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Introduction and Motivation

Strengths and Limitations of the Standard Model

The most successful
theory in particle
physics

Itis both renormalizable and
mathematically self-consistent

It predicted the Higgs boson

Allowed the most precise
measurement in physics: Electron
Anomalous Magnetic Momentum

However, it cannot
explain several
observed phenomena

Matter-Antimatter asymmetry
Neutrino Oscillations
Gravity
Dark Matter

Dark Energy

Martina Fusi - University of Southampton

Ultimately, it describes
only around 5% of the
energy in the universe

Atoms

Dark
4.6% Energy
Dark G
Matter
23%



Introduction and Motivation

Effective Field Theory (EFT) (.

I care?

o

Search for new physics through "bump-hunting" at the LHC have so far been unsuccessful

We need to look for indirect signs of new physics, particularly in scenarios where the mass of the
new particles lies well above the collider energy

In this context, an EFT can help

A classical example of EFT is the Fermi interaction, the low-energy effective field theory of weak
interactions

A) Fermi vertex B) SM vertex

d et d et
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Introduction and Motivation

Fermi Theory as an EFT

99 forvd—>{"u

avs
We can look at the differential cross section Low energy limit
predictions of SM and Fermi theory 1
1. Atlow energy, the two theories give the -~ 107
same result >

2. At slightly higher energy, deviations %

from the Fermi prediction would °T”’

become visible o
3. Around W boson energy, the Fermi ~—~ Fermi Theory

107104 —— Standard Model
theory becomes completely i , , , ,
5 10 15 20

inapplicable

Vs [GeV]
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( A Toy Effective Field Theory*

-®

B, “ =

Let's consider this toy model:

| T Y : = & ¥
S = /ff‘l.-r __;}[f',l'.,.,.r;jl[x'_ﬂ"’-:_u] Elf“n“ - (i1 0 —m) U tiy ¢ Wy %A{;ﬁ

: « s g . w(p1) - y(p3)
e Yis afermionic field with small mass \)\rf/’;

* O®is a scalar field with high mass m << M 0

* y, A<<1sothat we can work in perturbation theory /\\
w(p2) w(pa)

The matrix element for an elastic scattering of two fermions is:

M = (_yjz {ﬁ'i\:hp:gf}ﬁ WXy ,py

_? .
(p3 — p1)? + M? Urg,pa”Y

in s — (365 4)}

*An Introduction to Effective Field Theories - arXiv:2006.16285v1
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A Toy Effective Field Theory

The scalar propagator can be expanded in powers of momenta (considering m? «< p? < M?).
The first term is:

,L;,g:z EQ
M~ —— [u)\.i P57 Uxy py Uy Palf} Uy ,po (3 — 4)] + O

M? M?

We would have obtained the same result with the effective theory:

2
_ | e G oH— — L (I4°0)’
Seﬁ— /d I{qj(?’ /8 TH')II, INI2 (IIV? qj) } V7 vy

* Atlow energy (E<< M) the two theories are indistinguishable

* The effective theory does not postulate a scalar boson
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Standard Model as an EFT (SMEFT)

 Just like Fermi theory is an EFT for the SM, we can consider the SM to be an EFT of some
bigger underlying theory

 SMEFT extends the SM in a model-independent way, capturing possible effects of high-energy
new physics from lower-energy data

% . c®
Lsvert = Lsm + Z 1{2 O£ )+ Z ﬁ@é ..
i j

* Aisthe energy scale of new physics (here fixed at 1 TeV)

* C,arethe so-called Wilson coefficients

* Any relevant operator that is compatible with the symmetries of the system should in principle be
included

« O and Q") are not considered because they violate either leptonic or baryonic number*

*arXiv:1604.05726
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https://arxiv.org/abs/1604.05726

SMEFT Operators in the Amplitude

The matrix element will then be:
M = Mgy + M{per + Mgy
SM SMEFT SMEFT

And the cross section will be proportional to:

e 4 q(6 6 £ M !
IM|* = [Msm|* + 2Re (MSMMEIEIEFT) T lMgDﬂ[EFTF +2Re (MS:"'{M“E’}'}{EFT) O (ffi)

* The second term is the interference between SMEFT and SM (~1/A?) and is a linear combination
of the Wilson coefficients

* The third term is the pure SMEFT contribution (~1/A%), sometimes referred to as the squared
term, and it is a quadratic combination of the Wilson coefficients

* The interference between SM and dim-8 SMEFT operators also contributes to ~1/A4
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The Drell-Yan (DY) Process

The Drell-Yan process consists of a quark from one hadron and an antiquark from
another hadron annihilating to produce a virtual photon or Z boson, which
subsequently decays into a pair of oppositely charged leptons

»Why choose DY?

o With 2499 dimension-6 operators in the SMEFT, we must

target specific processes where only a subset contributes
significantly

o DY has a simple final state

o Many measurements of DY have already been performed proton
at colliders

Martina Fusi - University of Southampton
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Dim-6 SMEFT Operators in DY  »

There are three classes of dim-6 operators for DY:

* W2d2D: these operators include a single derivative, a
Higgs doublet and two fermions

o They shift the SM coupling of the fermions to gauge bosons
o They have already been constrained at LEP

o W2Xd: two fermions coupled to a gauge boson (X = B, p “Vev

G, W) and a Higgs.
o They don’t interfere with the SM ¥ P Y
* W:: four-fermion operators ><
o 10 different operators (7 interfere with the SM)
o They grow with E2/A2 ¥ ¥

Martina Fusi - University of Southampton 11



SMEFT Operators in DY

The relevant 4-fermion operators are:”
Operators (LL)(RR)

Qe = {Ep?ﬂgr}{ﬁs'}#m)
Operators (LL)(LL)

0, = (Zpyule) (@Y q) Ota = (Epyuty) (di¥*d;)
QE) = (£pYu T4,)(g: 7 T'q) Qge = (GpYugr) (&Y er)
Operators (RR)(RR) Operators (LR)(LR) and (LR)(RL)
Qeu = (Ep}’p Er) (E.i?# ur) * Q.fedq = (Ffmﬁr)(‘fqu)
Qea = (€pyuer)(dy¥'dy) Q.E:cj;u = [Ef;ef)ﬁjk (G5

3 — —
Q}:egm - (Efﬁﬂ-live-")ﬁjk (qﬁﬁpv‘t“)
*In the code: ¢y, Cyisr Cutt

* Dimension-Six Terms in the Standard Model Lagrangian - arXiv:1008.4884v3
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Towards a global DY fit

Including SMEFT Terms

Drell-Yan my Distribution with SMEFT Contribution

W P 1 SM (c=0)
10-1 SM + SMEFT INT (c=0.2)
] [ SM + SMEFT INT + SMEFT SQR (c=0.2)
¢ ATLAS 8 TeV e+e-
10_2?
Ry p >
Q
2107
At higher energies, data are s :
- . T 10744 —|_
more sensitive to 4-fermion |
SMEFT operators | )
107>
* We can vary c to fit the data | '

103 1.5 x 103
mll (GeV)
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Towards a global DY fit

Fitting strategy

Oexp

* For the fit, we use the signal strenght p: H= o
SM
* And minimize the y2:

Xg(é) - (ﬁdata. - ﬁth(é))T v (Edata- - ﬁth(é))

e Where: &

e (Cis avector of the Wilson coefficients M
e Vs the full covariance matrix

° M., is defined as:

un(C) =1+ Z Cipy "+ Z CiC Miﬁﬁ

=]
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Towards a global DY fit

Preliminary SMEFT constraints from Drell-Yan

e Two SMEFT fits

95% CL bounds ATLAS 8TeV: INT vs SQR

o one retaining only — W e
interference (INT) terms 02- o e
o one including also quadratic % nconstrained
(SQR) contributions o O
* Input observable I S ST T S S + ___________ |1 N W W
) . . £ x
o Single-differential Drell-Yan
cross section § 01
do/dm from s
arXiv:1606.01736 s
* Fit setup
o One Wilson coefficient at a e 5 s s o & o s s s
time, all others set to zero S & o & & & & & &
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Towards a global DY fit

Preliminary SMEFT constraints from Drell-Yan

Marginalised vs Individual intervals at 8 TeV

* Input observable Standard Model -
: : inalised
o Double-differential Drell-Yan 1 2 :\:Z:silgja:fimo T

cross sections
(from arXiv:1606.01736)

* Fit setup
o Interference terms only (INT)

* Treatment of Wilson

Coefficient value
o
o
rY
-
e
-.
|- 1
P
o
—o—
i
®
L

[ [ _05 .__ a1+
coefficients
o individual fits: one coefficient at ~1.0 1
a time 1
o marginalised fit: all coefficients —13 N N N N - N N
varied simultaneously > oS S > > S o
+ 5 2 > > @ e
0\\'\ 0\\’5 & o ¢ > (Jb

Martina Fusi - University of Southampton 16



Towards a global DY fit

Flat Directions

Casel

(J A common issue in Drell-Yan SMEFT fits Cou [ 2] '

> Flat directions in the Wilson coefficient parameter e
space

 Origin of flat directions |

» One coefficient, or a linear combination of
coefficients, remains unconstrained or weakly X

constrained by the data : |
 Strategies to resolve flat directions T /4 \

» Additional observables | B\ ¢
(e.g. forward—backward asymmetry, angular . |
coefficients) Ll

» Increased differential information
(double- or fully-differential distributions)

» Complementary processes
(e.g. charged Drell-Yan, low-energy measurements

1
Coa=Cof 1

= Drell-Yan
DIS (10 fb~1)
-4t DIS (100 fb 1)

=

Boughezal et
al arXiv:2004.00748
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Conclusions and Outlook

Conclusions and Outlook

Conclusions

* Presented first results from a SMEFT fit to ATLAS 8 TeV double-differential Drell-Yan data
e Compared individual and marginalised constraints at interference level

* Highlighted the role of flat directions in DY-only fits

Outlook

* Implement a fitting framework based on analytic EFT predictions

* Address flat directions by including:
* Low-energy observables
* Charged Drell-Yan measurements

tarXiv:1706.03783
*arXiv:2502.12250v 1
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Conclusions and Outlook

Thank you for your attention!

Martina Fusi - University of Southampton 19



Matching Amplitudes

In order to understand the procedure it is useful to look at the generating function:

Z[JI=0,7,n] = / DYDY [(M¥+T1) / D¢ ei19:Y] = [ DYDY e [ (MP+TN) g Senl V]

Setr = St + BS\) + O (1),

Recalling that it is possible to evaluate the amplitude from Z through the LSZ formulae:

Z[0 2 01T () - .. () |0) 5 [ My,

. Seffo) describes an EFT that reproduces all tree-level amplitudes of fermions in the full theory
SeY describes all 1-loop corrections

e And so on...

Martina Fusi - University of Southampton 20



Matching Amplitudes

Let's focus on the tree-level effective action 5% and assume:

50 516 A 5[0,V
¢SarFI/R — iSO ¥]/h with ¢[¥] a solution of 9% _ 0.

5¢

The Lagrangian equation of the full theory with respect to ® will be:

. A L
(O - M*)¢+ yJ — F;b*‘ — 0  with J = i04°T

1 n)
ﬂ.f!!n-').’ ﬁb[

oo
We can solve this equation using a perturbative expansion: b = Z
n=()

And obtain:

. Y D DE D:I Ayli g
= — 11 V- —J"F -
? ( T T e *
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Matching Amplitudes

We can now use this result in the starting generating functional to obtain the complete effective action at
tree level:

2

2 3 4
*ig):fd4m{@(i7”agi—m)m+ J J(1+ J U0 )j— AY j4+...}

L a2 T T e IIVE

* The first dim-6 term is the same as the one obtained from the 4-fermions elastic scattering
* The other terms capture all possible tree-level amplitudes

* The EFT contains an infinite number of non-renormalizable interactions

* The coefficients before each operator are a specific function of the full theory parameters
* Here, a complete matching procedure was possible because we knew the full theory

Martina Fusi - University of Southampton 22



Summary of the SMEFT approach

Contrary to the toy model, we don't know the full theory

A matching procedure for the Wilson coefficients is not possible

All dim-6 and dim-8 SMEFT operators have been categorized*

We can include them in our calculations and try to constrain the Wilson coefficients

A non-zero Wilson coefficient would suggest new physics

The SMEFT is not a final theory, but a framework that may offer hints about the underlying one

At new physics energy, it will break and a new theory will be needed

*DOI: 10.1016/0550-3213(86)90262-2 , arXiv:1008.4884v3,
DOI: 10.1007/JHEP10(2020)174, DOI: 10.1103/PhysRevD.104.015026

Martina Fusi - University of Southampton 23
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Results and Interpretations

Differential Cross Section in DY

The hadronic differential cross section in cosB is obtained by
integrating over PDFs:

A ~ proton
foos = 2 [ deides fu(en) falen) 502 (6), 5= mims
Toexpress gin terms of the invariant mass, we perform a change of
variables: X
O = Z/ dx] / dxz fq xl&Q )fq(x% )—l_q{_}(i') (xlxz?) proton

1 X1
(XI.XQ_'L' V= 511’1){—2 X|2—\/E€iy)

1 %Int
=Y [ar [ dy(u(vret, 00 fa(VEe 7,00 +q ¢ 4) 6(x)
q - v =3 nt
ic 1 [ii - -
(d? = —; /;lln d\ (f‘l(\/> +‘1Q~)f4(\/§e ".Q.')—{-(I(—)q) O’(s)

We obtain this result for the single do oM $in™” f 2 va
) ) ) dy e, 0% fa(A| —e ™, 0? 7) 6 (M?
differential cross section: dM s J 12 (o 0)fal s © 0')+gq) 6(M)

Martina Fusi - University of Southampton 24



Back-up slides

How many SMEFT operators?

10000000 000

7557 360 962
2795173575

1000000000

LA T P —
3472 265 / 5474170
261485 257378
= 11062

Mo. of independent ops

L5}

T E 9 10 1

] ]

Mass dimension

Growth of the number of independent operators in the SM EFT up to mass dimension 15. Points joined by the lower solid
line are for one fermion generation; those joined by the upper solid line are for three generations. Dashed lines are to guide
the eye to the growth of the even and odd mass dimension operators in both cases.

Ref: arXiv:1512.03433v2
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Helicity Amplitudes

uu —ete” dd — ete™
(RLLL}, {RLRR}, {LLLR}, {RRRL}, 0 (RLLLY, {RLRR}, {LLLR}, {RRRL}, 0
[LRRR}, {LRLL}, {RRLR}, {LLRL}, 0 {LRRR}, {LRLL}, {RRLR}, {LLRL}, 0
t{_ﬂtﬁt}, {LRLR}, © t[ELER}, (LRRL}, 0
t {ELER} - 45{"5:}.‘} 's e1’.‘2'.‘1-;11.['0I2 t{ﬁLE LY _45(":!}5} IJ'Z‘S(_'nll,[_'nlz
A2 A
(LI} is(c oy — Corae) (1 €05 8) Seol con2 N YELTL) is(egix T ;:H:_‘al_)(cr;s 0 + 1) Scolt Col
A? A
ie? (1 +cos®) dcali col2 (BL'?,_J.'; + 4{%,;%('. — ZM‘%) + .-;xi.) _ i’ (Mzm—ﬂ } 8coli Col2 (3":-"" +2e58, (s —2M3) — “:)
12¢2 52 (M3 —5) 6c5,5% (M7 —5)
5 ie? (1 — cos @) Scoli colz (2 (4M3 —5) —ss2)  2iep,' s (1 —cos0) Scali col2 (LLRR} icpe s(cos® - 1) 8con cot2
{LLRR) 62 (M2 — s) B A2 A2
e . ie? (cos 8 — 1)8cont coz (¢ (2M3 + 5) + 552,
I ie? (1 —cos@) 3(':._1.11_.(:;-,|2(L%.(2M% —5)— x.-,-._zb.] E'{:i; s (1—cos0) con col2 + 62 (M2 —s)
{RRLL} 30 - > (M5 —
e ST i(1 —cos0) dconn conCyy' ' s
{TERER} 2”:2{:] +COSB}&:D",CQIZ{U12P(M% —.S'} —3‘.';'%,] B i(:ii”.\'l:l +cos 8]5(_'0":00]2 {RRLL} A2
3‘*%("”% _"") A2 _ f(] —CDSB) &'OH,COE_ELQ ({JH’Z(.!.'—ZMZZ) +:c.s'w2)
t{EREL} 4""'”.5]' 's Bcalt Col2 6cw? (MZ2 —s)
A2 (RRRR} 2, (]+cos;[:'!)6(~ ( 582, _1)
3t 5 “ol1,Col2 m
e o . it:”“.s' 1+cos8 . .
These are the subprocesses helicity amplitudes at order ~71/A2 - e s (057 Scan o
SMis marked in black, interference terms are in red TrIgy  Yicils's Sconcon 26
{ } A2
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Differential Cross Section: pp =—e'e

Drell-Yan Cross Section

—_— SM
102 ! —=- SM + SMEFT/SM
: =—=-= SM + SMEFT/SM + SMEFT
| --- Z boson mass
* Inthis plotA=1TeV, cqy )" =10 10 i
* Effects from the SMEFT operators 10 i
are relevant at high m, 8 NG
ol 1071 i
* Results up to 1/A? are negative at oS i
high m, for the chosen Wilson 102 i
o o I N
coefficient | %
1073 : )
I 1
: 1
1 |
1041 i |
: :
50 100 150 200 250 300
my; (GeV)
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Results and Interpretations

) [pb]

do
dmy

SM/SMEFT (

SM/SMEFT Corrections

SMEFT Contributions: pp = e-e

SMEFT Corrections

0.008 -

0.006

0.004 -

0.002 A

0.000 ~

—0.002 -

200

Parameters Parameters
— cQI1
cQI3
— cQe
— cul
— cdl o
— cue E.-
cde n®
—— culs 3 £
cult ‘l:
— cdls [T
wl
=
w
460 660 860 10100 12I00 14|00 16|00 18|00 2000 200 400 600 800 1000 1200 1400 1600 1800 200C
Vs (GeV) Vs (GeV)

* Each class of operators is tested by setting its coefficient to 0.5, while the others are set to zero

 Some interference terms are identically zero

 Both the interference and the squared contributions go to zero at high energy due to PDFs

Martina Fusi - University of Southampton
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Results and Interpretations

Differential Cross Section: pp —e'e

Summing these contributions to the SM, we obtain:

do

1
gmy. UP to order A

— ] cQl1l
= ] — cqi3

5 1074 41— Q8
%_g ] — cul
—_— cdl
— Ccue

cde
— culs
cult
107§ — cdls
] ==- sMm

200 400 600 800 1000 1200 1400 1600 1800 200C
Vs (GeV)
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Results and Interpretations

Relative impact of the SMEFT contributions

* InthisplotA=1TeV, cqy)=0.5

Coefficient: cQI1 = 0.5

-—- SM
SM + INT
—— SM + INT + SQ

 The second panel displays the
ratio:

dosym + doNT
dosm

-
-
—_———
—
i
——

* The third panel displays the ratio:

dogy + dont + dJSQ _éz——

dosm
* In both cases the absolute value of 200 -
the ratio increases at high energy $

-
- —
- —
u —
- —
— ——
— — — —
b — —— ——_— — 1 T—_ —

: 0= 7 - " I : . T T
* ThlS‘makes these Operators Of 200 400 600 800 1000 1200 1400 1600 1800 2000
particular interest Vs (GeV)
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Results and Interpretations

Relative impact of the SMEFT contributions

The same plot can be replicated for all operators:

Coefficient: cde = 0.5 Coefficient: cdls = 0.5
107! E
PE— -== SM
SM + INT SM + INT
%‘_ 10-3 P —— SM + INT +5Q —— SM + INT + 5Q
dg | 1 e o ———t—— o | e
b‘g L e e e L LT e e I T B e S
1.05
4 4
sl s Bl s
5|8 o e e e e S s B S
oIS 5 | SIS
0.95
/,/ /_/
i 100 o
§[§ = g 4 I
=1 I S D R R = SIS 501 ooy
e e e i ; , ; , I S D e oo ! | ,
200 400 600 800 1000 1200 1400 1600 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000

Vs (GeV) Vs (GeV)

 The operators shown here yield, respectively, positive and zero interference terms

* This, once again, shows a ratio that increases with energy

Martina Fusi - University of Southampton 31



Conclusions and Outlook

Conclusions

* | have shown analytic calculations of helicity amplitudes for different subprocesses

* | used these results to compute a single differential cross section, which allows for future predictions at
collider energies

* The results have been validated with MadGraph5 aMC@NLO * and require less
computational resources than a Monte Carlo simulation to be produces

I 137 fbl-1 (1?1:8\"0 (JinV.jleO3.I02708V2I | 140 fbl-‘l (1‘3'|:ey}

= T oo T = 108 T
SiopCMs  1Daa 1 30T W[ oaa " CMs
0 10° D W, WW, Wz, 22,1t 1 o 10°F B, tW, WW, WZ, ZZ, 1t
c10° []Jets T S 10°F []Jets
> 10‘3‘ 1 2 1025 [ Total Background (NR)
10 — Gy, kM, = 0.05, M =35 TeV ¢ 10°r — G, KL, = 0.05, M = 3.5 TeV
102 wor Ty M =5 TeV 1 102k o T M= 5TeV
1 10§
1 1k
107 > 107k
107 4 107
107 i 103
R — = 105 - :
& 05 *W & 05 |
= e ettt St I = P envesgrpptb o]
2 02- ""““*Qi i 2 02-‘ AR L1
m T I m —WA [ (-
J e VB TR o R ' R0 (R s 1750 =0 3009000 2000
8 m(ee) [GeV] & m(u ) [GeV]

*arXiv:1405.0301
Martina Fusi - University of Southampton 32



https://arxiv.org/abs/1405.0301

	Diapositiva 1: Catching Four-Fermions SMEFT Operators in the Drell-Yan Process 
	Diapositiva 2: Table of Contents
	Diapositiva 3
	Diapositiva 4: Effective Field Theory (EFT)
	Diapositiva 5: Fermi Theory as an EFT
	Diapositiva 6: A Toy Effective Field Theory+
	Diapositiva 7: A Toy Effective Field Theory
	Diapositiva 8: Standard Model as an EFT (SMEFT)
	Diapositiva 9: SMEFT Operators in the Amplitude
	Diapositiva 10: The Drell-Yan (DY) Process 
	Diapositiva 11: Dim-6 SMEFT Operators in DY 
	Diapositiva 12: SMEFT Operators in DY 
	Diapositiva 13: Including SMEFT Terms
	Diapositiva 14: Fitting strategy
	Diapositiva 15: Preliminary SMEFT constraints from Drell–Yan
	Diapositiva 16: Preliminary SMEFT constraints from Drell–Yan
	Diapositiva 17: Flat Directions
	Diapositiva 18: Conclusions and Outlook
	Diapositiva 19: Thank you for your attention!
	Diapositiva 20: Matching Amplitudes
	Diapositiva 21: Matching Amplitudes
	Diapositiva 22: Matching Amplitudes
	Diapositiva 23: Summary of the SMEFT approach 
	Diapositiva 24: Differential Cross Section in DY
	Diapositiva 25: How many SMEFT operators?
	Diapositiva 26: Helicity Amplitudes
	Diapositiva 27: Differential Cross Section: p p       e+e- 
	Diapositiva 28: SMEFT Contributions:  p p        e+e- 
	Diapositiva 29
	Diapositiva 30: Relative impact of the SMEFT contributions
	Diapositiva 31: Relative impact of the SMEFT contributions
	Diapositiva 32: Conclusions

