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Fitting the SMEFT

The SMEFT: a powerful framework for capturing deviations from the SM:

('(5) 0(6)
LsMEFT = LM OB 4 Z ()(6> 1

A

do A
dm%

The SMEFT framework connects different sectors of
observables measured at the LHC.

Higgs
We can probe the SMEFT by taking a global

approach, including as many datasets as possible. 2012.02779, J. Ellis et. al
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2.5

SU(3)°: EWPO+Diboson+Higgs
2.0 || mm SU(2)? x SU(3)3: EWPO+Diboson+Higgs+top
Top operators: EWPO+top (incl ttH)

2
95%CL marginalised; C; (1';\e2V)

1.5

Global SMEFT fits J. Ellis et. al, 1803.03252

E. da Silva Almeida et. al, 1812.010009:
Higgs, diboson and electroweak precision data A. Biekétter et. al, 1812.07587

A. Falkowski et. al, 1911.07866

|. Brivio et. al, 1910.03606:

Top data N. Hartland et. al, 1901.05965:
+ many others....
Higgs, diboson and top data J. Ethier et. al, 2105.00006
Higgs, diboson, top and electroweak precision data J. Ellis et. al, 2012.02779
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Inputs and assumptions

Global SMEFT fits are dependent on many inputs and assumptions:

NNPDF4.0 NNLO Q= 3.2 GeV

1.0~
/1 g/10
e SMEFT flavour symmetry 0.8 - B
* Electroweak input scheme: {aew,mz,Gr} s
* Inclusion of O(A~*) contributions 0-6- T :
* Choice of likelihood dar .
0.4 -
* Parton distribution functions 0
0.0 ————— —————— ——
10~3 1072 1071 10°

X

Ball et. al, NNPDF4.0, 2109.02653
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Parton distribution functions

* Describe the quark and gluon constituents of the proton f ( 7 QZ)
* Parametrised by Bjorken x and energy scale Q q\-">

NNPDF4.0 NNLO Q= 3.2 GeV

1.0 -
1 1 /1 g/10
, / iz, / Ay 3 for (@) fn(22)6 (1, 22) o8 .
0 0 d1,42 | S
0.6 A Y
<
7/ C
0.4 -
« Q° dependence determined by DGLAP evolution
* x dependence determined from fits to data 0.21
0.0 - r———— N\
10~3 1072 1071 100

X

Ball et. al, NNPDF4.0, 2109.02653
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nM =2

ken x and energy scale Q

d by Bjor

1ISE

* Describe the quark and gluon constituents of the proton

e Parametr

Parton distribution functions
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Ball et. al, NNPDF4.0, 2109.02653
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d by neural networks

* x dependence determined from fits to data
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Data overlap

Often the data used in PDF fits are also used in EFT fits.

This overlap will grow as we continue to take a global
approach to constraining the SMEFT.

Data included in NNPDF4.0, [2109.02653]:

Maeve Madigan 16/06/22

Fixed-target DIS

Collider DIS

Fixed-target DY

Collider gauge boson production
Collider gauge boson production+jet
Z transverse momentum
Top-quark pair production
Single-inclusive jet production
Di-jet production

Direct photon production

Single top-quark production
Black edge: new in NNPDF4.0
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Kinematic coverage

Fixed-target DIS

Collider DIS

Fixed-target DY * o, ¥

Collider gauge boson production % * e % i
i

7 | *
10 1 Collider gauge boson production+jet * % ** ** # *
v | Z transverse momentum s % ** ** ** ** ** **
] Top-quark pair production ® *’a

Single-inclusive jet production
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Often the data used in PDF fits are also used in EFT fits. | = singl topauere roduction
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Data overlap

Often the data used in PDF fits are also used in EFT fits.

This overlap will grow as we continue to take a global
approach to constraining the SMEFT.

> e.qg. Dijet data used to fit the SMEFT operator O
In F. Krauss et. al, 1611.00767
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Kinematic coverage
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This overlap will grow as we continue to take a global
approach to constraining the SMEFT.

> e.g. Drell-Yan data used to fit the SMEFT 4-fermion
operators in Farina et. al 1609.08157
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Data overlap

Often the data used in PDF fits are also used in EFT fits.

D
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Theoretical iInconsistencies

PDFs are an input to SMEFT fits:  osmerT(C) = fi ® fo ® osmerT(C)

But PDFs are found assumingthe SM: 0 = f1 ® fo ® 0s5m

\ 'Standard Model PDFs’

Maeve Madigan 16/06/22 i3



How do the constraints on the SMEFT change if we perform a
consistent joint determination of the PDFs and SMEFT?

Maeve Madigan 16/06/22 y



How do the constraints on the SMEFT change if we perform a
consistent joint determination of the PDFs and SMEFT?

How do the PDFs change it we perform a
consistent joint determination of the PDFs and SMEFT?
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How do the constraints on the SMEFT change if we perform a
consistent joint determination of the PDFs and SMEFT?

How do the PDFs change it we perform a
consistent joint determination of the PDFs and SMEFT?

Could we be absorbing signs of new physics into the PDFs”

Maeve Madigan 16/06/22 T



Can New Physics Hide Inside the Proton?

First studied with deep inelastic NNPDF3.1 DIS-only, Q = 10 GeV
scattering data by Carrazza et al..
PRL 123 (2019) 13, 132001

A proof of concept that
disentangling PDF and SMEFT
effects is possible

Used a simple X* methodology,
sampling across SMEFT parameter
space

Maeve Madigan 16/06/22
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High-mass Drell-Yan tails

High-mass Drell-Yan measurements are used to probe 4-termion operators.

q I
E2
—> A~ Agy + C’p
q A
do
dmg; 1

New physics in 4-fermion operators wil
manitest as a smooth distortion of the high-
mass tail

Maeve Madigan 16/06/22 '8



High-mass Drell-Yan tails

High-mass Drell-Yan measurements provide important constraints, despite statistical uncertainties in the tail:

Energy helps accuracy: Farina et. al 1609.08157

.\@
LEP I-II
[ CMS /s =8TeV 19.7fb™"
" ATLAS /s = 8TeV 20.3fb™
—4 -2 0 2 4
Wx 103
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Constraints from Run | DY
are almost competitive
with LEP precision data

Projected constraints from
the LHC at 8 and 13 TeV

19
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High-mass Drell-Yan tails

High-mass Drell-Yan measurements provide important constraints on the SMEFT, despite statistical
uncertainties in the talil.

What about the PDFs?

u at 100.0 GeV d at 100.0 GeV

1.050 - —1 DIS+DY (68% c.l.) 1.050 - 71 DIS+DY (68% c.l.)
E 1 DIS+DY(noHM) (68% c.l.) E 1 DIS+DY(noHM) (68% c.l.)
+ 1.025 - + 1.025 -
U v
A A
o 1.000 - o 1.000 -
= 0.975 - = 0.975
O O
o'd oY

0.950 - 0.950 -

104 103 102 107} 104 103 102 107}
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SMEFT benchmarks

Operators to which DY is sensitive include:

Ow O Ope  Oea Oy Ol(;) Oz(s) energy-growing 4-fermion operators
0P ol Og; 01(52 One Omrw Omqg  correctionstothe Zff vertex

+ others......

Our methodology limits us to 1-2 SMEFT parameters.

Maeve Madigan 16/06/22 )



SMEFT benchmarks

Operators to which DY is sensitive include:

Ow O O Oeqg Oy C’)l(;) energy-growing 4-fermion operators

0P ol Og; 01(52 One Omrw Omqg  correctionstothe Zff vertex

+ others......

Our methodology limits us to 1-2 SMEFT parameters.
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SMEFT benchmarks

Our methodology limits us to 1-2 SMEFT parameters.

Electroweak oblique parameters W, Y

» generated in flavour-universal BSM models

» their effect on DY is equivalent to the effect of a linear combination of 4-fermion operators:

g*W
4m‘2A/

2 N\
QYY
m2

W

FYIY, O + YoYy Ot + Yoy Ocu + YoY, Oy )

LsmerT = LsMm Ol(s) (YZYd O1a + Y1Yy, Oy

See 2104.02723 for a flavourful benchmark

Maeve Madigan 16/06/22 23



Data

* Deep inelastic scattering data (DIS) from NNPDF3.1
e Low-mass and on-shell Drell-Yan datasets from NNPDF3.1

Maeve Madigan 16/06/22

See 2704.02723 for references

24

Exp. Vs (TeV) Ref. Observable Ndat
E886 0.8 98] dol /dob ., 15
886 0.8 199, 100] dopyy /(dy dmyy) 89
E605 0.04 101] ot/ (dzp dmyy) 85
CDF 1.96 102] doy/dyz 29
DO 1.96 104] dow —u/dn,, asy. 9
ATLAS 7 105] dow /dny, doz/dy., 30
ATLAS 7 106] d07_eteo— [ AMet - 6
ATLAS 7 107 dO‘m//dm, dUz/dyz 61
ATLAS 7 108] dowic/dye 22
ATLAS 8 110] dow+;/dpr 32
CMS 7 111] dow 1, /dng asy. 22
CMS 7 112] dow1c/dye 5
CMS 7 112] dow+4c/dow- 4 5
CMS 8 :1 13: dgz/de 28
CMS 8 114] dow —u/dn, 22
CMS 13 115 dow ie/dye 5
LHCDb 7 116 Aoz i+ -/ AY,+ - 9
LHCb 7 117] dow z/dn 29
LHCb 8 :1 18: dUZ—>e+e— /dy€+e_ 17
LHCD 8 119 dow,z/dn 30

Total 659




Data

* Deep inelastic scattering data (DIS) from NNPDF3.1
 Low-mass and on-shell Drell-Yan datasets from NNPDF3.1
* 5 additional high-mass Drell-Yan datasets

Exp. Vs (TeV) Ref. L (fb™1) Channel 1D/2D Ndat my,** (TeV)
ATLAS 7 120] 4.9 e et 1D 13 1.0, 1.5
ATLAS (*) 8 86]  20.3 ialax oD 46 0.5, 1.5
CMS 7 121] 9.3 upt 2D 127 0.2, 1.5
CMS (*) 8 87 19.7 alas 1D 41 1.5, 2.0
e, uT T 43, 43
CMS (*) 13 122] 51 C R F 1D 1.5, 3.0]
T 43
Total 270 (313)

See 2104.02723 for references

Maeve Madigan 16/06/22 o5



Theoretical predictions

SM predictions are calculated at NNLO QCD and NLO EW.

> we use MadGraph5 aMC@NLO interfaced with APPLgrids via aMCfast to generate
predictions at NLO in QCD

> we apply k-factors:

_ ( pNNLO o g~ NNLO o, 7~
Kqep = (Lij @ dGij | ynio QCD) / (Eij @ dbij|xr0 QCD)

o NNLO ~ NNLO o~
Kgw = (‘Cij X dgw |NLO QCD+EW) / (Lij &) dO@J ‘NLO QCD)

Maeve Madigan 16/06/22 26



Theoretical predictions

SM predictions are calculated at NNLO QCD and NLO EW.

> we use MadGraph5 aMC@NLO interfaced with APPLgrids via aMCfast to generate
predictions at NLO in QCD

> we apply k-factors:

_ ( pNNLO o g~ NNLO o, 7~
Kqep = (ﬁz’j @ dGij | ynio QCD) / (Eij @ dbij|xr0 QCD)

. NNLO ~ NNLO =
Kgw = (‘Cij X dU%J |NLQ QCD+EW) / ([’ij &) dO’LJ ‘NLO QCD)

We calculate SMEFT predictions by applying k-factors to the SM predictions calculated at LO in
QCD, EW:

KsymerT = 1+ WKW 1 YK?

Maeve Madigan 16/06/22 »7



Results: W

Best-fit shifts by sW = —0.2 x 1074
Parabola broadens by 15%
3
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N\

Results: Y

10
---- SM PDFs
/’ SMEFT PDFs
Best-fit shifts by oY = 1.6 X 10* 8- 0.4- /I
/
/
Parabola broadens by 12% 0.2 1\ /
6“' \\ //
\\ //
EURE 0.0 Sso e
< -2 0 2 4 /
4 - R4
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///
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2 AN //
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Y (x10%)
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SMEFT PDFs

L= /  fu(a) folr /)

We see a moderate shift of the PDF central values, and no change to the PDF uncertainties.

dq luminosity

vs =14 TeV
1.050 -
—1 Y=0 (68% c.l.)
o ] Y= +0.006 o
| 1.025 Y= —0.0004 |
<S> <§
S 1.000 - [e
O (e
& 0.975 - I
0.950 —
107 103
My (GEV)
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dq luminosity

vs =14 TeV
1.050 -
—1 W=0 (68% c.l.)
W = 0.0002
| 1.025- W = —0.0004
1.000 -
0.975 -
0.950 —
107 103
My (GEV)



How do the SMEFT constraints and PDFs change if we perform a

consistent joint determination of the PDFs and SMEFT
at the HL-LHC?

We expect HL-LHC measurement of high-mass DY to offer much higher precision.

> reduction in PDF uncertainties (see projections in 1810.03639)
> reduction in SMEFT constraints

Next, we create projections for the interplay between PDFs and the SMEFT at the HL-LHC.
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HL-LHC projections
* We produce pseudodata under the assumption of the SM for neutral and charged current DY

* We restrict to my, > 500 GeV to avoid the systematics-dominated region

* Acceptance cuts and systematics uncertainties are modelled on reference measurements from ATLAS and

Ratio to Data
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HL-LHC projections

dashed: not including PDF uncertainties
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HL-LHC projections
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SI M U net S. Iranipour, M. Ubiali, 2201.07240

“A new methodology that is able to yield a simultaneous determination of the PDFs alongside
any set of parameters that determine the theory predictions”

‘ ‘ K_, e.g. Wilson coefficients!
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S| M Une't S. Iranipour, M. Ubiali, 2201.07240 =11 fo@gpm

How does it work?

O & DGLAP evolution
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c=HQ fa®@0sm

(V O & DGLAP evolution

 Much more efficient than a grid
scan

 Capable of handling more SMEFT
coefficients

* Already benchmarked for the W,Y
parameters in high mass DY



PDF-EFT In the top sector

work in progress

LHC Run Il data from the top sector has already
been used to constrain both the PDFs and SMEFT.

(see for example 2109.02653, 2012.02779,
2105.00006)

Working towards a simultaneous fit of the PDFs and
16 dimension-6 SMEFT operators, using data from

tt (incl. Ac), tt+ X, single ¢, tZ,tW, ...
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Conclusions

We have studied the interplay of PDF and EFT effects in DY and DIS data.

Using data from LHC Run | and Il, the effect of the interplay is visible but still within PDF uncertainties.

At the HL-LHC:
* Not accounting for the interplay may lead to artificially precise constraints on the EFT.

» (Conservative PDFs still lead to stronger bounds than SMEFT PDFs.

Next steps:

* Use the new SIMUnet methodology to investigate this interplay at the level of a global fit in the top
sector

e Further investigation into the definition of conservative PDF sets 1.e. cutting data out of the PDF
fits
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Conclusions

We have studied the interplay of PDF and EFT effects in DY and DIS data.

Using data from LHC Run | and Il, the effect of the interplay is visible but still within PDF uncertainties.

At the HL-LHC:
* Not accounting for the interplay may lead to artificially precise constraints on the EFT.

» (Conservative PDFs still lead to stronger bounds than SMEFT PDFs.

Next steps:

* Use the new SIMUnet methodology to investigate this interplay at the level of a global fit in the top
sector

e Further investigation into the definition of conservative PDF sets 1.e. cutting data out of the PDF
fits

| Thank you for listening!
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Conservative PDFs

Could we improve the SM PDF ftits by removing
the high-mass data from PDF fits”?

® not in the spirit of global fits do

e still have a theoretical inconsistency due dme

to SM assumptions

® but much easier than doing a
simultaneous PDF-SMEFT fit

Maeve Madigan 16/06/22 43




Conservative PDFs

dashed: not including PDF uncertainties
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Conservative PDFs

dashed: not including PDF uncertainties

2.0

Conservative PDFs: 1.5 - /\
® assume the SM 10- \
® are fit to data which does not receive I\
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DY data) % 0.0-
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» the constraints using SM —— SM PDFs
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especially in the TV direction W (x10%)
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HL-LHC projections

We generate theory predictions as before, assuming

Js=14TeV L —6ab~! —————————  ATLAS&CMS

Acceptance cuts and systematics uncertainties are modelled on reference measurements:
e NC DY: CMS 13 TeV measurement of the DY differential cross section, 13710.7291

e CC DY: ATLAS 13 TeV search for W' bosons in the dilepton channel, 1906.05609
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HL-LHC projections

exp

We produce pseudodata under the assumption of the SM: 0.~ = O',fh (1 + AXog + 7y 5(%297@')

where
o )\,7"@' NN(O,l)

e | uminosity uncertainty, correlated across all bins: 6, = 1.5%

e Statistical & systematic uncertainties: Oegp.i = \/52 + (freddsyst,i)?

stat,

fred — 0.2 \

‘optimism factor’
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