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Overview

* Bottom-up approach to SMEFT allows us to extract potential new physics signals
directly from experimental data
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* Higher dimension operators in SMEFT modify SM predictions:
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* Predictions in SMEFT can be matched to experimental data to determine bounds
on Wilson coefficients

e.g. o(c1) < (O’exp + 20¢rror) > can determine ¢, bound analytically
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* Higher dimension operators in SMEFT modify SM predictions:

- Interference with SM diagrams - Squared SMEFT diagrams
- Interference between SMEFT

* Predictions in SMEFT can be matched to experimental data to determine bounds
on Wilson coefficients

e.g. o(c1) < (O’exp + 20¢rror) > can determine ¢, bound analytically



Bottom-Up Approach

» Best-fit parameters (Wilson coefficients) obtained by minimizing cost function:
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-Theoretical predictions (functions of SMEFT coefficients)

-Experimental data (central value)

-Covariance matrix: encodes all experimental and theoretical uncertainties

COV;j = COVSXP) + COV,g-h)
Statistical and systematic Errors from: PDFs,
errors (uncorrelated and Scale variation,
correlated) SMEFT truncation,

etc.

e How can we obtain reliable bounds on the fitted SMEFT coefficients?
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e How can we obtain reliable bounds on the fitted SMEFT coefficients?



Single Parameter Fits

C 62

* One operator at a time 1s varied: O(C) =osM + —=01 + FO'Q
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* Resulting chi-squared will have quartic form:
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« Sample chi-squared for fixed points in ¢, and fit » parameters

SMEFIT, NLO + O(A~*), individual fits
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Top Quark Sector

Single parameter fits do not provide the full picture!
Consider d = 6 operators associated with top production and decay at LHC

Experimental measurements from ATLAS and CMS: Based on analysis by N. Hartland et. al.
JHEP 04 (2019) 100

arXiv: 1901.05965
= Top pair production (+ VB /

Top quark pair

Higgs) ; ‘
= Single-top production (+ VB / W M b [/Ltz

Single top (t-channel) Single top (s-channel) ttbb
Higgs) (
/
)

- Double pair production

Many different SMEFT operators - "
enter the same types of process —
significant correlations across
different channels




Top Quark Sector

Operators enter various
processes at different orders

in the SMEFT (and pQCD)
expansion

()=0("%
[]=NLO

Can provide insight a piori to
level of constraint

Table from analysis by
N. Hartland et. al.
JHEP 04 (2019) 100
arXiv: 1901.05965

Notation Sensitivity at O(A=%) (O(A™%))
tt | single-top | tW | ¢Z [ ttW | ©tZ | ttH | titt | ttbb

0QQ1 v v
0QQs v v
0Qt1 v v
0Qt8 v v
0Qb1 v
0Qb8 v
Ottl v

Otb1 v
0tb8 v
0QtQbi (v)
0QtQbs (v)
081qq v v v v v v
Oliqq | [v] VIV VI v
083qq v V] V] v v v v v
013qq V] v v V1| V]| v v
08qt v v v v v v
Oiqt V] V1| vl ]| Vv v
08ut v v v v v
Olut V] Vil [Iv]| v v
08qu v v v v v
O1qu V] V]| V]| v v
08dt v v v v v
01dt V] V|Vl v v
08qd v v v v v
01qd V] Vil vl v v
0tG v v v v v v v

OtW v v v

ObW (v) ) | (V)

0tz v v

ot V) || @

0fg3 v v v

OpQM v Ve

Opt v v

Otp v




Global Analyses

e Analyzing experimental data (from multiple types of physics processes) to
determine all relevant SMEFT parameters simultaneously

- High-dimensional regression: 59 non-redundant d = 6 operators for one
generation of fermions (2499 for three generations)

- Correlations among operators from different physics sectors (top, Higgs,
gauge, etc.)

* Significant advantage over single fits: provides more realistic SMEFT bounds

- Readily available optimization techniques and tools that can reliably explore
large parameter spaces

= Monte Carlo (MC) methods for robust uncertainty estimation:

* Two approaches: 1. MC fitting
2. Nested Sampling



Monte Carlo Fitting (MCFit)

Cost function minimized via gradient descent based algorithms

. . Cost A. Géron Hands-On Machine Learning with
Data resampling (i.e. bootstrap) to generate A Seikit-Learn and Tensorflow
artificial data replicas

Sampling of initial starting parameters from
(flat) prior

Plateau

Cross validation to prevent over-fitting

Global >0
minimum

Validation} " Validate
Training ]__,®7

* Many fits are performed to obtain a sample probability distribution:

Local minimum

Resampling
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Nested Sampling (NS)

 Statistical mapping of multidimensional integral to 1-D

= /d"aﬁ(data|&')7r(d’) = /01 dXL(X)

where the prior volume dX = n(d)d"a
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Feroz et al. arXiv:1306.2144
[astro-ph]

* Algorithm samples the prior volume to locate region of maximum likelihood

* Posterior samples obtained as a by-product of computing evidence Z

E[O(@)

Zka ak

V[O Zwk

— E[0])



Based on analysis by N. Hartland et. al.

Top Quark Sector (revisited) JHEP 04 (2019) 100
arXiv: 1901.05965

103 data points from top quark production at LHC (top pair, single top, double pair)
34 degrees of freedom (SMEFT operator coefficients)
* SM theory: NNLO QCD for top pair + single top (s-channel), NLO for others

 SMEFT theory: NLO QCD where available, LO + (SM) K-factors for remaining
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Based on analysis by N. Hartland et. al.

Top Quark Sector (revisited) JHEP 04 (2019) 100
arXiv: 1901.05965

103 data points from top quark production at LHC (top pair, single top, double pair)
34 degrees of freedom (SMEFT operator coefficients)
* SM theory: NNLO QCD for top pair + single top (s-channel), NLO for others

 SMEFT theory: NLO QCD where available, LO + (SM) K-factors for remaining
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Based on analysis by N. Hartland et. al.

Top Quark Sector (revisited) JHEP 04 (2019) 100
arXiv: 1901.05965

103 data points from top quark production at LHC (top pair, single top, double pair)
34 degrees of freedom (SMEFT operator coefficients)
* SM theory: NNLO QCD for top pair + single top (s-channel), NLO for others

 SMEFT theory: NLO QCD where available, LO + (SM) K-factors for remaining
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ATLAS ——Total | 'Stat. ==Syst. "I SM
Vs=13 TeV, 245-79.8 fo
m, =125.09 GeV, |y, | <2.5

Adding the Higgs Sector

* All Run I and Run II signal strengths
from ATLAS and CMS

 pr and yu differential distributions
from Run II ATLAS and CMS

ggF and VBE:

pSM =71%
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Adding the Higgs Sector

* All Run I and Run II signal strengths
from ATLAS and CMS

 pr and yu differential distributions
from Run II ATLAS and CMS
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CMS Higgs production @ 13 TeV
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Global Fits
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BN Top (NLO,A™?)
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New Operators
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BN Top + Higgs (NLO, A~2)

PRELIMINARY

B Top + Higgs (NLO, A™%)
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LO vs NLO QCD
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Summary and Outlook

Global analyses of SMEFT parameters will play a major role in the search of BSM
signals in experimental data

- Monte Carlo methods needed to explore multidimensional parameter space
and obtain reliable bounds on operator coefficients

Future improvements in theory and experiment will allow more robust analyses:
= Theory: higher order pQCD calculations in SMEFT, errors from missing h.o.

- Experiment: precision measurements, full breakdown of correlated errors (also
including correlations between bins of different distributions...?)

SMEFiT collaboration quickly progressing towards a full combined top+Higgs
analysis

- Towards modern machine learning tools, new and improved Monte Carlo
methods

Can extend SMEFiT framework to account for low-energy measurements in a fully
consistent way
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Monte Carlo Methods

* Based on Bayesian principles:
E[O] = /d”a P(a|D) O(a) VO] = /d”a P(a|D) (O(a) — E[O])?
* Bayes’ theorem:

P(d|data) = %L(data\c?)w(c?)



Monte Carlo Methods

* Based on Bayesian principles:
E[O] = /d”a P(a|D) O(a) VO] = /d”a P(a|D) (O(a) — E[O])?
* Bayes’ theorem:

P(d|data) = %L(dataﬁ)w(c?)
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Monte Carlo Methods

* Based on Bayesian principles:
E[O] = /d”a P(a|D) O(a) VO] = /d”a P(a|D) (O(a) — E[O])?
* Bayes’ theorem:

P(d|data) = %L(data\c?)w(c?)

* Monte Carlo approximation:



SMEFiT Analysis: Top Sector

* Analysis of d = 6 operators associated with top production and decay at LHC

e Includes measurements from ATLAS and CMS:

Process | Dataset | NG | Info | Observables | Nyat
T
tt ATLAS_tt_8TeV_ljets | 8 TeV | lepton-jets j{;’//ﬂfﬂ’ ;ig//g@f j| 57 85’
tt> tt ;
T
tt CMS_tt_8TeV_ljets 8 TeV lepton-jets j;//jzﬁ’dgé?g; i %70’1%’
tt> tt ;
d*c /dydp] 16,
- i . d%c /dyydm,;, 16,
tt CMS_tt2D_8TeV_dilep 8 TeV dileptons o) dpg% dmys, 16,
d%o [ dypdm,; 16
- ) . do /d|y:|, do/dpl, 7,9,
tt CMS_tt_13TeV_ljets 13 TeV lepton+-jets dodmyz, do /d|yy;| 3 6
tto tt )
T
tt CMS_tt_13TeV_ljets2 | 13 TeV | lepton-+jets ;;//jgt_" fllg;j@f _’| 11%) 11%
tto tt )
T
tt CMS_tt_13TeV dilep | 13 TeV dileptons j;//ﬁf’dgo{ %; g %’ %
th> tt ;
tt | ATLAS_WhelF_8TeV | 8 TeV | W helicity fract | Fy, Fr, Fr |3
tt |  CMS_WhelF_8TeV | 8 TeV | W helicity fract |  Fy, F,Fg |3




SMEFiT Analysis: Top Sector

* Analysis of d = 6 operators associated with top production and decay at LHC

e Includes measurements from ATLAS and CMS:

Process Dataset Vs Info Observables | Ngat
ttbb | CMS_ttbb_13TeV | 13 TeV | totalxsec | owor(tthd) | 1
titt | CMS_tttt_13TeV | 13 TeV | total xsec | oyor(tttt) | 1
ttZ | CMS_ttZ_8_13TeV | 8+13 TeV | total xsec | owou(ttZ) | 2
ttZ | ATLAS_ttZ_8_13TeV | 8413 TeV | total xsec | oyor(ttZ) | 2
ttW | CMS_ttW_8_13TeV | 8+13 TeV | total xsec | opor(ttW) | 2
ttW | ATLAS_ttW_8_13TeV | 8413 TeV | total xsec | oot (tEW) | 2
ttH | CMS_tth_13TeV | 13 TeV | signal strength |  pzm | 1
ttH | ATLAS_tth_13TeV | 13 TeV | total xsec | owot(ttH) | 1




SMEFiT Analysis: Top Sector

* Analysis of d = 6 operators associated with top production and decay at LHC

e Includes measurements from ATLAS and CMS:

Process | Dataset | NG | Info | Observables | Nyat
Single t | CMS_t_tch_8TeV_inc | 8 TeV | t-channel | Ttot (1), Otot (t) (Ry) | 2 (1)
Single t | CMS_t_sch_8TeV | 8 TeV | s-channel | Tiot(t + 1) | 1
Single ¢ | ATLAS_t_sch_8TeV | 8 TeV | s-channel | Ttot(t + 1) | 1
Single t ‘ ATLAS_t_tch_8TeV ‘ 8 TeV ‘ t-channel ‘ ttqq/ /dgyg;zggggg?gg f i: j
Single ¢ | ATLAS_t_tch_13TeV | 13 TeV | t-channel |  oyot(t), ovor(f) (Re) | 2 (1)
Single ¢ | CMS_t_tch_13TeV_inc | 13 TeV | t-channel | Oiot(t +1) (Ry) | 1(1)
Single ¢ CMS_t_tch_8TeV_dif 8 TeV ‘ t-channel ‘ gg//jf; (;;tt))’l ‘ 2
Single ¢ | CMS_t_tch_13TeV_dif | 13 TeV ‘ t-channel ‘ j{;’//j];(::t)’l ‘ j
tW | ATLAS_tW_inc_8TeV | 8 TeV | inclusive | Otot (tW) | 1
tW |  CMS_tW_inc_8TeV | 8 TeV | inclusive | Tiot (tW) |1
tW | ATLAS_tW_inc_13TeV | 13 TeV | inclusive | Tt (tW) |1
tW | CMS_tW_inc_13TeV | 13 TeV | inclusive | Otot (tW) | 1
tZ | CMS_tZ_inc_13TeV | 13 TeV | inclusive | osa(Woltl™q) |1
tZ | ATLAS tZ_inc_13TeV | 13 TeV | inclusive | oot (t2q) | 1
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SMEFiT Analysis: Top Sector

Analysis of d = 6 operators associated with top production and decay at LHC

Theoretical calculations:

Process SM Code SMEFT Code
i NNLO QCp | MCFM/SHERPA NLO NLO QCD MG5_aMC
+ NNLO K-factors -
. MCFM NLO

single-t (t-ch) | NNLO QCD 4 NNLO K-factors NLO QCD MG5_aMC
single-t (s-ch) | NLO QCD MCFM NLO QCD | MG5_aMC
tw | NLO QCD MG5_aMC NLO QCD | MG5_aMC

LO QCD
tZ NLO QCD MG5_aMC + NLO SM K-factors | "G5-aMC

_ LO QCD
W (Z) NLO QCD MG5_aMC + NLO SM K-factors | MG5-aMC

_ LO QCD
tth NLO QCD MG5_aMC + NLO SM K-factors | MG5-aMC

__ LO QCD
tttt NLO QCD MG5_aMC + NLO SM K-factors | MG5-aMC

_ LO QCD
ttbb NLO QCD MG5_aMC + NLO SM K-factors | "G5-aMC
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SMEFiT Analysis: Top Sector

* Analysis of d = 6 operators associated with top production and decay at LHC

Degrees of freedom: 4-heavy 4-fermion operators in Warsaw basis
1 1(3333) 3(3333) . B
Qo = 2qu Squ 01( kL) — (q 8 qj)(Qk:’YuCIl)
chg = 8C ) O™ = (@7 45) (@’ )
ot = 01(3333) O = (qiv"q;) (T yw)
cf), = C3(3333) O3 = (g T ) (e, T )
1 17kl
chp = CL3359) oM = (3" q) (diyyuchy)
C%b 0553333) S(Wkl) (Qz"YMTAqJ)(dk”YuT di)
Ctt — 01(3333) (wkl) = (@ ;) (Tny, )
o = L M) = (yuy) (diych)
& = BE) 8<”’“” = (" T u;) (dxyu T )
tb — ~ud
| Rl 1(3333) 10;7555 Y = (g ) (qrdy)
CotQb = Re{ quqd }
108(Z.7kl) — TAd
8 — Re 08(3333) quqd (T uy) € (qx )
CQth — { quqd }



SMEFiT Analysis: Top Sector

* Analysis of d = 6 operators associated with top production and decay at LHC

Degrees of freedom: 2-heavy-2-light 4-fermion operators 1n Warsaw basis
CQq C1(w33)+ 6035133z)+ 20(%2331) Ol(z]kl) ( Y qj)(qkfmql)
iy = O+ (O = ) O™ = (a7 @' @)
Qq 01(1331) Jr303(1331) Ol(zgkl) ( Giy qj)(ukz’mul)
01(1331) 03(1331) A
CGq = OBGIR) = (giy" T ;) (T, T w)
C = 0(2233) + = Cf,(fi)?n) 1 Kl
t 3 (” = (@7 ) (dyudy)
cf, = 20533 8( ikl) A
1
C%dzclngBm) ! ( MT QJ)(dk”YuT dl)
ii k)
%—Ciﬁf“ 0(” )= (" u) (Uryw)
1(2@33) 1 kl —
‘i = Ci v = (@) (dpyuds)
cQu_Cl(33”> 8(zjl<:l) — _urpA
1 1(33i4) = (uy"T UJ)(dk’YuT dr)
Qa = Cya i 1(zjk:l) _
th Cs(m33) Oquqd (q uj) (kadl)
&8, = OB 108(1367;1) (7T ;) e (QkTAdl)
8 C8(33m) i

Cd = Yyd



SMEFiT Analysis: Top Sector

* Analysis of d = 6 operators associated with top production and decay at LHC

Degrees of freedom: 2-heavy + gauge/Higgs Gauge/Higgs operators in Warsaw basis

Crp = Re{CPY} 00D = qiup (#Te)

coo = CLE) — C3(33) 0L = (1D u9) (@7 ay)
¢}y = O3 03 — (p1iD L o) (g g;)
Cor = O OU) = (p1iD o) (@i u;)
Cotp = Re{CL)) 049 = (@1iD,p) (wntd;)
o = Re{C’,L(L?’V?/)} 107%2« = (‘ZJ“”TIu]) @Wiy
Ctz = Re{—SWCffg) + CWCQ(L%;?/)} 10%/) = (o7 d;) W},
cow = Re{C5} O = (@0"u;) B
Cia = Re{ng’) 042 = (qio" T uy) PG,
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SMEFiT Analysis: Top Sector

Class | Notation | Degree of Freedom | Operator Definition
0QQ1 c6a 20;5333& _ %03(5333@
0QQ8 C%Q 80353333)
0Qt1 Cth 03133333)
QQQQ 0Qt8 CSQt 02183333)
0Qb1 Cégb 03513333)
0Qb8 CSQb 05(53333)
0tt1 ck 051333)
O0tb1l Ctlb Cil(13333)
0tb8 C?b 323333)
0QtQbl cé?th C;I(L?;:;w)
0QtQp8 c%th ng?;sa)
081qq G CLB3) | 353(i33)
011qq €5y Cad'® + 10g§% + 103
083qq e CLB3) _ 3(i33i)
013qq 05; C(%m:a) + %(C;éi%i) _ Cg(giga*i))
08qt c?q C;sl(;iag)
QQaq O1qt Cig gt
08ut e, 201(;?31)
Otut ch, O ¢ 104
08qu CSQU C[%saii)
Olqu Cbu C;&:sm)
08dt C?d 033331'1)
01dt C%d Ci(dsmz)
08qd ch 4 02(533111)
01qd de 0;6(13311)
0tG (e Re{al(jg)}
otw cew RG{CL%;)}
ObW Cow Re{ce(i?;;)}
QR+V.Ge oLz Cz Re{—SWQ%)(;)CWCfL?@)}
0ff Coth Re{C¢ud}
0fq3 C?a 0 C;Zggs)
OpQM €00 CLE) _ 339
Opt Cot 0&3)
Otp Ctp Re{quP‘g) 1

Total of 34 free parameters:
—> 11 from 4-heavy operators

—> 14 from 2-heavy-2-light operators

- 9 from 2-heavy with boson/Higgs

Interaction
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Operator Notation Definition

O, OpG (cpG, c,) (dlo-%)au G,
O,5 OpB (cpB, ¢yB) (cphp—%)B” B,
Ouw OpW (cpW, cow) (apTcp—%)W,’“’ Wi,
Opws OpWB (cpWB, cewn) (p'11) BW,
0,4 Opd (cpd, Cypd) ()0 (o)
O.p 0pD (cpD, CsoD) (‘PfDuLP)T(‘PTDu‘P)
Ow OW (cWWWW, cwww) ergk WL, WHvew fon

O., Otp (0tp, ctp) ((,9“(,9 - %)Qt{? + h.c.
O 0tG (0tG, ci) igs (QTH Tyt) QGA + h.c.
O,, Obp (Obp, cpy) ((,9“(,9 - ﬁ)Q_bcp +h.c.
0., Ocp (Ocp, cep) (90*99 - %)cho +h.c
O,, Otap (Otap, cry) (<,9 @ — %)Q 7@+ h.c.
Oy 0tW (0tW, cw) i(QT’“’ T t) P WJ,, + h.c.
O.s - i(QT"" t) ¢ B,y + h.c.
O,, 0tZ (0tZ, c¢iz) —sinfycig + cos Oy cow
O&l,z Opl1l (cpli, "‘(pll), ) i(pf Du o) (v ly)

(952 03pl1l (c3pli, c‘kl1 ) z(ngD m19) (i y* 7' 1)
%) 0pl2 (cpl2, 6&1 ) i(¢'D, ) (" L)

o) 03p12 (c3p12, ) )  i(p!D,7¢) (v T'ho)
(’)&1,1 0pl3 (cpl3, qplz ) i(pf D# @) (I3v" 13)

(982 03pl3 (c3pl3, (,9»13) i (gafD 710) (I3 4" 7'13)
0,. Ope (cpe, cye) i(¢' Dy ) (E7e)

0,. Opmu (cpmu, cp) (¢! Du) (A9" )

O, Opta (cpta, c,r) i(tp"B,‘ o) (TyHT)

ol - T ile ¢ D) (@7 )
o%) 03pq (c3pa, cin) P2 Zz(sﬁD 710) (G 7" 7'qi)
0 : i(¢'D,¢) (@1 Q)

(9(3) 03pQ3 (c3pQ3, Q(:())) z(g:J‘D 70) (QY* 7'Q)
o) Opali (cpaMi, cfy))  cfg, — i)

oL opat (cpaM, )}~ ;z

Oy Opui (cpui, cpu,) PaRICe Dy ) (it 1+ 1)
O, Opdi (cpdi, €yq,) X i(p TD“ @) (diy* d;)
O, Opt (cpt, cyt) i(¢' Dy ) (1)

O, 011 (cll, ¢y) (I ) (Iy*1)
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