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OUTLINE

* Introduction:

= PDF and SMEFT fits

= Time to study interplay between SMEFT and PDF fits

* PDFs in the SMEFT from high-mass Drell-Yan tails
= Analysis settings
= Oblique operators: constraints from Run | and Run Il data
= Oblique operators: projections at the HL-LHC

= Flavour specitic four-termion operator

® Conclusions and outlook



INTRODUCTION



THEORETICAL PREDICTIONS AT THE LHC
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PDF FITS
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PDF fits:
Extract universal parton
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SMEFT FITS

SMEFT fits:
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POF AND SMEFT INTERPLAY

* PDFs are low-scale quantities extracted from experimental data, without considering any potential high-scale
contamination due to new physics.
* Model-independent parametrisation of new physics are performed by assuming a priori that PDFs are SM-like.

* In principle low-scale physics is separable from high-scale physics, BUT the complexity of the LHC environment
might well intertwine them.
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POF AND SMEFT INTERPLAY
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= Top pair production and single top
data included in SMEFT analysis
[Hartland et al 1901.05965] [Ellis et al 2012.02779]

o Dijets data in [Bordone et al 2103.10332]
[Alioli et al 1706.03068 |

= Drell-Yan data in [Farina et al 1609.08157,
Torre et al 2008.12978]

= |nclusive jets in [Alte et al 1711.07484]

= QOverlap enhanced in HL-LHC
projections [Abdul Khalek et al1810.03639]

Kinematic coverage
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A FEW COMPELLING QUESTIONS

* From the point of view of PDF fits:
= How to make sure that new physics effects are not inadvertently fitted away in a PDF fit?
* From the point of view of SMEFT fits:
= Should | make sure | am using a clean set of PDFs in a SMEFT analysis? How to define it? Is it enough?

= How would the bounds change if | was consistently using PDFs that include in the fit the same operators that

| am fitting?
Simultaneous fits
can shed light on

- ; ! their interplay
T I ({01}, {e)

f({0r}) LsmerT = Lsm + Z %07@ + -




e First study of interplay in case of DIS data

[Carrazza, Degrande, Iranipour, Rojo, MU, Phys.Rev.Lett. 123 (2019) 13, 132001]
e Simple scenario, only right-handed 4F operators, lepton flavour blind, quark flavours split to evade strong LEP constraints
* PDF fits based on DIS only data (Q = 200 GeV for HERA data)

NNPDF3.1 DIS-only, Q =10 GeV NNPDF3.1 NNLO DIS-only
W wmemena=e13:1300,00 . e— SMEFT (-1.3, 1.3,0.0, 0.1) -
~
O = (l—R'YulR) (ﬂR’YuuR) ‘4.----4 —————————— ) S o
Oic = (Ir7"1R) (CRYuCR)
O = (IrY"Ir) (drYudR) A =1TeV
O = (Ir1"1R) (Grusr) N

Only gluon affected by the presence of non-zero coefficients, but distortion of PDFs leads to a
deterioration of data-theory agreement that scales with energy

=> A fit based on DIS data is only moderately affected by interplay and the effects of new
physics can be disentangled




HIGH-MASS DRELL-YAN TAILS



W&Y INTERPRETATION OF HIGH-ENERGY DRELL-YAN MEASUREMENTS

e Case study at higher energy: EW oblique corrections in high-mass NC and
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Torre et al, 2008.12978 Combined bound
o5l AN T LHC@13TeV |  --m--- £ =100fb"
- : E S (R— L =300
':' I W — v [ — Sab_l
0.5- l“\ 1 Combined _ P S Only Stat
B solid: 68% CL A R No Exp
: dashed: 95% CL
= 0.29 ] b e et mm o No Syst
™
X | e tm e Baseline
s 0 :
: . b e e i m = = o Haltf PDF
_O 25 ] : | | b= = e ) e = i NO PDF
| i i \ ) N " N No TH
' LHC@13TeV T
—0'5_"6:3&[)_1 i i 8 L . L
0925 095 0.5 ~0.15 ~0.1 —0.05 005 0.1 0.15 PDF set: PDFALHC15_nlo_30_pdfas

9/19




ANALYSIS SETTINGS

e We performed a similar analysis as in Torre et al, now with emphasis

on PDF and their interplay with bounds on oblique operators
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 2104.02723]

® Settings:

= PDF fit based on DIS (~3000 data points), Drell-Yan on-shell and low-mass
data from ATLAS, CMS and LHCb (~600 data points)
= + Run | and Il ATLAS and CMS high mass NC Drell-Yan data (~300 data

points)

= SM predictions at NNLO QCD + NLO EW and SMEFT corrections added via

local K-factors

Exp. Vs (TeV) Ref. L (fb~1) Channel 1D/2D Ndat mpax (TeV)
ATLAS 7 [117] 4.9 e~et 1D 13 (1.0, 1.5]
ATLAS (*) 8 83  20.3 oot 2D 46 0.5, 1.5]
CMS 7 [118] 9.3 upt 2D 127 0.2, 1.5]
CMS (*) 8 84  19.7 oot 1D 41 (1.5, 2.0]
—et, pput 43, 43
CMS (*) 13 9] 51 SR E p (1.5, 3.0]
oot 43
Total 270 (313)
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INPUT PDFS @ RUN | AND RUN Ii
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T AT S T T T ST T T ST e PDF uncertainties much reduced as
X X X
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2 1005 2 1025 2 1025 * Light quark and antiquark uncertainties
5 5 5 A
1.000 . 1.000 1.000 S s . . .
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a 5 0.06 5 0.06
o] o o
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ANALYSIS METHODOLOGY

e We performed a similar analysis as in Torre et al, now with emphasis

on PDF and their interplay with bounds on oblique operators
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 2104.02723]

[ Myat )
Z (D; = T) (cov™1),;(D; — T))

. ndat ij=1 )

1. Take data, make theoretical predictions accounting for 1. Take data, make theoretical predictions accounting for
operator in partonic cross section with fixed SM PDFs. operator in partonic cross section and PDFs.
2. Compute chi2 as a function of WCs (Wilson Coefficients) 2. Compute chi2 as a function of WCs (Wilson Coefficients)
3. Minimise chi2 and find best-fit and C.L.s of WCs 3. Minimise chi2 and find best-fit and C.L.s of WCs
4. Extract bounds 4. Extract bounds
T'=fism®frsm® 6psm I'= f 8sm ® f2,8sm ® Opsm

SM PDFs SMEFT PDFs / Simultaneous fit
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ANALYSIS METHODOLOGY

NNPDF2.1 NNLO Global

4020 , . - . .
e We performed a similar analysis as in Torre et al, now with emphasis 4000 - .Parabohc o _ .................... ...................... ..................
on PDF and their interplay with bounds on oblique operators 3980 | | |
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 2104.02723] 3960
e Methodology for simultaneous fit is similar to the one adopted in "= 3940
fits of as from a global fit of PDFs 3920
3900 N
3880 ?mwmwé ...................... é ......... . i ............ ; ..................... é ...................... é ...................
r)(z _ % D — T (cov1). (D, — T.)j 0109 0111 0113 0115 0117 0.119 0.121 0.123 0.125
Mgy 4 i i ij \j j all et al, 1110.2483 as(MZ)
_ iy=1 y
1. Take data, make theoretical predictions accounting for 1. Take data, make theoretical predictions accounting for
operator in partonic cross section with fixed SM PDFs. operator in partonic cross section and PDFs.
2. Compute chi2 as a function of WCs (Wilson Coefficients) 2. Compute chi2 as a function of WCs (Wilson Coefficients)
3. Minimise chi2 and find best-fit and C.L.s of WCs 3. Minimise chi2 and find best-fit and C.L.s of WCs
4. Extract bounds 4. Extract bounds
T'=fism®frsm® 6psm I'= f1 Bsm ® J2,sm ® Opsm

SM PDFs SMEFT PDFs / Simultaneous fit



ANALYSIS METHODOLOGY

50 +

e We performed a similar analysis as in Torre et al, now with emphasis

* Methodology for simultaneous fit is similar to the one adopted in 20°

W

on PDF and their interplay with bounds on oblique operators
[Greljo, Iranipour, Kassabov, Madigan, Moore, Rojo, MU, Voisey: 2104.02723]

fits of as from a global fit of PDFs

[ Rqat )
Z (D; = T) (cov™1),;(D; — T))

ndat i i
\_ J= _J

. Take data, make theoretical predictions accounting for

operator in partonic cross section with fixed SM PDFs.

. Compute chi2 as a function of WCs (Wilson Coefficients)
. Minimise chi2 and find best-fit and C.L.s of WCs
. Extract bounds

T =fl,SM ®f2,SM X 5BSM

SM PDFs

W

40 -

30

10 -
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—— SMEFT/PDFs

~20 =15 =10 =5 0 5 10 15
W (x10%)

Greljo et al, 2104.02723

. Take data, make theoretical predictions accounting for

operator in partonic cross section and PDFs.

. Compute chi2 as a function of WCs (Wilson Coefficients)
. Minimise chi2 and find best-fit and C.L.s of WCs
. Extract bounds

I =f1,BSM ®fz,BSM X 6-BSM

SMEFT PDFs / Simultaneous fit



INTERPLAY @ RUN | AND RUN |
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e With current data, PDFs are moderately affected by inclusion of
non-zero W and Y coefficients in the fit, mostly quark-antiquark
luminosity within uncertainties

* Broadening of individual bounds on W and Y once SMEFT PDFs
are used (i.e. PDFs that have been fitted with consistent values of
W and YY) is not negligible, but still within PDF uncertainties

e |f SMEFT PDFs are used in determining bounds from ATLAS
search same mild broadening (larger than PDF uncertainties)

201

10

—10
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W (x10%)
Iy

Farina et al (1609.08157)
this work, SM PDF's
this work, SMEFT PDFs
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INPUT PDF @ HL-LHC

e Add HL-LHC projections for both NC and CC in PDF fit

a?uhc = afh (1 -+ )\(SZXP + rz-5teXp ) : i =

Nsys

exXp __
5tot,i o

ot,?

1/2

(d?tat) 24 Z (fred,jd??'js) i
j=1

HL-LHC HM DY 14 TeV - neutral current - electron channel

© #  Pseudodata
T 1.1 :

o T * DY + DIS

o | | : )
;1.0-5&?%??%}. F {. {. T'
S 0.9+ ‘

S 10 o
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o 1 ¢ —

2 o ° e Statistical error
© I T o Systematic error
Q
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108 Kinematic coverage
: : topi-quark m—n HL%—LHC 14 TeV, pseudo dataé .-.; -..- ]
107 L * high mass DY ___________________ -..# '.
F <« forward W, Z .' .' .i‘... - .' o
v direct photon BN ERTIXOEE
m inclusive jet a B = ‘.>i‘ s V% |
™ 10° = ¢ Zpr e aa A A B i AR
?5 e W+charm vy
T S WEWT I WE ¥ ¥ Y N
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4 [ i e
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103 I U RN
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HL-LHC HM DY 14 TeV - charged current - electron channel

® 124 ® Pseudodata
a i DY+ DIS
@) , m |
.91.0--.uu.n--.q.i-i+§,§'{ {} }' v
© | |
< 0.8 -
S — .« °
= 10 e Statistical error .
o o Systematic error o
w DooD o o o 1 3 o o o o 0O o
5 e
© o °
K o *
mO-]. '. 1 T T T

500 1000 2000 2500 3000

mt (GeV)

3500

Abdul-Khalek et al, 1810.03639

+ same for muon channel
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INPUT PDF @ HL-LHC oy Knematic corage_

. tonquar aair HL-LHC 14 TeV, pseudo data i §
e Add HL-LHC projections for both NC and CC in PDF fit 107L > highmasspy e R
F < forward W, Z .' .l .‘... l .' .l:
v direct photon 2 5 u EdaVe o &
[ | inclusive jEt : s B m B .»Ii‘ s 7V )
™ 10° = ¢ Zpr A A P T Mt
hllh th exp exp %’ ® Wicharm | vy
c — .  — | o
g; = 0; (]‘ T A(Sﬁ + Tz5tot,i) Y L= 17 « « « 3y Nbin '\IO 1050 A.#‘ SAEAln ig'an
1/2 l A = . _
) Nsys 9 104 L- 7 -
exp stat _CSyS : ;ooooo . 0
Ototi = (67)" + E : (f red,j0; ; ) | :
10 10~ 103 102 102 10°

Abdul-Khalek et al, 1810.03639

qq luminosity gq luminosity uncertainty

» Vs =14 TeV VS =14 TeV
| (77 DIS+DY (68% c.l.) 0.20- —  DIS+DY
> [ DIS+DY (w HLLHC NC) (68% c.l.) > ——— DIS+DY (w HLLHC NC)
T 1.2- =1 DIS+DY (w HLLHC NC+CC) (68% c.l.) D 0.151 —— DIS+DY (w HLLHC NC+CC)
& &
0 a
2 kS
A= o
+ =
(©
o o

. - - . 0.00 - - - -
1000 2000 3000 4000 1000 2000 3000 4000
my (GeV) my (GeV)



INTERPLAY @ HL-LHC
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e Compare Wilson coefficients bounds from HL-LHC projections assuming SM PDFs (that include NC+CC data) to
the bounds on the same Wilson coefficients obtained from a simultaneous fit of PDFs and Wilson coefficients
* Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds

1.5
---- SM PDFs

1.0 —— SMEFT PDFs
0.5 - {,\\\ x

—_ / "

o / / 1 \\l‘u

';: 0.0 - | | |\|‘xl:

~ ‘ \ \\"I

> \ "/

|
' ,
J !
/'l
/ ";
J
r//’
f
' 4
—0.51
.
—-1.0-
-

_1.5 T T T
-1.5 -1.0 -0.5 0.0

W (x10%)
Greljo et al, 2104.02723

0.5

1.0

1.5

SM PDFs | SMEFT PDFs | best-fit shift | broadening
. —0.7,0.5] 1.3 850%
W x 10° (68% CL) | - | [—4.5,6.9]
—1.0,0.9] 1.3 500%
. —1.0,0.8] 1.4 940%
W x 10° (95% CL) | [-8.1,10.6]
—1.4,1.2] 1.4 620%
. —1.8,3.2] 0.1 190%
Y x 10° (68% CL) | | [—6.4,8.0]
—3.7,4.7] 0.3 70%
. —3.4,4.7] 0.1 190%
Y x 10° (95% CL) [—11.1,12.6]
—5.3,6.3] 0.3 110%




INTERPLAY @ HL-LHC

e Compare Wilson coefficients bounds from HL-LHC projections assuming SM PDFs (that include NC+CC data) to
the bounds on the same Wilson coefficients obtained from a simultaneous fit of PDFs and Wilson coefficients
* Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds

* PDFs do absorb effect of new physics in this case!

1A(m5 W, Y)

~

72(120 GeV, W, Y) )

~
sz(mg;‘ax), W, Y) =
\_
1.071 ——— W =0, SM PDFs
Y -5
1064 —— W= —4x1075 SM PDFs

— W= —4x10-5 SMEFT PDFs

500 1000 1500 2000 2500 3000 3500 4000
my) [GeV]

Greljo et al, 2104.02723

N

Ratioto W=0, Y=0 (HLLHC)

FAN

dqg luminosity
Vs =14 TeV

7 W=0,Y=0 (HLLHC) (68% c.l.)
1.2 - W=0.4-1075,Y=2-10"5 (HLLHC)
——— W=1.6-10"5Y=8-10"5 (HLLHC)
W=4.0-10"5Y=8-10"5 (HLLHC)
1.1 -
1.0 -
102 103
M x (GeV)
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INTERPLAY @ HL-LHC
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e Compare Wilson coefficients bounds from HL-LHC projections assuming SM PDFs (that include NC+CC data) to
the bounds on the same Wilson coefficients obtained from a simultaneous fit of PDFs and Wilson coefficients
* Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds

* PDFs do absorb effect of new physics in this case!

* WWhat if we use a clean or “conservative” set of PDFs that does not include any high-mass Drell-Yan data?

PDF set with all data in

103 _
$

SM PDF's

102k ¢ SM(cons.) PDFs /
§{ SMEFT PDFs

101
Lg—\
= 00
107 F
X
g —10°F I
—10'F
All error bands
—102+ include PDF

uncertainties

HL-LHC
L=6fb""!

“Conservative” PDF set
without any high-mass
DY data

Simultaneous PDF and
SMEFT fit

e



INTERPLAY @ HL-LHC

e Compare Wilson coefficients bounds from HL-LHC projections assuming SM PDFs (that include NC+CC data) to
the bounds on the same Wilson coefficients obtained from a simultaneous fit of PDFs and Wilson coefficients
* Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds

* PDFs do absorb effect of new physics in this case!
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* WWhat if we use a clean or “conservative” set of PDFs that does not include any high-mass Drell-Yan data?

Note that HL-LHC projections
based on pseudo-data. If new

physics was there, simultaneous

fits of SMEF

and PDFs could

point to a different minimum, and

not only to larger uncertainties!

103
102
101
Lg‘\
=
% 100
g —10°
—101
—102

f SMPDFs
¢ SM(cons.) PDFs
§ SMEFT PDFs

All error bands
include PDF
uncertainties

HL-LHC
L=6fb""!

PDF set with all data in

]

e

“Conservative” PDF set
without any high-mass
DY data

Simultaneous PDF and
SMEFT fit
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FLAVOUR-SPECIFIC 4-FERMIONS OPERATORS COUPLING MUONS AND B-QUARKS

e Consider a scenario with a single non-zero WC CDu
among gauge invariant four-fermion operators built LsMEFT = L£sM - v323 (d3y,d3)(GLy*ur)
from the SM quark and lepton SU(2). doublets

e |f the observed deviations in R(K(x) ) due to new

: : SM PDFs | SMEFT PDFs | best-fit shift | broadenin
physics, generically expect |CPr33 | = 0.001 °
Cit x 102 (68% CL) | [-0.1,1.1] | [-0.3,1.2 0.06 25%
Cyl x 102 (95% CL) | [-1.0,1.2] | [-12,1.4 0.06 18
401 ---- SM PDFs 33 x10° (95% CL) | [-1.0,1.2] | [-12,14 %
—— SMEFT PDFs
35 -
\
\
304 - . . . .
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CONCLUSIONS AND OUTLOOK

ime to study the interplay between indirect new physics searches via EFT fits and PDFs

Current status:

Comparing results of simultaneous fit and of fits assuming SM PDFs starts shedding some lights on the issue

Run | and Run Il high-energy Drell-Yan data: the effect of the interplay is visible but is still within PDF uncertainties
Search data: bounds broaden compared to SM PDFs (beyond PDF uncertainties)

HL-LHC: Not accounting for interplay (using PDFs as a black box) leads to over-constrained bounds

HL-LHC: Conservative PDFs still yield stronger bounds than simultaneous fit

The way ahead:

The preferred avenue ahead is to be able to perform simultaneous fits (like for PDFs and o)
Current methodology not devised to deal with many operators
More powerful methodology is work in progress

In parallel a more careful investigation of definition of conservative PDF sets & account for PDF uncertainties

Also, would be important to disentangle large-x from high-energy / low-energy (LHCb) as well as scaling
behaviour (ratios at different centre of mass energies?)

THANK YOU FOR YOUR ATTENTION!
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SIMULTANEQUS FITS

PDFs and as strongly correlated (PDF evolution with the
scale and hard cross sections)

Cleanest determinations of as from processes that do not
require knowledge of the PDFs

A determination of asjointly with the PDFs has advantage

that it is driven by the combination of many experimental
measurements from several different processes.

Ball, Carrazza, Del Debbio, Forte, Kassabov, Rojo, Slade, MU 1802.03398

NNPDF2.1 NNLO Global

4020 Parabolic Fit ——
4000 | | Data =——t e e e 4
3980 SRS SRS WS WSS ——
3960

X 3940
3920
3900

3880

0.109 0.111 0.113 0.115 0.117 0.119 0.121 0.123 0.125
(X.S(Mz)

Ball et al, 1110.2483

= Early determinations involve a scan over asand ignored
PDF and a correlation in the fit

= Recent simultaneous determination of PDF and as using
correlated replica method
= Many determination of asfrom analyses of specific LHC

processes have been published recently ( from tt~, Z and
W production, jets)
= How reliable are such partial determination of as?



SIMULTANEQUS FITS

» However note that at the current level of precision, the determination of the strong coupling constant from the
precise measurement of a process at the LHC might be problematic

» Given the strong correlation between PDFs of the proton and as, only simultaneous determination of as along with
the PDFs gives reliable result[Forte, Kassabov 2001.04986]

ZpT
ag = 0.1185 + 0385%IN=379 as = 0.1240 £ 0.00?1 N=379

0.1192 0.1260

0.1190 0.1255

0.1188 500 SN 0.1250

o
=
N
s
(9

a

0.1186

0.1240

= 9500 0 0.1184

Preferred as

0.1182 300 \ 0.1235

9000 - 0.1230

0.1180
0.1225

0.1178 —
\-,\ = — -

————

0120 0125  0.130

8500° 0.1220

0.1176

0.115 0.120 0.125 0.130 0.110 0.115
Qs Qs

0.110

These results point towards the need of new generation of global fits, in which all ingredients that enter
theoretical predictions are treated consistently.



