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SMEFT IS Left = ; /C\il?i

Model independent
Heavy new physics: M > Eexp

* Underlying assumptions SM field content & gauge symmetries
Linear EWSB: Higgs = doublet
Systematically improvable ,
E

/
* Double expansion higher dim. A2 & {gs, g, g} more loops

Global

 Model independence: we don't know what operators NP will generate

e Patterns & correlations among observables are key
« Ultimate goal: complete SMEFT likelihood confronted with HEP data

EWPO, Higgs, , top, DY,
Established part of LHC programme
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SMEFT interpretation

Improving sensitivity:
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Global nature Sensitivity
As many observables Experiment:

as possible

|dentify patterns &
correlations in fits

Exploit energy-growth
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Best measurements &
understanding of
uncertainties and
correlations

Theory:

Best available
predictions for
observables (NLO,
NNLO, N3LO,...)

Interpretation
Relies on accurate
knowledge of the size
& correlation among ai

Determining ci®
requires most precise

available SMEFT
predictions
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SMEFT@NLO

NLO computations for SMEFT: very active field
« Non-universal K-factors in EFT space < new information at NLO

e [Loop-induced sensitivity
e Control theoretical uncertainties

« Experimental interest in higher precision for SMEFT analyses/interpretations

Challenge: many processes x many operators
« LO = NLO = more cross-talk/operators/complexity

* Automated tools for fixed-order/NLO+PS are essential to the LHC programme
S M E FT @ N Lo [Degrande et al.; arXiv:2008.11743]
http.//feynrules.irmp.ucl.ac.be/wiki/SMEF TatNL O

* UFO model for MadGraph5 aMC@NLO

* Process-independent implementation: SMEFT in top-specific flavor limit
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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 G, Mz, My. 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(l)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
cG , is currently not available (see the loop-capable GGG implementation). Vertices including more than four scalars or four leptons are not
included. Scalar and tensor QQ11 operators, with coefficients ctl1s3, ctlT3 , and cbls3 , break our flavor symmetry assumption and are not
available for one-loop computations. Top-quark flavor-changing interactions, not compatible with the imposed flavor symmetry, are not included
(see the loop-capable =* TopFCNC implementation).

Unlike prescribed by the LHC TOP WG, the top quark chromomagnetic-dipole operator coefficient ctG is normalized with a factor of the strong
coupling, gs. This normalization factor temporarily ensures compatibility with the 2.X.X series of MadGraph5_aMC@NLO but may be dropped in

MG5_aMC>import model SMEFTatNLO ‘QCD’ loops

MG5_aMC>generate p p > t t~ NP=2 [QCD] coloured par'z‘/c/es,
strong coupling or
MGS_aMC>output 4-fermion couplings

MG5_aMC>launch
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What's in the box?

‘Warsaw’ basis [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

* SM: broken by Yukawa interactions

. SMEFT: broken by w*X¢,y*¢>, (LR)(LR), (LR)RL) & O,
* + any off-diagonal or non-universal entries of other 2F operators

SMEFTatNLO: minimal extension to single out top quark
universal  U(3)L X U(3)e X U(3)a x U(3)u X U(3)4

cf. Minimal
top  U(3)L x U(3)e x U(2)a x U(2)u x U(3)g )

flavor violation
[Buras et al.; PLB 500

W2H? - (2001) 161]
fukawa H (SO ) ( ! ) [D’Ambrosio et al.; NPB
Dipoles  ¢*XH : (Q "1 @) By (W, G, 645 (2002) 155]
3rd _ :

U9 2D (01D, 0) (@Y Q) (@' Q), (E4*1),..) | S€€ dimbtop
A ~ ~ Aquilar-S d tal;
oo 4 @ Q). @ Q@R Q). | LGS
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[CMS-FAS-TOP-001]  [CMS-PAS-HIG-19-005] [CERN-EP-2020-034]
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Selected results

Some from previous works, superseded by SMEFT@NLO
A few, simple new results presented in 2008.11743


https://rosetta.hepforge.org
http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

Predictions

C.
Dim-6 SMEFT:  of = o/, + Z A O(A™)

(;} = {0, 0] 0—05M+20A2 Z 0;; A4 .@(A—4)

Higher orders (dim > 6) unspecified

. 0;; formally same order as Gl.(g)

* Relative importance is model/power-counting dependent

« EFT validity assessment depends further on data sensitivity

We always report both: {o;, Gl-j}

- 0;; contain valuable information

* Can be used in a variety of ways (included in prediction, error estimates,...)
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Single top

[Zhang; PRL 116 (2016) 162002]

XX

tj, th, tW

[Degrande et al.; JHEP 10 (2018) 005]

D 7

tZj&tH]

[fb GeV~1]

do
dpr

Scale+PDF [%]
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Fit without deviation

Fit with a
(hypothetical) deviation
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Bylund et al.; JHEP 1605 (2016) 052 1 LHCTS >0 auo —
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[Degrande, Durieux, Maltoni, KM, Vryonidou & Zhang; arXiv:2008.11743]

Multiboson qg-initiated K-factors

2.5
K/ 4 -2
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__________________ [ 5 A
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Non-universal NLO corrections, different from SM CME Briiniay I —
Large, negative K-factors for triple gauge operator, cw combined | | _9-4_»- S e
Non-interference/cancellation at LO broken at NLO , |
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signal strength p
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CMS-SMP-19-014 combined sig. str.

L X J

Triboson sensitivity

[-1.6,+1.5]
[-1.6,+1.9]

[-1.2,+1.1]
[-1.5,+1.8]
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[-2.2,+2.2]
[-2.4,+2.2]
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[-8.8,+9.0]

[-28.0,+21.0]
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[-24.0,+23.0]
[-25.0,+26.0]

[-84.0,+60.0]
[-98.0,+79.0]

[-0.55,+0.65]

[0.57,40.69] () \ ¢ 22t
e

 Next: combine with diboson/EWPO
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Projected FCC-hh reach: 1%, 5% and 50% on H, HH and HHH
SMEFT@NLO

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

log;y(linear /SM)

-
- -~

~ -
______
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4F In top palr

LHC 13 TeV, SM = 744 pb, K-factor = 1.46, central scale choice = m,

Interference
O(A™?)
“i LO NLO
oo | 427707 4.067 1%
cia | 27975 2.77H 1%
ch, | 6.997507 6.677 10
chu | 4267507 3.931%
cha| 2791507 2.930%
con| 699757 6.82+1%
coo| 1501507 1.32717%
ety | 10.67]1%] |-0.078(7)F317% | [0.41 ] 3%
cra | [0.2f" 1% -0.306 1307 | [-0.15( 100 ]
ciy | [0.3910%] 0471217 | [0.50) 37
chu | [0-33]0%] -0.359123% | [0.57F 0]
coa| [F0-11F9%] [0.023(6) 1107 | [~0.14T S %]
coa| [0.57)05] -0.24739% 1 1039772, ]
coa| [1-92]15] | 0.088(7)*207% | [1.05F575]

K

0.95
0.99
0.95
0.92
1.05
0.98
0.88

0.61
0.71
1.28
1.72
1.72
0.68
0.55

5%

Square
OA™ ")

LO NLO
1.0a%8% | 1.0372%
0.5777%% | 0.61173%
1.61+9% 1.2913%
1.047%% | 0.79813%
0.587%% | 0.48572%
1.617%% | 1.6913%
1.6178% | 157127
4.66%9% | 5.9279%
2.621%% | 3.46737%
7.257%% | 9.36757
4.687%% | 5.9679%
261157 | 3.46737%
7.251%% | 9.34%3%
7.2576% | 9.32+5%

—-5%

NLO can break degeneracies in fits

- C’sentere.g., mg in fixed combinations at LO
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0.99
1.06
0.80
0.77
0.84
1.05
0.98

1.27
1.32
1.29
1.27
1.31
1.29
1.29

color-octet qqtt:
- dominant operators in ttbar
- Non SM-like corrections

X

color-singlet qqtt:
- int. with QCD ttbar at NLO

- [x] int. with EW ttbar
- No error control at LO

=
(X
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4F In 4 top

o(pp — 17t7) [fb], ¢;/A? = 1TeV~? e
| different from arXiv version !

O(A~2) O(A—4)

i LO NLO K LO NLO K
%0 0.081135% —0.277] | 0.09011%, 1.1 | 0.11512%% | 0.158177%, | 1.37
b, 0.27415:% —0.365] | 0.3117°%, | 1.14 | 0.342155% | 0.37871%, | 1.10
cHo 0.24213%% —0.826] | 0.24(3)*3%, ] 0.99 | 1.039157% | 1.4177%, | 1.36
gy | —0.0098(10)33% | [0.852] | —0.019(9)F35% | 1.9 | 14067505 | 1.86770, | 1.32
cty 0.483153% [—1.38] | 0.53(8)T3%, | 1.10 | 4.154%57% | 5.6179%, | 1.35

QCD corrections to inclusive 4 top production in SMEFT

. Central scale choice: y = 2m, SM = ll.lf%g% fb (K = 1.83)

Computationally challenging

* ~1 week per operator run on CP3 computing cluster
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4F In 4 top

[Degrande, Durieux, Maltoni, KM,
Viryonidou & Zhang; arXiv:2008.11743]

o(pp — titf) [fb], ¢;/A* = 1TeV™> | different from arXiv version !
Interference  O(A—2) Square O(A™%)
ci LO NLO K LO NLO K
8 5% i - ofF4% V(11 d146% | Y1 2~
%o 0.081735% —0.277 0.090™1%, 1.1 || 0.115745% 1.37
b, 0.27413%% —0.365 0.311["3%, 1.14 || 0.34213%% 1.10
—»
o 0.242733% —0.826] | 0.24(3)13%, | ||0.99|| 1.039157% 1.36
ch, | —0.0098(10)*35% | [0.852] —0.0191i)t33§ 1.9 || 1.404+46% 1.32
cty 0483755 | [-1.38] | 0.53(8)735% ) |(1.10)] 415475050 )| 5.61°77, )|(1.35)
Reduction of scale uncertainty, relatively lower than SM
K-factors lower than SM SM = 11.172%fb (K = 1.83)
* Relative impact slightly decreases from LO to NLO
. . . Kl ;é K8
e Square typically receives larger corrections 00 00
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Indirect sensitivity from ¢

Loop-induced effects from 4 top operators in tt

. qg — tt: mixing with ggtt ops.
(i 1)y, 0) — (7" T,D 1) Gy,

. gg — tt: finite contribution

. bb — tf: small piece from Q

gg — tt amplitude: Helicity structure doesn’t match SM

 No interference in the massless limit [Craig et al.; JHEP 08 (2020) 086]

. Form-factor doesn’t grow with energy like ggtt contact interactions

« Main effects near 17 threshold

K. Mimasu - KITP - 08/04/2021 18 SMEFT@NLO



Indirect sensitivity from ¢

o(pp — tt)[pbl, cl-/A2 = 1 TeV~>

O(A? o0\
Results ci LO ( )NLO LO ( )NLO
— 4 11% 1% 6% 2%
« Octet gqtt for reference | ciu | 42775, 4.06" 2 1.0415° | 1.03720
8 +11% +1% +6% +3%
| Sy | 27971 27717 0.5777%% | 0.61113%
* [EW interference] 8 +11% 1% +6% +3%
S, | 6.991LY 6.671 1% 1.6176% | 1.29%3%
o 1. - g | 4.26t1% 3.9311% 1.0476% | 0.79873%
1-2 orders of magnitude Qu —9% — 4% —5% 3%
smaller cBa| 27971 2.9319% 0.581%% | 0.48512%
cha | 6997857 6.8211% 1.6178% | 1.6973%
« Competition/cancellation |c52| 1.5010% 1.32F1% 1.6115% | 1.57F2%
between gg and qq 0.0586127% 0.125719% 0.00628113%
channels 0.0583127% -0.107(6)T30% 0.00619113%
+15% +51% +7% +13%
. A4 aut tically (I [-0.11125%] |-0.039(4 -0.1277%] | 0.0282713%
automatically (loop
_ +16% _ +29% | 1_ +3% +13%
suppressed [-0.068+16%] 2.51729% | [-0.12F3%] | 0.0283713%
X 5 X

. One intriguing number from Cét, similar in size to ggtt octets! 0y, suppressed in 4t

. ~ Few percent effect near tf threshold assuming current bound ~ 3.5
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qz dependence

= SM/1000 — c,,/10
Lack of energy growth 0.06° G =
» Sign changes over phase 004
space lead to suppressions & 002_2
- T
- ==
* Quark and gluon channels £ 0.00- _\_i_\—\_?===_=
often have opposite sign ° —
—0.021
* Optimistic: need few percent . o > tF. LHC 13 ToV
precision near threshold Linear O(A~2), ¢;/A2 = 1 Tov~?
-0.06t 4m4mm—m—m—mm™m™m™@™ @@ —————————————————

350 400 450 500 550 600 650 700
m (tF) [GeV]

Completely different dependence to tftt
. Limited prospects but may be at least useful for breaking tftf degeneracies

e Further study required
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[Maltoni, Vryonidou & Zhang;
JHEP 1610 (2016) 123]

Top/HIggs interplay., mas

Inextricably linked in the SM | |
O_
* Yukawa interaction controls ggF /\ 5

10+ .

« Strong BSM motivation to study tops

=20+ pp—Hj

ggF is well measured now - ?

L -0.04 -0.02 0.00 0.02 0.04

e Cannot exclude top partners/anomalous Yukawa i%r

Cy: Point-lik
HG Foint-like Blind direction in BSM scenarios

Ciy Yukawa == - - o
C;G Di,oo/e eclive coupling aegeneracy
| g8l
Need more data to break degeneracy
. ttH production for direct Yukawa measurement f \

. 1f data to constrain dipole (tH 4— 1[I
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The role of top data

1t cross section measurements constrain C,;

o improve bounds on Cy; and C,y g t

_ q t
Several other new interactions can affect ¢t D

~ Az

. Notably ggtt operators, of which there are many (14) - ;
* To what extent do these in top/Higgs sector?
Can only be addressed in combined fit
* Beyond tree-level (at least for ggF) H
 |dentify other cross-talk (non-trivial correlations) h

* Broaden range of applicability to UV models
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STXS ATLAS Vs=13TeV, 36.1 - 79.8 fb™

(Simplified Template Cross Sections) my=125.09 GeV, ly |<2.5

0-jet 028 012 -0.06 0.04 012 025 0.0 :0.22 -0.03 -0.15 -0.06:0.09 015 0.15 ooa 009 0.16 :0.37 4153 -0.19 055 -0.24 1 :
T T T T . ! 1-jet, p' <60 GeV : _0.21" :
ATLAS Total Stat. Syst. et, p7 032 013 0.00 040 038 0.32 038 Evo7 0.22 -0.59 0,2150.02 004 0.05 Eo.m 002 0.06 EoA14 E-0.20 -0.07 0.09 -0.15
B. /B 08y 014 (+0_12 +o.o7) 1-jet, 60 < P: <120 GeV |o.29 0.18 027 008 045 036 0283014 -021-074 -021:0.03 007 007001 004 008 :0.17 026 0.09 -0.16 015 O 8 ><
VE =13 TeV. 36.1 - 79.8 fb'1 ez ' _85153 £;g’ ‘ggg 1-jet, 120 < ,0': <200 GeV |o28 032 018 027 021 035 027012 016 -0.63 0.17:0.04 007 0.08 :001 0.05 009 :0.20 :-0.29 -0.11 -0.15 0.22
SRl ’ B /B, (= +0. 24 +0. . : i : _—
—125.09 GeV. ly 1<25 bb' = ZZ 061 o529 (Zo18 -022) Ty 1-jet, p': =200 GeV|o.12 013 0.18 010 016 0.14 0.14 :0.15 -0.08 0.22 ~0.41:0.03 0.02 0.03 :0.02 0.02 0.03 :0.11 i-0.18 -0.04 0.06 -0.20
my= . ev,ly I<ec B. /B 1020 +0.14  40.14 la T ; ; : " 0.6
o H ww'= zz+ FE'| 0.93 017 ( ~0.12* ,0,12) S x = 2-jet, pT <60 GeV [o.06 000 0.27 0.18 0.15 0.10 0.14 :0.05 -0.13 -0.37 -0.12:-0.02 -0.01 -0.01:-0.01 -0.01 -0.01:-0.03:0.02 0.01 0.10 -0.01 b
P =69% B_/B_.. +0.29 4022 +0.19 > 2-jet, 60 = p" <120 GeV |0.04 (040 008 027 0.10 0.24 029 10.07 -0.33 -0.46 -0.19:0.03 0.04 0.04 :0.02 0.02 0.05 :0.09 :-0.18 -0.06 0.00 -0.06
SM w/Bzz 078 o2 (Zo1e 014 T
—e—i Total Stat. ) . ) . A A = 2-jet, 120 < P: <200 GeVlo12 038 045 021 0.16 015 027 10,11 0.48 -057 -0.221003 0.04 0.05:001 003 0.05:0.11 i-0.21-0.06 -0.03 0.20 —] O 4
— SySt- | §M 0 0.5 1 1.5 2 2.5 = 2-jet, p'; =200 GeV o025 032 036 035 0.14 0.0 0.24 1018 029 -0.44 052:0.08 008 009 :004 005 010 :023 1042 012 013 042
Total Stat. Syst. VBF topo [0.10 038 028 027 0.4 0.14 029 027 -0.10 -0.49 4).1950.07 008 0.08 éo.os 005 0.10 50.19 5-0.38 0.2 001 -0.29 O 2
0-jet F 1.30 +g}g (+glg, 0.10) VBF topo [0.22 007 014 0.12 015 005 007 0.11 .08 -0.08 -0.27:0.03 0.04 0.05:0.02 0.03 0.05:0.15 -0.16 -0.06 -0.31 -0.06 -
T . ] ] : o
1-jet, pH <60 GeV 75 1.16 055 ( +0.47  +0. 28) gmkj VH topo [0.03 -0.22 -0.21 -0.16 0.08 0.13 -0.33 -0.48 -0.29 -0.10 :-0. 0.18 :-0.01 -0.01 -0.01:-0.01 -0.01 -0.01:-0.03 ;0.07 0.02 -0.01 0.06
T : = -0.45°  -0.30 ] ] ] S
1-jet, 60 = p < 120 GeV |'I.'| 136 +0.60 (+0 51 +0. 32) % x Rest |-0.15 059 -0.74 -0.63 0.22 -0.37 -0.46 -0.57 -0.44 -0.49 :-0.08 i-0.04 -0.05 -0.05-0.01 -0.03 -0.06 :-0.12:0.21 0.07 0.00 0.17 — O
) = . i ] : ] b
. T H ;?'gg +8 3481, :8 gg p’ = 200 GeV [-0.06 -0.21 -0.21 -0.17 -0.41 -0.12 -0.19 -0.22 -0.52 -0.19 :-0.27 -0.03 -0.03 :-0.02 -0.02 -0.04 ;-0.08:0.17 0.05 -0.03 0.04
1-jet, 120 < p" <200 GeV = 239 oo ( W s T L I R 3 oo,
T -0.99 1-088 -046 s p’ <150 GeV 009 002 003 004 003 -0.02 003 003 008 0.07 :0.03 -0.01-0.04 0.00 i-0.05 0.00 -0.03 :0.04 i-0.16 0.04 -0.06 -0.06
1-jet, pH = 200 GeV == 150 1% (+1 19 +0. 53) £ 4 - 7 250 Gov E | : 00t ] —O 2
—Hx B T : 117 \_1.09° -0.44 1o =p/< eV ]0.15 004 007 007 002 -0.01 0.04 0.04 008 0.08 :0.04 -0.01-0.05 -0.03: 0.10 0841022 1020 -061 -0.12 -0.10 -
99 X Bzz > 2-iet pH < 60 GeV | 4232 4197 +1.23 g x 7 : ; ]
= et p == 071 555 (Uiee —070) S Pz 250 GeV|o.15 0.05 007 0.08 003 -001 0.04 005 0.09 0.08 :0.05 -0.01 -0.05 -0.03 }0.00 024 081026 ! 4120 072 013 -0.11
i H 426 41, O V] P L preseriroenieneesess pree et T g - T :
= e2-jet, < . * * T . 003 001 001 001 002 -0.01 0.02 001 004 0.03:0.02 -0.01 -0.01 -0.02 :-0.05 -0.14 -ooz -ooa 025 -0.02 -0.02 —
-2t 60 < pr< 120 GoV | 2o 3 1 AL 0.4
- - N 3 g i "
= 2-jet, 120 = p" <200 GeV F=d 109 *O1 (+0 94 +038) %m 150 =< p: <250 GeV|oog 002 004 0.05 0.02 -0.01 002 0.03 0.05 0.05:0.03 -0.01-0.03 -0.02:0.00 0.10 10,12 1013 -0.26 -0.07 -0.06
T . -0.97 0.89° -0.39 X X 1 1 . : 1
= 2-jet pH = 200 GeV = 3.19 +1.26  +1.12  +0. 58) 8 ,DV =250 GeV|o.16 006 008 009 0.03 -0.01 0.05 005 0.10 0.10:0.05 -0.01-0.06 -0.04 :-0.03 054 0.51:-0.20 -0. .29 1-0.21 -0.80 -0.14 -0.12 O 6
> , > ] . 3 3
T : -1.08 L_008 -046) I el e TR ELERS . Torrees. . g st — —
VBF topo 6.90 +3.03 , 4241  +1. 34) (ttH+tH) x B,,.|087 014 017 020 0.1 -003 008 0.1 023 0.18 :0.15 -0.03 -0.12 -0.0810.04 022 026 :-0.02 0.2 0. 46 -0.36 -0.41 0.34 .
===+ 6. T T | e 2 A D T L TITTT R S
-255 1-216" -1.37 B,,/B,,.|053 020 026 029 018 0.02 018 -0.21 042 -0.38 1-0.16 0.07 0.21 0.17 :-0.16 -0.20 -0.20 -0.08 : 0.41
B —/Bzz, -0.19 -0.07 -0.09 -0.11 -0.04 0.01 -0.06 -0.06 -0.12 -0.12:-0.06 0.02 0.07 0.05 :0.04 -0.61 -0.72:0.25 0.15 — _O 8
+0.57 ,+0.48  +0.30 F : . s -
VBF topo |'."| 0.92 0o (Lgas _go7) B /B ;5. 055 -0.09 0.16 -0.15 0.06 010 000 -0.03 -0.13 0.01 1-0.31 -0.01 0.00 -0.03 ;-0.06 -0.12 -0.13 ;-0.02 -0.07 -0.14 :-0.4110.41 0.18
1. 1.4 42 : : : : :
VH topo - -034 ° 53 (148 40, B,./B_, |024 015 015 022 -0.20 -0.01 -0.06 -0.20 0.42 -0.29 1-0.06 0.06 0.17 0.04 :-0.06 -0.10 -0.11:-0.02 -0.06 -0.12 :-0.34 ;041 0.15
—H. B -1.30 \-1.25° -0.35 zz 3 g 3 b |
qq qq x By, ) 297 ,+2.41  +1.74 T > > > > > > > > 90:90 9 B >:> > > > > > N N N N N _—1
Rest = 270 4 (507 126 L ®? © o © © © o' 2 % vieo © ©'w © o N N N N
o GeV 77 ,+154  +088 © 606006000 22 2o 000000000 Q QQ
> 200 Ge -1.67 . : o 9 9 2 o 9 9 9 LL:unL T 92 Q@ Q2 9 g9 x: = lea L %
T H—— 67 a1 (Liss —09a) cY¥YR] K CYTR K Lig > 2 & &2 & Aigina® £
__________________________________________________________________________________________ T~ V VvV N VvV VvV N : NV V. NV VA= 8]
Q. IQH :ch IQ»- Q :ch IQ»- IQF '1‘:.": >Q»~ >Q»~ >Q»-:>Q»~ >Q»~ >Q»-: :'E :
v +1.81 ,+1.67 +0.68 Py Py : : : :
pr< 150 GeV —==—] 257 K R Sy TR - . Vi . vi ML~
Hiv x B,,. [150 2 pY <250 Gev a8 e en fegfiestd g o8
qq—HIv x B,. =p’< e == 220 e ( ) - - TN o - -
T -151 {1190 -0.93 TR B o N
v = 250 GeV — +2.48 ,+1.49 +1.98 * 8 538
Pr b 199 24 (Liow —066) - v . : :
gg—H : gg—Hgg i qq—Hlv  gglg—HI
1% +1.31 ,+1.05 +0.79 x B x Bz i xBg x Bz
T . -1.68 \-1.01" -1.34
I
99/aq—Hil x B,,.|150 = p¥ <250 GeV == 0.90 jf’; (+; gg jg 31)
v > 250 GeV e— +3.44 4203  +2.79
pT 2.99 -1.60 ( -1.39°  -0. 80)
.......................................................................................... -
S See also: [ATLAS-CONF-2020-053]
(ttH + tH) x Bg,. e 48 ga4 (Lo2e -020)
[CMS-HIG-19-015] [ATLAS: EPJC 80 (2020) 10]
J

-10 -5 0 5 10 15 20

Parameter normalized to SM value [CMS-IDAS-H/G- 79-070] [ATLAS-CONF—QOZO-OZ@]
[ATLAS; PRD 101 (2020) 012002] [CMS-HIG-19-001] [ATLAS; EPJC 81 (2021) 178]
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[Ellis, Madigan, KM, Sanz, You, arXiv.:2012.02779]
See also: [ATLAS-CONF-2020-053]

Improving fits

STXS < gluon fusion in the SMEFT

 LO inthe SM is one-loop
e Tree-EFT x loop-SM + loop-EFT x loop-SM interference terms
* Heavy top limit is OK for O-jet, breaks down at high-pr

2 jet 2 jet
0<m;<350GeV  0<pl<200GeV high-pr

STXS 1.1
ggF prediction

Chg X 1072
CtG x 0.2
Co

CeH

CHbox

N
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Top-Higgs interplay

ggF+0 jet STXS

N T ttH . . s .

= 2D individual constraints
X< tt

S~ ty  All others setto 0

1 Combined
i1 Marginalised

ggF/ttH complementarity for (Cyg, Cogy)

20,02 —0.01 0.00 0.0l 0.02

H+jets STXS & 11V not yet competitive

Strong impact of ¢f evident for (C,, Cp)

-

Tension with SM > 20

Dipole
Cic

Significant correlations remain

Large marginalisation effects (including 4F)
2062 —0'01 0.00 0.0

10

: b _ What is the concrete
e o — impact of 4F?

Triple-gluon
Ce

-10

L . 4 —10kL
.02 -0.01 0.00 0.01 0.02 -10

C HG Ct“H

Point-like Yukawa
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Marginalised 4 I: | m p aCt

Marginalised 95% C. L.
Higgs data (no ttH)

rioge dute Fit to "Higgs-only’ subspace
Higgs & Top data
Higgs & Top data (+4F)

. sm Cror Cue> Caws Capr G Corr G Cup
+ C,; & C,

—0.04 —0.02 0.00 0.02 0.04

3r * Allow a closed fit to Higgs data only
j . Emphasises impact of ttH & tt
N Now add in tf 4F operators
M 38 1,8 (8 8 8 8 8
_3} + CQq, CQq, CQu, CQd’ th, Co» C

10.04 —0.02 0.00 0.02 0.04 20-15-10 =5 0 5 10 15

e Relatively mild impact

§ . Preferred tf phase space
\q is different
O
i% CZG : low mt;
4F - high Mz
_0.04 —0.02 0.00 0.02 0.04 -20-15-10-5 0 5 10 15 -4 -3 -2 -1 0 1 2 3 ,
Cho Cin Cic  Able to constrain them
Point-like Yukawa Dipole independently
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Conclusions & 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

e Crucial for inputs to global SMEFT likelihood for LHC & beyond

Planned extensions

« Generalise flavor structure: U(2)° (b chirality flipping operators)
* 4 light fermion operators (qqqqg & gqll)

e CP violation

e Open to suggestions/requests!

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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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

Next week: HEFT 2021
USTC Hefel, China

.lhep.ac.cn/event/13632/



https://indico.ihep.ac.cn/event/13632/

Backup



lechnical detalls

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

5-flavor scheme (massless b) & CKM=T

EW input scheme: {G, my,, m}

* Relevant field redefinitions & EW parameter shifts performed

EFT (Z\TS) renormalisation scale: mueft

e Separate, fixed renormalisation scale for Wilson coefficients
 MG5 does not run the Wilson coefficients (yet)

» Usual muR & muF are kept for a¢ & PDFs

Validated at LO against existing implementations

[Aguilar-Saavedra et al.; arXiv:1802.07237]
[Brivio Jiang & Trott; JHEP 12 (2017) 070]
[Brivio; arXiv:2012.11343]

K. Mimasu - KITP - 08/04/2021 30 SMEFT@NLO

e dim6top & SMEFTsim



p p —) Z I_I [Degrande, et al.; EPJC 77 (2017) 4, 262]

W+, Higgs transverse mass W+, Higgs & leading jet transverse mass Total Er
%: W*H: H— bb, W — I'v s W*H: H— bb, W — I'v — W*H:H— bb, W — I'v
7 L N\ 10-1E= 7 LHC 13 TeV | p— __ LHC13Tev e LHC 13 TeV
G VT S | 8 e —
S e | 8 e ‘
th 10-—2 _ LO+PS ) ) _‘—‘=‘=:‘ bgg LO+PS i % LO+PS . ’ e
o3 B NLO+PS e NS - M NLO+PS : ol M NLO+PS N —
- Guw =0.03, &y = g =0. ] a2 - Guw =0.03, &y =g =0. - Guw =0.03, &y = &5 =0. )
~ Buw = —Cw = 0.03, & = 0.015 o 108 ~ Buw = —&w = 0.03, &g =0.015 102} — Eyw = —Cw = 0.03, &g = 0.015 S
2 T
6§M mﬂ
1+ Ean—
AN
om____ L
0 T T
8 gl
SM .25
.0_5 L 1
2 T
Kact 150 i A AZZZZ{ZE
e e s A i
200 300 400 500 600 700 800 ""200 300 400 500 600 700 800 100 200 300 400 500
M7 [GeV] M} [GeV] Er[GeV]
. 0.1 3
[Bylund et al.; JHEP 1605 (2016) 052] E gg—-HZ, LHC8 ooy — ]
- — > 3 - NLO, p=my;, Cig=1, A=1 TeV sgsColl) — |
" [fb] tG *Q = 0.01 GSM+CG(1)+020(2) — 7
(1) +41.3% +42.5% o - ]
Q
(2) +45.1% +46.5% —  0.001 4
oy 0.356709%  .059011-8% B i
B SM 990 _g g9z . —1.4% 2 1
“
oD /oM 0.156+26%  0,0273728% 0.0001 ¢ 32
. . F 15
1) +35.2% +36.4% [ 15
o; 34.675, 5% 591704 9% = 5 b k
(2) +39.2% +40.2% % i
13TeV | 93 6+3§'§g’ o; 6.09 56 7% 0.182756 6% g\b 3
Y —-23.8% 1 % 6% © L
o Josn  0.370797%  0.0631+16% g L
@), (1) +2.9% +2.8% N 1
o, o, 0.176757  0.0309755 \gﬁ, 3L
©
LI sivierutel drialuin Srriris vl S Srivir Sraariris aa
- — — 200 300 400 500 600 700 800 900 1000
\. / m(HZ) [GeV]
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4F In 4 top

[Degrande, Durieux, Maltoni, KM,

Viryonidou & Zhang; arXiv:2008.11743]

o(pp — titf) [fb], c,/A* = 1 TeV~>

| different from arXiv version !

Interference  O(A—2) Square O(A—%)
ci LO NLO K LO NLO K
o |[ 00817337 || [-0.277] | 0.00074%, | 1.1 [0.115745%| | 0.158+4%, | 1.37
b, 0.27413%% —0.365 0.31113%, 1.14 | 0.34273%%| | 0.378717%, | 1.10
cHo 0.24213%% —0.826] | 0.24(3)*3%, ] 0.99 || 1.039157 % | 1.4177%, | 1.36
che | [F0-0098(10)355% || [0.852] | —0.019(9)F35% | 1.9 | 14067505 | 1.86770, | 1.32
ct, |\ 0483755% )| [-1.38] | 0.53(8)%70, | 1.10 (4.154750%) | 5.617775 | 1.35
Current limits ~ O(few) TeV-2: square > interference
: : : _ 1 i TN
¢; & normalisation independent measure: &; = - | o |/(0gy0¢,)?
ca QQ8 Qt8 QQ' QtT cat Q@81 tg® tus
2 LO 0.048 0.095 0.048 0.002 0.048 g LO 012 012 0002
5 It
NLO 0.034 0.075 003 - 0.034 NLO 0.096 0.1 0.073
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4 top

[Degrande, Durieux, Maltoni, KM,

Viryonidou & Zhang, arXiv:20)
o(pp — titt) [fb], c,/A* = 1"

Ci

Interference (
LO

8
cQQ

8
CQt

5 —
55%
0.081+35% -

+54% i

1
cQQ
1
CQt
1
Cit

+55% i
0.242733% [

—0.0098(10)35% || [{

—33%
+55%

Interference booste

ca QQ8 Qt8 QQ

§4t NLO 1 0.034 0.075 0.03
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LO 1 0.048 0.095 0.048 Otoe

Uat (6 = 10%), Individual

+EW | 0.33  0.25 0.33 0.29 0.27

8
€00
8
CQt
1 - r——
€00 —
1 ] e}
Cot 1
NLO, QCD int.
Ctt 1 — LO,yesint. —
=i LO, no int.
6 -4 -2 0o 2 4 6
1TeV?
Ci A2
0.034 NLO
Limit
33

herent from arXiv version !

quare O(A=%)
LO NLO K
5790% | 0.158771%, | 1.37
ptgg:’,/;; 0.37871%, | 1.10
9raT% | 1.4177%, | 0.93
67507 | 1.8671%, | 1.32
4737% | 5.6171%, | 1.35

ttt amplitude

QQ8 Q8 QQT Qt!

2.4
1.8

5.4

1.1
1.0

6.8

0.8 0.6
06 0.5
20 3.5

0.33
0.25
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Status in a nutshell

Global new physics searches via high precision/energy

[Han & Skiba; PRD 71 (2005) 075009]

* £ &W-pole data: handle onthe EW gauge sector -~ - ¢ miva: JHEP 02 (2015) 039)]

e LHC: thriving Higgs & top programmes
* Probing gauge interactions at high energy (VV, VBS, VVV, ...)

How much cross-talk”? Where does being global matter?

We know that Higgs physics greatly complements LEP data

0.15

* Access to parameter directions not probed at LEP

e Allows for a closed fit to flavor-universal SMEFT

e Crucial to combine EWPO, Diboson & Higgs data 5

| ~ LEP 4]
[Corbett et al.; PRD 87 (2013) 015022] [Ellis et al.; JHEP 06 ]

[Pomarol & Riva; JHEP 01 (2014) 151] (2018) 146] % B
[Ellis, Sanz & You; JHEP 03 (2015) 157] N Combined
[Biekdtter Corbett & Plehn; SciPost Phys 6 (2019) 6, 064]. .. C02 01 0. 0l 02 03
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The fit

arXiv:2012.02779 Top, Higgs, Diboson and Electroweak Fit to the
Standard Model Effective Field Theory

John Ellis,**¢ Maeve Madigan,? Ken Mimasu,® Veronica Sanz®/ and Tevong You®%9

Global SMEFT interpretation of 4 categories of data I
aseda on
14 « Electroweak Precision Observables (EWPO): Z-pole & W-mass  [Ellis et al.; JHEP 06

(2018) 146]
118 « LEP2 & LHC diboson production: differential WW, WZ, Zj]

72 * Higgs measurements: signal strengths & STXS Big thanks to authors of
| | SMEFIT analysi

124 « Top data: single-top, ttbar & asymmetries, ttV, tZ, tW [JHEP 04 (égigffg(/;

| for sharing some of their

328 measurements across categories lop preaictions

* Chosen to be statistically independent & maximise reach

* Correlations included when publicly available (mostly are)

X v G 1
Linear EFT approximation: Hx = — = I+ Z 4 =5 +0 A4
Xouy i A A
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Degrees of freedom

Ouws, Oup, Ou, OSE : 022 , OHe , OSZI, 023,, OHd, Onu

Ouo, Oug, Oaw , Oup, Ow, Og,
Ora, Our , Ovr , O,
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95%CL individual: C; *

dual

N SU(3)°: EWPO+Diboson+Higgs

V]

INa

B SU(2)? x SU(3)3: EWPO+Diboson+Higgs+top

Il Top operators: EWPO+top (incl. ttH)

Bosonic
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ised

i SU(3)°: EWPO+Diboson+Higgs

margina

I Top operators: EWPO+top (incl ttH)

Bosonic

EWPO
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Correlations

Block diagonal:
correlations within
‘sector’

Block off-diagonal:
correlations among
'sectors’

Top 2F

EWPO & top
~uncorrelated

EWPO-Higgs

CHB» CHW» CHD
& Yukawa
with EWPO

Higgs precision
rivalling LEP

Top-Higgs
Cre Cor G
with 4F
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PCA

0 Composition 1
20 bound on A;, ajici=1 Relative constraining power (%)
. 6 — 152950 — — - —| -
35 — 132823 — | - - - -
59 - 7 1618 — - - - -
- -5941/- - - - -
. oo —|[-[-[-]-[-[-1-1]-
o5/ —|-[-[-]3]-|-]-|-
9o -|-[-[-]-]-]-1-]-
. — | =1l21]as(33] - |- [-[-]-
74 - 2 414 6 - - - -
. 18 — |8 1955 — — - — |-
. 73[22|-[-[-[3[-|-]-|-
7 2 553429 - - — -
B —=1=13=-]-1-1-]96] -
. 7 - 2392 46 - - 3| -
. - - -10 4 - -|57 - 28
. 92 - - -2/ -- - -
. -2 - - -|118 - - -
. 6514 2 4 10 4 1 - — -
. —=1=1=-1-1-1-184|15] -
. - - -/13 6 - - 48 — 32
. 05 - - 12 - - - -
- - -5/ 2 - -79 - 13
- - -|/=/=-]=]-]-]378]18
232740012 6 — 4 — 4
. - -1 2 - -/ -15 477
. 441433237 1 12 - 2
B - -1 31 - - 4/- 89
] -/ -/310 4 - -28 2 53
B 1 - 82716 2 - 32 - 12
- - - - -|- =58 - 41
—|=1=1=-1-1-1-190]- 10
- - - - -/ - -61 - 38
- - - - == -95 -5
/\,‘ [TeV] EWPO Bc:;onic Yukawa Top 2F Top 4F % = ¢ w =X ®
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Single field extensions

Name | Spin | SU(3) | SU(2) | U(1) || Name | Spin | SU(3) | SU(2) | U(1
S 0 1 1 0 Ay 5 1 2 —3
S1 0 1 1 1 Ag 5 1 2 —2
@ 0 1 2 5 ) 5 1 3 0
= 0 1 3 0 ¥ 5 1 3 -1
=1 0 1 3 1 U 5 3 1 2
B 1 1 1 0 D 5 3 1 —1
By 1 1 1 1 Q1 L 3 9 I
11,4 1 1 3 0 Qs 5 3 2 —32
W } 1 3 1 Q- % 3 2 gl
N ;i 1 1 0 Ty ;i 3 3 3
E ; 1 1 21 T 2 3 3 :
T 5 3 1 5 TB | 3 3 2 :

Considered single field extensions of the SM
» Complete tree-level matching dictionary is known  [de Blas et al.; JHEP 03 (2018) 109]

* Interpret in terms of simplified 1 & 2 parameter versions of the models
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http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO

See also: [Dawson et al.; PRD 102 (2020) 5, 055012]

One parameter models

Model Cyp Cy | C¥, o CHe Cuo | Cra | Ciw | Gl
S —1
S1 1
> : 5 Y
%1 —3 | —is 5
i i
> o — "
i i 2
Aq 3 5
Az -3 v
B 1 _% _% - 2t - 2b
= —2 5 | oy | ow | w
Wi —1 -5 | -% 1 -% | -%
2 —Yr —Yt —Yb
{B, B1} 1 Yr Yt Yo
{Q1,Q7} Yt
Model Cuc C}o | Chig | (C3g)33 | (Clo)3s | Cru | Cra | Cin | Chm
1 i 1 I Ui
- I e L
4 4 4 4 2
Qs -3 3
Q7 3 5
T, -5 | i | —3 5 ¥ | 2
42

K. Mimasu - KITP - 08/04/2021

SMEFT@NLO



One parameter models

M(A=1) Mass limits (in TeV) AM = 1TeV)

N - ' ' A2 < 3.9 x 1072 1.6 0
Wi - ~ |Gpy |* < 8.4 x 1072 1.60
= - ~ kE <11x107%(TeV?) |]1.6 0
Sy : : : ys, |2 <1.6x1072 1.1¢0
T - (s4)? < 0.05
S K% < 1.5(TeV?)
A3 7 | | Aa,|? < 2.8 x 1072
Qs - Ao, |2 < 0.25
2 ~ ' As|? < 4.5 x 102
T 1 ' A, |? < 0.11
E - ' ~ ~ IAg|? < 2.1 x 1072
U - | A\y|? < 7.0 x 102
Q 1 Zg cos 3 < 0.86
0107 A0, 0,]? < 0.79
07 - : Ao, |* < 0.14
D - . . |IAp|? < 3.6 x 102
BB - 9pp, <0.41
B 1 | . . | 195,12 < 7.7 x 1073
T11 A |2 < 0.27
211 : : As, |2 < 2.7 x 1072
A; - ~ ~ ' Aa, |? < 1.7 x 1072
0 2 4 6 8 10
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