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Update on status & progress in SMEFT at NLO in QCD

Towards complete public Monte Carlo tool

[Higgs/EW SMEFT @ the LHC

Interactions with Higgs, gauge bosons & top quark

Model implementation in leading MFV expansion

Showcase study
Single production in association with a / or Higgs at the LHC
Investigate energy growth in helicity sub amplitudes

Current & future LHC sensitivity study vs. existing constraints

Motivate & facilitate global LHC analyses of top/Higgs/EW
sector at NLO in QCD



The LHC is entering a
No clear evidence for new physics from

We are approaching the

Higgs boson discovery has completed the picture of the Standard Model
(SM) Electroweak (EW) sector

Properties consistent with SM expectations

Complementary approach: SMEFT

Many channels are becoming
Requires theory input: higher order predictions
Fixed order (FO) & interfaced with parton shower (PS)

Standard for - also useful for effects



SMEFT at the LHC: EWSB sector
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Status: LO

* Increasing number of EFT interpretations in experimental
analyses

» Several MC implementations of SMEFT at LO

) L [Alloul et al.; JHEP 1404 (2014) 110]
HEL, SMEFTsim, dimétop, ... [Brivio et al.: JHEP 1712 (2017) 070]

- Higgs Characterisation, BSMC, HiggsPO,... [Agu//a( Saavedra et al.; arXiv:1802.07237]
[Artoisenet et al.; JHEP 1311 (2013) 043]

[Falkowski et al.; EPJC 75 (2015) 12, 5683]

[Greljo et al,; EPJC 77 (2017) 12, 838]

* Many phenomenological analyses and global fits

performed for SMEFT at LHC+... [Falkowksi & Riva; JHEP 1502 (2015) 039]

- Separate Higgs/Gauge and top sector [Berthier & Trott; JHEP 1505 (2015) 024]
[Corbett et al.; JHEP 1508 (2015) 156]

[Buckley et al.; JHEP 1604 (2016) 015]
[Englert et al.; EPJC 76 (2016) 7, 393]
[Butter et al.;, JHEP 1607 (2016) 152]
[Ellis et al.; arXiv:1803.03252]

* LO accuracy
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http://arxiv.org/abs/arXiv:1802.07237

Going NLO

» Ultimate goal: a precision global it of full SMEFT
including LHC observables at HL-LHC

« Step 1: NLO QCD(+PS) predictions

» K-factors/shapes & control over PDF + scale uncertainties

o corrections

» Potentially important but much harder
* Automation on the way with SHERPA, Madgraph5_aMC@NLO

» RG-Improved predictions & operator mixing

* Very helpful for cross checking NLO implementations

« Compare to full NLO calculations, assess the importance of finite terms
[Alonso*, Jenkins, Manohar & Trott; JHEP 1310 (2013) 087,

JHEP 1401 (2014) 035 & JHEP 1404 (2014) 159*]
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Status: Higgs

* Single Higgs state of the art @ fixed order:
» Yukawa & HGG ops. (NNLO+NNLL) [Grazzini et al.; arXiv:1705.05143]
» Top chromomagnetic op. (NLO) [Deutschmann et al.; JHEP 1712 (2017) 063]

* Public codes with partial SMEFT contributions @ NLO
* HiGlu [Spira; arXiv:hep-ph/9510347]
+ SusHi (aMC-SusHi) [Harlander, Liebler & Mantler; arXiv:1605.03190]

* Double Higgs

- HPAIR [Dawson, Dittmaier & Spira; Phys. Rev. D58:115012]
° |—||ggspa|r (HERV\/|G++) [Goertz et al.; JHEP 1504 (2015) 167]
 eHDECAY for BR [Contino et al.; Comp. Phys. Comm. 185 (2014) 3412-3423]

[Hartmann & Trott; PRL115 (2015) 191801]
[Gauld, Scott & Pecjak; PRD94 (2016) 074045]

« Full 1-loop H=yy and H—=bb
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Status: Higgs & EW

[Denner et al.; JHEP 1203 (2012) 075]
+ HAWK http://omnibus.uni-freiburg.de/~sd565/programs/hawk/hawk

» VBF and VH @ NLO in QCD & EW for SM

» 2 anomalous couplings parameters at NLO in QCD

[Baglio et al.; arXiv:1404.3940]
* VBFNLO https://www.itp.kit.edu/vbfnlo

» General tool for Higgs/weak boson production @ NLO in QCD

» LO event generation & general L3 anomalous coupling parametrisation
[KM, Sanz & Williams.; JHEP 1608 (2016) 039]
« WH & ZH via POWHEG-BOX/MCFM http://powhegbox.mib.infn.it
* NLO QCD +PS event generation for Higgs/EW operators (SILH)

[Degrande, et al.;, EPJC 77 (2017) 4, 262]
 HELatNLO http://feynrules.irmp.ucl.ac.be/wiki/HEL atNLO

* FeynRules/NLOCT/UFO implementation of Higgs/EW operators

* VH, VBF & any other process of interest (CPV operators also on the way)
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SMEFT@NLO QCD+PS
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Status: Top

» Currently no public SMEFT tool for top sector at NLO

» Several works on specific processes based on private
implementations

» Single top [Zhang; PRL 116 (2016) 162002]
° {tH [Maltoni, Viryonidou & Zhang; JHEP 1610 (2016) 123]
o tt+Zly [Bylund et al.; JHEP 1605 (2016) 052]
- top FCNC [Degrande et al.; PRD 91 (2015) 034024]

[Durieux, Maltoni & Zhang, PRD 91 (2015) 074017]

» Our work: bring all previous implementations together into
a public model for top/Higgs/EW SMEFT at NLO in QCD
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FeynRules/NLOCT/UFO

[Christensen & Duhr; Comp. Phys. Comm. 180 (2009) 1614]
* FeynRules [Alloul et al.; Comp. Phys. Comm. 185 (2014) 2250]

* Framework: Lagrangian = Feynman rules = UFO model = MC events

[Degrande et al.; Comp.
Phys. Comm. 183 (2012) 1201]

* Model file with particle content, internal/external parameters, Feynman
rules, Lorentz structures, counter-terms,...

o Universal FeynRules Output (UFO)

« Compatible with many MC event generators (MG5, Sherpa, Whizard,...)

[Degrande;, Comp. Phys. Comm. 197 (2015) 239]
’ NLOCT [Hahn; Comp. Phys. Comm. 140 (2001) 415]

» Automatic calculation of UV and Rz counter-terms from FeynRules model
* Implemented as additional Feynman rules in the UFO format

» UV: on-shell renormalisation procedure for masses/wavefunction, MSbar
for higher point functions

* Ro: numerical artefacts of dimensional regularisation
K. Mimasu, 18/04/2018 11 Top & EW SMEFT@NLO



IS a crucial ingredient of the EW sector

Top-Higgs-W/Z couplings/masses are related in SM:
May reveal hints about the underlying nature of EWSB

Coloured sector, strongly coupled to the Higgs

Large corrections to inclusive rates ( )
Non-trivial at differential level
Non-trivial from QCD

Active research topic in SMEFT at NLO in QCD

Many measurements at the LHC
Total, differential & boosted
Access processes e.qg. tt+Z/W/y, tZj
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Minimal Flavor Violation

[D’Ambrosio et al.; Nucl. Phys. B645 (2002) 155]

» Building SMEFT for top/Higgs/EW sector:

» Fermion operators singling out top/3rd generation termion fields

« Go beyond flavor universal scenario in a controlled way

¢ U, v' > U, & > Udd, I' - UPP, & - UZe

* SM possesses a large U(1)° flavor symmetry
* Only broken by Yukawa couplings

* Restore symmetry by promoting Yukawa matrices to spurions

* Apply principle to higher dim. operators
Yy = U, Y Ul, Yy > U, YUY, Yo 5> U Y. UJ
Lyuk. = Y (G p)dj + Y (G §)uj + Y (I; p)e; + h.c.
(Ya)7 =yl ocm, (Yo)? =y ocm, (Yo)? = (V1) oc (VI)*m}
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Classification in SMEFT

» Operators that break U(1)2: spurion insertion

© Yukawa tup (VT 9] (070) (@ P)u;
 Dipoles Auw [VT Yu)? (G )™ 1 u; W,fu
- Right handed charged current i G [Yu V yd]? (@' Dy @) (@iy*d;)

» Operators that preserve U(1)°: spurions parametrise
departures from symmetric limit

 All other fermion currents
* 3rd generation quarks preferentially selected due to large Yukawas
« SMEFT — Flavor symmetric + 3rd generation only operators
(@ @)1+ YY) + YoV + .17 = (@ @)1+ V@)V + (ya)® + .- 1Y
(@) [T+ Y)Yy +...19 = (@) [T+ (yu)? + ...]Y,

(@ )1+ Y)Y+ .19 = (& d)[T+ (ya)® + ... ]7,
K. Mimasu, 18/04/2018 14 Top & EW SMEFT@NLO




[KM et al.; in preparation]

SMEFT@NLO in QCD

* MC tool for all top/EW/HIggs operators

* Use Warsaw basis for definiteness

* Tools for translation between bases

[Falkowski et al.: EPJC 75 (12) 1-14]

rosetta.hepforge.org

Gauge/Higgs
Higgs vev & Op | (#'0)° - |-
kinetic term O,0 | (¢T0)O(pTe) i
mz (cust. sym.) | Opp | (¢"Dup) (0 Dygp) | = | =
Gauge/Higgs & | -*° Pl GGl Ope | ¢l GL Gl
auge | S v i VYTt
JE/TIFE o | ere W W, O | ¢l Wi,
gauge Kinetic R R
terms/mixing B | $0T ljf” Den | $08 i’fﬁ
Opws | ¢lo'eW[" B, Opws | #lo'e Wi B CP violation
Ozw GijkWi,WWijng,p Ospr eijkWi’WW;pWﬁp N v2

K. Mimasu, 18/04/2018
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http://rosetta.hepforge.org

SMEFT@NLO in QCD

* Work in MFV hypothesis, keeping only ytnon-zero

» Validate with existing implementations where available

3rd generation
Top

Flavor universal

Yukawa | o,

Dipole | o,

Currents | oW

RHCC Op

K. Mimasu, 18/04/2018
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FeynRules/NLOCT UFO implementation of above
operators from Warsaw basis

I_eading MFV expansion [Aguilar-Saavedra et al.; arXiv:1802.07237]
U(2) flavor symmetry in the light quarks

Flavor universal 1st and 2nd gen. & no chirality flipping or RHCC bilinears
3rd generation bilinears associated to the Top Yukawa

No CPV operators

Omit gauge/Yukawa coupling normalisations
Include field redefinitions needed for canonical EW sector

4-termion operators: in progress

17



Processes involving top/Higgs/W/Z

< top mechanism

Previous tt+(W/Z/H/y) EFT studies

Considered effects on dominant QCD-induced production
In the SM, pure EW contributions 2 orders of magnitude smaller

EFT effects can enhance these due to

Challenging to access top/EW operators in top processes
with a QCD counterpart
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[Degrande, Maltoni, KM, Vryonidou, Zhang, arXiv 1804.xxxxx]

Alternative: require presence of a quark

Eliminates QCD contribution

Single top rate at 13 TeV LHC ~ 200 pb (1/4 of QCD tt)

Sensitive to 2 four-fermion and operators that modity tbW vertex

Require the presence of an additional / or
Unique possibility of probing full set of top/Higgs/EW operators at once
Processes at the heart of EWSB sector

Higher thresholds may enhance EFT effects

Recent LHC measurement of tZ] cross section at 4.20
[ATLAS; arXiv:1710.03659], [CMS-PAS-TOP-16-020 & arXiv:1712.02825]

Timely moment to perform EFT sensitivity study in this pair of
challenging processes & showcase model implementation
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Operators

Eryn W;ﬁu WJ,up WK,M
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ol — ﬁ)thﬁ-ﬁ-h.c.
Z( #VT] )(ﬁWJu‘Fh.C.
i(Qo* t) ¢ By, + h.c.

1

i(Qo™ T, t) ¢ G, + h.c.

Constrained by electrowea

Two blind directions in Warsaw basis:

Ouw = (D* <P)TTI(DV<P)WI
Ous = (D"¢) (D"¢) By
Consider these two instead to assess orthogonal sensitivity of tZj/tH]
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Interplay

t)
OS’;” OS(;E;) (OtG)

3
Oy0 Ow Oy
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() : Individual

(M) : Marginalised

[Buckley et al.; JHEP 1604 (2016) 015] [Butter et al.; JHEP 1607 (2016) 152]

[Alioli et al.; JHEP 1705 (2017) 086]

[Zhang et al.; PRD 86 (2012) 014024]

Tev-2 EXISting lImits
Op. TF (I) TF (M) RHCC (I) tree/loop SFitter (I) PEWM?
Ow [-0.18,0.18]
Osw [-0.32,1.62]
Ous [-2.11,1.57]
Ow [-0.39,0.33]
O -5.28,5.28] /[-0.046,0.040]
0% [-2.59,1.50] [-4.19,2.00] -1.0+£273
0%  [-3.10,3.10] 1.0 +2.7
O, [9.78,8.18] 1.8+3.8
Ow  [-2.49,2.49] [-3.99,3.40] -0.4£24
O  [-7.09,4.68] 4.8 +10.6
O [-0.24,0.53] [-1.07,0.99]
O, -18.2,6.30]
o5 [-0.40,0.60]  [0.66,1.24]
05" [-4.90,3.70] [6.06,6.73]

thp C [_6.5, 1.3]
Combination of ttH @ 13 TeV

[CMS; CMS-PAS-HIG-17-003]
[CMS; CMS-PAS-HIG-17-004]
[ATLAS: CERN-EP-2017-281]

K. Mimasu, 18/04/2018
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co® C [~1.40,1.20]

Combination of LHC single-top

[CMS; JHEP 12 (2012) 035]
[ATLAS: PRD 90 (2014) 11, 112006]
[CMS: JHEP 09 (2016) 027]
[ATLAS: JHEP 04 (2017) 086]
[ATLAS: EPJC 77 (2017) 8, 531]

[ATLAS; PLB 756 (2016) 22824€] EW SMEFT@NLO



SMEFT in tHj/tZ]

tHj (tZj = h—2)

b t b t
Opw 1 T W"W,, - Ou : (¥T0) (Q1) ¢
HWW L >~ top Yukawa
TGC ttZ coupling

. ijk v (ot t
OW . 6‘7 Wi,,UJVWj pW]Zp Ocpt Z(SOT Dlucp>(tf)//"“t)

0% i(pt D) (O 0:Q)
Contact terms
O @ (Qopwt) @ BH

= N
0% 1 i(¢" D p)(Qy"o:Q)

Wib vertex

Opus - 1(¢ Dyp) (b74t)

* Accessing the bW —1H & bW =1/ sub-amplitudes

* Rich interplay between EFT operators from different sectors

* Different energy growth and interference with the SM
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Anatomy of tH|

. . . _}
» LO helicity amplitudes oW = tH
* High energy limit: s ~ -t » v2 Moy Aws A | SM | O, 0% O O O
. -,0,— s0 s? Vs(stt) s0 s0 vs(s+t
« Maximum energy growth V2 aa
Ok | T | mm o mes G
« SU(2) triplet current R % % mevTE T ey mp\v/_i:-t
* Interferes with leading SM — =+ | 1| & L - NEe) 1
+ RHCC -+- | K| - 3 o L | mwld
- Weak dipole —ht |0 - s° s° s’ s
* Fields strengths source transverse Octrr 2o = +
gauge bosons T . + -
- + Vs(s+t) | mwv/—t Ls
- Not captured by Goldstone equiv. R P

* Subleading energy growth

* o« m: & interferes with sub-leading SM amplitude — no growth
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[Mantani, Maltoni, KM; in preparation]

Anatomy of tZ]  w-w

ngtba Ab’At =+, +

Aoy Aw, Ay Az | SM 0% OSQ) O, O O.w Ow Ouw Ous . Aw 0 + -
—,0,—,0 0 | e+ | - - - g’ Y V3(s+9) s’ 0 | Vo(ott) |mwv—i —
—0,+,0 | L [(mvT mvT memE ompyme e - me/TE me/E to v 80—

— - - s
-y ==y =y Vl; my v/~ - - - - ’%:;:‘—2‘2 mw v/—t Vl;
— =0 | 1| £ 0 s N s” 8‘: 7 Oty Abs At = +, —
_aoy Ty T % MW\/—_t - - mt\/——t mt\/—j mw‘/:_-:% w ﬁ\/u_LT’ Aw O + .
—!01 _)+ &' - - - - - = ::t m:V7_3:" mf}::.t AZO 0
s 0’ +’ - 30 30 30 - - 30 80 80 80 + _0 - S
0 0 s - =
-, 0,4+, + % s Py sY Vs(s+t) V8(s+t) - » 31 81 B 30 B B
m 5
- +,—,0 71; — — — - - _)9__‘_) 7 7
— === | §° s? s? - s? 8" s? s? s? : :
N I ) v g . Conslstent with
. X miz (53 t=3c3, (25+1)) . . non-interference
priath R v V=t - Vs Vi .
R R B ey mg/E vt | omvst me= | theoremin 2 = 2
SRR B R - - - - Va(et) s s | [Cheung & Shen;
-+t | | & L - - - ~ s $ | PRL 115 (2015) 071601]
-+H+h= | H| - - - - - may/~t me /=t mv=t | [Azatov, Contino & Riva,
-t | | - - - - (o) - - ¥ | PRD 95 (2017) 065014]
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N=1TeV
Results

» Fixed order using Madgraph5_aMC@NLO
- NNPDF3.0 LO/NLO PDF sets

* o-flavor scheme my =172.5 GeV, mpy =125 GeV, myz = 91.1876 GeV,
apy = 127.9, Gp=1.16637 x 107° GeV 2.

» Scale choice
* tHj: yo=(Mn+mt)/4 [Demartin, Maltoni & Mawatari; EPJC 75 (2015) 267]

* 1 Z | yo=(mz+my)/4

. +opo [pErT] |
- Uncertainties: O po l6pppr] £ OPDF

* 9 point variation of factorisation and renormalisation scale (uo/2 , uo , 2uo)
* PDF uncertainties

* EFT scale variation from QCD running of operators (where relevant)

1Tev2 1Tev4
o(po) = osm + Z Ci(po)oi(po) + Z Ci(10)Cj(1o)oiz(po)

K. Mimasu, 18/04/2018 26 Top & EW SMEFT@NLO




pp — t(t) H j

Inclusive results: tH]

o [fb] LO NLO K-factor
TSM 57.56(4)"1L2% £10.2%  75.87(4)122% £1.2% 1.32
Oow 8.12(2) 3% £9.3%  7.76(2)7 7% +1.0% 0.96
O pw,ow 5.212(7) %8 £10.2%  6.263(7)125% +1.3% 1.20
Te ~1.203(6)*120% £8.9%  —0.246(6)" 13730 0o % 2.1% |0.20
Trvin 0.6682(9) " %0 +£9.6%  0.7306(8) "5 510 5, + 1.0% 1.09
o 19.38(6)F4%0° £9.4%  22.18(6) 550 g * 1.0% 1.14
Toww,ew 46.408)*33% £11.1%  71.24(8) 0N £1.9%  |1.54
0,00 —3.03(3) 99 £154%  —10.04(4) 13" £ 1.8% 3.31
Toa® o | 11.23(2)1060 £11.2%  15.28(2)73 7% +1.8% 1.36
Opup 0 0 —

. S 2.752(4) 2 5% £11.3%  3.768(4) 1500, + 1.8% 1.54
Tuw ~3.526(4)55% £10.9% —5.27(1)F55% +1.5% 1.50
Trw.nw 0.9356(4)*79% £12.3%  1.058(1)"1%%, +£2.3% 1.13
O —0.418(5) T3%57% +1.1% -
Oiic 1.413(1)*21-3% + 2.5% —

T g3, —22.50(5)*8.0%, £9.7% —20.10(5)*}38% 4+ 1.1% 0.89
Tus0.0a0 | 69.78(3)T89% £12.1%  62.20(3)1 11 5% +2.3% 0.89
0 0q.®) — 0.25(3)1234% £ 4.7% -
Oou.® g | 15.53(2)739% £12.1%  14.07(2)111-9% +2.1% 0.91

K. Mimasu, 18/04/2018
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LHC@13 TeV

K-factors not universal

Reduction of
QCD scale/PDF
uncertainties

EFT scale uncertainty
subdominant

Some very strong
dependence on EFT
operators

O(>1) deviations within
current direct bounds
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pp — t(t) H j | HC@13 TeV
INnclusive results: tH|

0151 PP -+ tHj, LHC @ 13 TeV mlﬂﬁ 0(3) m-tHitHc@ Ty | Cancellations over the PS
2 eQ - oo appear/disappear for the
0.8 - g LO

i = no | Interference contributions.
oz —Between top and antitop
| e —Strange K-factors
.............. —|arge scale uncert.

0O 50 100 150 200 250 300 350 400 300 400 500 600 700 800 900 1000 1100

top pr [GeV] my [GeV]

oij | Cow Ce,y Cow Con Caw Cust  Cuss

Cow | — 2.752 (1.29)  12.88 (0.61)  6.384 (0.65) -0.43 (-0.17) — —

.. | 2.514 (1.35) — -1.912 (-0.27) -4.168 (-1.25) -0.699 (-0.80) —  —

cow | 10.54 (0.68)  -1.772 (-0.32) — -26.24 (-0.79) 3.988 (0.46) —  —

¢® | 5.12 (0.67) 3584 (-1.31)  -11.2 (-0.49) — 4864 (1.21) —  —

Cuw | -0.402 (-0.18)  -0.6138 (-0.78) 3.124 (0.47)  3.5784 (1.10) — -

Cuss | -13.475 (-0.71)  5.16 (0.76) -19.1 (-0.34)  -15.44 (-0.55) -6.96 (-0.86) —  4.525 (0.15)
cu38 - - - - - - -
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pp = t(t) Z j

Inclusive results: tZ]

o [fb] LO NLO K-factor
osMm 660.8(4) T 3%5° +9.7% 839.1(5)F 1 1% + 1.0% 1.27
O ~7.87(7) 8.1 +£9.7% ~8.77(8)153% +1.1% 1.12
Ty 34.58(3)152% + 13.0% 43.80(4)*85%, +2.8% 1.27
s 2.23(2) 0T 0 £94% 29423 00% £11%  1.32
o 2.833(2) T ui i £ 111%  4.155(3) 1\ he, £ 1.7% 147
T 2.66(4)" 15 3l o £ 11.4%  13.0(1) 5500 £1.2%  4.90
Tovvaw 48.16(4) "% g0 £11.3%  80.00(4) 7T NG £1.9% 1.6
O oser 4.20(1)*189% + 9.3% 4.94(2)F34% +1.0% 1.18
 — 0.3326(3)*3%57 + 9.6% 0.4402(5) 3 7% + 1.0% 1.32
.q 14.98(2)1145% + 9.4% 18.07(3)*23% + 1.0% 1.21
oava 0.7442(7)H140% + 9.5% 1.028(1)F25% + 1.0% 1.38
e 130.04(8)72%:5% +9.5%  161.4(1)F99% + 1.0% 1.24
T wqm | 17.82(2)FILTF £10.5% 23.98(2) 75 7% £ 1.4% 1.35
Tur 0 0 —

) S 2.949(2)*1%5% +11.1% 4.154(4) 5% +1.8% 1.41
T ~5.16(6)*7.5% +105%  —6.88(8) 5 4% +1.4% 1.33
Onw,nw 0.912(2)*93% + 12.0% 1.048(2)3.2% +2.1% 1.15
Ouin ~3.015(9)*% £9.5%  —3.76(1) 2% + 1.0% 1.25
Oun,us 0.02324(6)F1%7% £9.9%  0.02893(6)*23% £11%  1.24
O 0.45(2) H920%  + 4.9% -
I 2.251(4)*209% + 2.5% -
050 —393.5(5) 5%, £10.0%  —498(1)*5 3% + 1.2% 1.26
Oogs) quen | 462.25(3)184% £12.7%  545.50(5)*T:4% +£2.9%  1.18
0 0 —0.9(3)*23%% +19.2% -
Oogs9) quem | 102.73(5)484% £127%  111.18(5)*93%, +2.8%  1.08

K. Mimasu, 18/04/2018
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LHC@13 TeV

tZ] ~ 10 times bigger
than tH]

NLO corrections:
similar features to tH]

EFT contributions
smaller relative to SM

lggs always radiated
from top/EW gauge
boson

/ boson can also
come from light quark

leg
Top & EW SMEFT@NLO



Differential results in tZ]

107" 1 pp—»tZj,LHC @ 13 TeV
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Potentially large deviations in the tails (saturating current limits)
tH| process is very rare, differential results not likely at LHC

K. Mimasu, 18/04/2018
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| HC sensitivity

Usual EFT story: looking at high energy tails increases sensitivity
Important to put into context w.r.t single top which has a much larger rate

K. Mimasu, 18/04/2018
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r=0/Osm | tj tZ] tZ] tHj  |ncreased sensitivity
(p% > 350 GeV) (p% > 250 GeV) for dip0|es’ RHCC

oSM 224 pb 880 fb 839 fb 69 fb 75.9 fb
Few 0.028 0.024 0.0156 0.0104 0292 Consistent with 2—2
Fewaw 0.016 0.356 0.096 0.672 0.940 subamplitude analysis
roo®) 0.120 0.120 0.192 0.686 -0.132
Foo® wo® | 0.0037 0.0037 0.023 0.28 021 New energy growth in
Fotnoth 0.00090 0.0008 0.0050 0.00052 0.050 | tZj for SU(Z) current
rec 0.0003 -0.01 0.00053 -0.0048 0.0055 w.r.t single top
Ficac 0.00062 0.045 0.0027 0.022 0.025 ,
P og(3.0) -0.353 4.4 -0.595 -2.22 -0.39 Single top shoula
Fou@) g || 0.126 11.5 0.70 5.08 1.21 evlent.ua”y OUtperfqrm
Fou®8) au@s || 0.0308 2.73 0.16 1.01 1.08 tHj/tZ] for four fermion

operators
Top & EW SMEFT@NLO



Gauge sensitivity of these processes at LHC

Recent measurements of tZj at CMS & ATLAS

Signal strengths

Cast into naive ‘confidence intervals’

[CMS; PLB 779 (2018) 358-384]
[ATLAS; CERN-EP-2017-188]

lgnore acceptance effects & contribution of operators to bkg processes

Which include tW, ttV, ttH, tW.Z, tHW |

CMS analysis of t

| + 1

Combined signal strength

Take into account only modifications to tZ]

Except top Yukawa operator contribution to ttH

W + tt

32

[CMS-PAS-HIG-17-005]

o |fb] LO NLO

tHj 575 175.9
ttH 464 507
tHW 145  15.9



tZ]
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Current sensitivity

CERN-EP-2017-188 & CERN-EP-2017-296
- Existing individual limit
LO sensitivity
== NLO sensitivity
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Cow
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CMS-PAS-HIG-17-005
== Existing individual limit
LO sensitivity
== NLO sensitivity
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tZj: take high top pr region > 250 GeV

10x smaller cross section = end of Run Il or HL-LHC

tH]: assume it Is measured with the current tZ] precision

tH] inclusive cross section is similar to the high prt tZ] cross section
target for HL-LHC

Start to improve on existing limits for certain operators
Dipoles, RHCC, (top Yukawa)

NLO predictions increase sensitivity

Bring theory uncertainties down below experimental stat. and syst.

34



Future sensitivity

tZ]

oz, P’ > 250 GeV
- Existing individual limit
LO sensitivity
- NLO sensitivity

v T v

(x10)

(x5)

(x5)

T v T v T v T v T v T v T v T .

" (x 10)

(x10)

fha

-25 —20 —

K. Mimasu, 18/04/2018

A L] Al - L) M Al o L] M

i15-10 -5 0 5 10 15 20 25

c/A? [TeV-2]

35

dpyy Same as current oz

- Existing individual limit
LO sensitivity

- NLO sensitivity
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Global top/HIggs/EW

* Several interesting 2 = 2 sub-amplitudes & processes

bW — tH : tH| bW — tZ : tZ]
W = tW e W (EW)  tZ = tH : ttH (EW)
t7 = 17 : ttZ tH = tH - ?

* Possibly access h|gher energles by e.g. ttW+]

/::{: K\ Similar operators

contribute to all of

H / these

[Dror et al.; JHEP 01 (2076) 071 ]
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Clear that a must be undertaken

Individual measurements of these processes may not
easlly lend themselves to EFT interpretation

e.g. CMS measurement of ttW/ttZ cross section ratio
tH, 192, tH [CMS-PAS-TOP-17-005]

[Buckley et al.;

Global fits to LHC top quark observables - 92 (2016) 9 091501]

top pair, single top (s+t channel), ttZ, tty

Extension to top/Higg/EW sector will be a valuable exercise

SMEFTatNLO model implementation a necessary ingredient

Model public soon
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Presented a FeynRules/NLOCT UFO implementation of
top/EW/Higgs sector in SMEFT

Leading MFV expansion to select operators

Allows for NLOQCD+PS predictions for in, e.g., MG5

Fixed order NLO predictions for /] & tH in SMEFT at LHC

Challenging process that showcases implementation
Related to mass generation/unitarity cancellations in SM

Complete predictions for large operator set = can be used in fits

Current & future LHC sensitivity study

New energy growth in SU(2) current op.
Interesting future sensitivity at high energy to dipoles, RHCC, 4F ops.
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[Maltoni, Vryonidou & Zhang; JHEP 1610 (2016) 123]

_ Ot Opci. Orc
O = (pT0)(QL $tR) et |

A 1% Y () -2 16 8
Op =(#"0) G, G T _ 40Ci) ( I )
Oiq =(Qro,, T tr) g GH”

Operators involving the top/Higgs/

gg—H & tt production partly constrain the Wilson coefficient space

0 0 1/3

ttH is the only direct probe of the Top-Higgs interaction

In principle 3-gluon Og and 4 fermion operators also contribute but turn out
to be better constrained by tt and multi-jet measurements

among SM/dim-6 operators

In both shape & normalisation

Scenarios where “EFT-squared” terms are large but energy is below cutoff
E® o B o (& &
6 6 6
A <1l<g A2 < ¢ ¢ A
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EF 1 scale dependence

Set of running/mixing EFT couplings
* Additional source of theoretical uncertainty

* Like with as, can be estimated by scale variation

_9 .
Ci(u) = Tij(p, 0)Cj(mo) ~ Tij( o) = exp (B_o log :((:O)c y

,30 =11 —2/3‘nf s

2 e 4
o(10) = o500 + ZIT‘*V Ci(wo) Uz(M0)+ZH;\y Ci10) C5 (1015 (1o)

Ho= 1 1Tev2 lTeV“
o(u) =osm + Z Ci(m)oi(p) + Z Ci()Cj(1)oij (1)

lTeV2 1TeV*
=osm + Z ——5—Ci(no)oi(uo; 1) + Z i Cilko)C;(n0)as (pos )

a; (#0, ﬂ) Jz (ﬂa I-"O)UJ (ﬂ)
i (105 1) = Tri(e, o) Trj (1, po) o (1e)
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EF 1 scale dependence

« Full NLO stable under scale variation l_si\ e
> | m—1
. , 2 I |
» Large finite effects: RG improved =l ) ;
underestimates NLO e o
> | TSI a—
. . S o T .
- Scale uncertainty estimate S e o)
- Og LO 1
. Take ci defined at scales 2uo & Ho/2 and run 1507300300300 700 1000 1300 3000
back to the central scale pgrr(GeV]
60 o- - 'pp-.".*-l'-"Cl-? 0.06 | pp—~HH LHC13
o, 0.04 o
40 0o NG O UEFT:
= _ Does not cancel in
5 ° 5 e.g. Cross section
. ratios
~40 A S
~60 mf2 2m, 008~ mf2 2m,
20 50 100 200 500 1000 2000 20 50 100 200 500 1000 2000

Merr(GeV] puerr[GeV]
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Part |

SMEFT - ‘EW’ sector

X3 (PG and QO4D2 ¢2(P3
Qc | fAPCGIGIRGEH | Qy (¢'p)? Qep (') (lperep)
Qs | J*PCGIGIGH | Quo |  (#0)0W'9) | Que | (¥10)(Gud)
Qw | e WIWPWSH | Qoo | (#'D9)" (¢'Dyp) || Qup | (¢70)(@pdr)
Q| EKWIWIowEe
X?p? P2 X 202D
Qo | ¢'0GAG™ | Quw | (ho™e)r'oW), | QY | ('iDe)(lH,)
Qi | ¢eGAG™ | Qb | (Go™e)eBu | QY | (01iDlo)(Griv )
Quw | eleWLW™ | Quo | @o"T4u)3Gph, | Que | (¢liD,0)(Ente)
Qv | SoWLW™ | Quw | (Go™u)rsWL, | Q% | (¢'iD, )@ a)
Qen "o B, B" Qus | (30" u)P By & | (¢"iD! ©)(@Tv"er)
Qi | ¢0BuB™ | Qo | 0" T4d)0Gh | Quu | (¢1iDue)(@n*u,)
Quwp | ¢'T'eWLB* | Qaw | (Go™d.)T"e W), || Qua (¢'i D, ) (dyrd,)
Quvp | ¢TeWLB™ | Qi | (30"d)¢Bu || Quua | (@ D,up)(@yy"d,)

[Grzadkowski et al.; JHEP 1010 (2010) 085]
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‘Warsaw’ basis
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Part |l

SMEFT - 4 fermions

(LL)(LL) (RR)(RR) [| (LL)(RR) Flavour
Qu | GCrb)Tar*l) || Qe |  @Eued@rte) | Qe | Gud)(Ener) indices
W | @)@ | Qu | @)@y u) | Qu | Gl (@ ue) =
D | @)@ ) | Qu | (@md)dard) | Qu | Gl (diydy) most of
QY | (vl @a) || Qe | Eomeer) @ us) || Que | (@1ua)(Er"er) the 2499!
QY | Grm)@r'q) | Qe | (Epmuer) (diy"dy) @ (@) @y u)
W @) (daode) @ | (@ruTqr) @y T uy)
QY | @y T u )y TAdy) | Q% | @vuar) (divdy)
QY | @Tq,)(dy"Tdy)

(LR)(RL) and (LR)(LR) B-violating
Qledq (Ber)(dog) Qauq e*ejy, [(d3)TCul] [(g7)TClF]
QW | @wen(@d) || Qun e [(g57)7CaP*] [(w3)7Cer]
QWi | (@T4u)esn(@TAdy) || QL eP7e jut mn [(429)7Ce¥] ()7 CIF]
Queg | (Ber)esn(au) 2 e (7€) k(7€) mn [(a2)TCa¥] [(G7™)TCUF]
Qiowa | (Bower)ein(@Eo™ wr) || Quun £ [(d2)TCuf] [(u2)TCe,)

[Grzadkowski et al.; JHEP 1010 (2010) 085]
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Non-interference

« Alternatively, one may have 0©); < o(©);

* Non-interference by e.g. helicity selection rules in the high energy limit

| [Cheung & Shen; PRL 115 (2015) 071601]
* High energy theorem [Azatov, Contino & Riva: PRD 95 (2017) 065014]

* Many 2 = 2 amplitudes involving at least one transverse gauge boson
mediated by D=6 operators do not interfere with the SM

Total Helicity = [ransverse vector

~ ‘ = Longitudinal vector or Higgs
Interference?|  As  [|R(APY([[R(AFSM)| ) _ :errgwion 99

VVvVvVv| 0 4,2

X VVoo 0 2 opp— Z|—|, \/\/—|, WW, W7
VVaip| 0 2
Ve | 0 . nterference can be recovered:
oo | 2.0 50 finite mass effects

v s 0 ; higher order corrections
bbb 0 0 nigher multiplicity (2—3,4,...)

[Panico, Riva & Wulzer; CERN-TH-2017-85



