellations at 0 0@ 3.31
LO/NLO lead to non-trivial & strange K factors T 0 vo® 1.36
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. E1f GeV ]
[Bylund et al.; JHEP 1605 (2016) 052] e e oo
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Non-universal K-factors
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Viryonidou & Zhang; JHEP 1610 (2016) 123]

J

[Maltoni
[SMEFT@NLQO; arXiv:2008.11743]

( gg -> H/HH/HHH (100 TeV)

| loop-sensitivity

SMEFT@NLO

Projected FCC-hh reach: 1%, 5% and 50% on H, HH and HHH
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QCD Higgs production

>pp>73J QED=0 QCD=2 NP=2 [QCD] loop-induced
>gg>H QED=1 QCD=2 NP=2 [QCD]
Drell Yan >gg>HEH QED=2 QCD=2 NP=2 [QCD]
>gg>HHEH QED=3 QCD=2 NP=2 [QCD]
> p p > mu+ mu- QCD=0 QED=2 NP=2 [QCD] >gg>H]J] QED=1 QCD=3 NP=2 [QCD]
> p p > mu+ vm QCD=0 QED=2 NP=2 [QCD]
>pp>W+ j $$t QCD=1 QED=1 NP=2 [QCD] Top quark production
>pp>W- j $$ t~ QCD=1 QED=1 NP=2 [QCD]
>pPp>12 ] Sarm (B nis [eEd] > e+ e- > t t~ QED=2 QCD=0 NP=2 [QCD]
>pp>t t- QED=0 QCD=2 NP=2 [QCD]
Multi-boson production >pp>tt~-h QED=1 QCD=2 NP=2 [QCD]
>pp>tt~-yz QED=1 QCD=2 NP=2 [QCD]
quark-initiated >pp>tte Wt QED=1 QCD=2 NP=2 [QCD]
>pp>t W- $$ t~ QED=1 QCD=1 NP=2 [QCD]
> pp > Wt W- QED=2 QCD=0 NP=2 [QCD] >pp>tW-3j $$ t~ QED=1 QCD=2 NP=2 [QCD]
>pp> W2 QED=2 QCD=0 NP=2 [QCD] >PP>t] $% W- QED=2 OCD=0 NP=2 [QCD]
>pp>2 2 QED=2 QCD=0 NP=2 [QCD] >pp>thj $ W- QED=3 QCD=0 NP=2 [QCD]
>pp>t 2z j $$ W- QED=3 QCD=0 NP=2 [QCD]
loop-induced >pp>taij $$ W- QED=3 QCD=0 NP=2 [QCD]
> g g > W W- QED=2 QCD=2 NP=2 [QCD] .
>gg>2 %  QED=2 QCD=2 NP=2 [QCD] “set widths to zero to ensure gauge
> g g > W+ W- Z QED=3 QCD=2 NP=2 [QCD] . .
>gg>2% 2Z Z QED=3 QCD=2 NP=2 [QCD] invariarce

Supported processes passing gauge & pole checks
Some amplitudes have been cross-checked analytically

NLO can be costly, we are available to contact about ‘feasibility’ of processes
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V2 Or v3

MGS uses coupling orders for command — diagrams

* QCD, QED & NP : NP(1/Lambda,)=1 Reason for gs

normalisation of
top chromo-dipole
* 4F operators have only NP=2, cannot interfere with SM QCD using v2  operalor ciG

» v2: cannot mix QCD orders among diagrams in NLO computations

Recommend v3 for full access to SMEFT@NLO features

https.//code.launchpad.net/~maddevelopers/mgb5amcnlo/3.0.3-neworders
* Dev. branch that works with SMEFT@NLO, merged to trunk soon

» | Fixed Order only I NLO+PS in preparation (out by end of the year)

v2.X.Y v3.0.3-neworders
coupling order matters split interference & square
no SM x four-fermion no events (yet)

Always specity QCD,QED & NP orders when generating
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https://code.launchpad.net/~maddevelopers/mg5amcnlo/3.0.3-neworders

Tree-loop interference

MG5 supports LO, NLO & loop-induced modes

* Loop-induced is a relatively new feature

» Directly computing interference of tree & loop diagrams not implemented

Example: g g = H (+ X) in SMEFT

* SMis loop-induced but SMEFT has a tree-level contribution:

SM, Cy, 0]*(Qt) @ \SO\QGW
& Cui (Qoy TA ) ngW """ Coc

. Relevantforgg—>Hj,Hjj,HH,HHH

Can be obtained using reweighting feature of MG5

« Alternative method at FO NLO in v3 Dedicated recipes on the
 See backup for H+j reweighting recipe webpage soon
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gg>hjin SMEFT@NLO

MG5_aMC draw diagrams based on coupling orders
* Loop-induced mode is triggered when no born diagrams are found
* Technical issue when you want to compute EFI-tree x SM-loop interference

Ingredients: 2 restriction cards, one with cpG=0 (restrict_opt.dat), one with cpG#0 (restrict_opG.dat)

1) MG5_aMc>import model ./SMEFTatNLO_U2_2_U3_3_cG_4F_Lo_UFofopt] SwitCh Off cpG ™y :

MG5_aMC>output ---

MG5_aMC>generate g g > h j QCD=1|NP=0|QED=1 [QcD] S| Oﬂ|y S 2%%%

2) IMG5_aMC>generate g g > h j QCD=1[NP=2 NP~2==2|QED=1 [QCD]
MG5_aMC>output - - - .
A ORERE Yukawa interference >

34) MG5_aMC>import model ./SMEFTatNLO_U2_2_U3_3_cG 4F LO_UFq-opG| SwitCch on CpG

MG5_aM(C>generate g g > h j NP=2 QCD=1.6ED=1 NP"2==4

MG5_aMC>output gg_hg

Tree-level

3b) Create & modify reweight_card.dat

change process g g > h j NP=2 QCD=1 QED=1 NP”2==2 [QCD]
change output 2.0 '
launch
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