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Outline

Motivations             perform a test of the Standard Model at very different energy scales

Methodologies        assuming the Standard Model validity, how can we fit a Lagrangian input parameter

                              theory requirements for a significant extraction
   
Status                     sensitivity study with CMS colleagues      

Outlook               
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The weak mixing angle

sin2 θW =
(g′ )2

g2 + (g′ )2

In the construction of the SM, 
identification of the electromagnetic current  and electric charge 
→ prediction of the second neutral current, coupling the  boson to fermions

e = g sin θW
Z

4

Zff̄ ∝ i
g

cos θW
γμ (T3

1 − γ5

2
− sin2 θWQf)

It is interesting to test both:  the strength of the neutral current interaction            
                                          the mixing of the  and  gauge groups   SU(2)L U(1)Y
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The weak mixing angle(s)
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• the effective leptonic weak mixing angle enters in the definition of the effective  vertex
    at the Z resonance , when  is a lepton

                            

Zff̄
( q2 = m2

Z ) f

ℳeff
Zff̄

= ūl γα [𝒢f
v(m2

Z) − 𝒢f
a(m2

Z) γ5] vl εα
Z 4 |Qf |sin2 θ f

eff = 1 −
𝒢f

v

𝒢f
a
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The weak mixing angle(s)
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the effective weak mixing angle receives quantum corrections (SM, BSM,…) through 
                                             
the self-energy corrections 

the flavour-dependent vertex corrections

from all those diagram which yield a different corrections to left- and right-handed currents

• the effective leptonic weak mixing angle enters in the definition of the effective  vertex
    at the Z resonance , when  is a lepton

                            

Zff̄
( q2 = m2

Z ) f

ℳeff
Zff̄

= ūl γα [𝒢f
v(m2

Z) − 𝒢f
a(m2

Z) γ5] vl εα
Z 4 |Qf |sin2 θ f

eff = 1 −
𝒢f

v

𝒢f
a
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The weak mixing angle(s)
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Gμ

2
=

g2
0

8m2
W,0

⟶ ̂s2 ̂c2 =
πα

2Gμm2
Z (1 − Δ ̂r)

̂s2 ≡ sin2 ̂θ(μR = mZ)

• the MSbar weak mixing angle stems from the renormalisation of the weak coupling in the MSbar renormalisation scheme

it is flavour independent

it has a weak dependence on the top-quark corrections  → precise theoretical prediction
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The running of the MSbar weak mixing angle

boson �i fermion �i

real scalar 1 chiral fermion 4

complex scalar 2 Majorana fermion 4

massless gauge boson �22 Dirac fermion 8

Table 1. RGE contributions of different particle types, where the minus sign is indicative for the
asymptotic freedom in non-Abelian gauge theories.

the calculation of the singlet contribution to the weak mixing angle, with some details given
in Appendix B. In Section 5 the flavor separation (contributions of light and strange quarks)
is addressed and threshold masses are calculated. In Section 6 theoretical uncertainties are
discussed in detail, and Section 7 offers our final results and conclusions.

2 Renormalization group evolution

In an approximation in which all fermions are either massless and active or infinitely heavy
and decoupled, the RGE for the electromagnetic coupling in the MS scheme [24], ↵̂, can be
written in the form [2],

µ
2 d↵̂

dµ2
=

↵̂
2

⇡

2

4 1

24

X

i

Ki�iQ
2
i + �

 
X

q

Qq

!2
3

5 , (2.1)

where the sum is over all active particles in the relevant energy range. The Qi are the electric
charges, while the �i are constants depending on the field type and shown in Table 1. The
Ki and � contain higher-order corrections and are given by [25],
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c
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and,
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– 3 –

The electric charge  and the vector coupling  of a  boson to a fermion  satisfy the RGEs:α̂ ̂vf Z f

Energy range �1 �2 �3 �4

m̄t  µ
9
20

289
80

14
55

9
20

MW  µ < m̄t
21
44

625
176

6
11

3
22

m̄b  µ < MW
21
44

15
22

51
440

3
22

m⌧  µ < m̄b
9
20

3
5

2
19

1
5

m̄c  µ < m⌧
9
20

2
5

7
80

1
5

m̄s  µ < m̄c
1
2

1
2

5
36 0

m̄d  µ < m̄s
9
20

2
5

13
110

1
20

m̄u  µ < m̄d
3
8

1
4

3
40 0

mµ  µ < m̄u
1
4 0 0 0

me  µ < mµ
1
4 0 0 0

Table 2. Coefficients entering the higher order RGE for the weak mixing angle.

with nq the number of active quarks and N
c
i = 3 the color factor for quarks. For leptons

one substitutes N
c
i = 1 and ↵̂s = 0, while Ki = 1 for bosons.

We can relate the RGE of ↵̂ to that of sin2 ✓̂W since both, the �Z mixing tensor
⇧̂�Z and the photon vacuum polarization function ⇧̂�� are pure vector-current correlators.
Including higher order corrections, the RGE for the Z boson vector coupling to fermion f ,
v̂f = Tf � 2Qf sin

2
✓̂W , where Tf is the third component of weak isospin of fermion f , is

then

µ
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24⇡
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. (2.4)

Eqs. (2.1) and (2.4) can be used [2] to obtain

ŝ
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where the �i are known [2] constants given in Table 2 and the explicit Ki dependence has
disappeared. The �̃ terms,
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, (2.7)

– 4 –

with  electric charges,  field type constants, 
        the -function coefficients,  4- and 5-loop corrections

Qi γi
Ki β σ

J.Erler, M. Ramsey Musolf, hep-ph/0409169, J.Erler, R.Ferro-Hernandez, arXiv:1712.09146, 
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The running of the MSbar weak mixing angle

boson �i fermion �i

real scalar 1 chiral fermion 4

complex scalar 2 Majorana fermion 4

massless gauge boson �22 Dirac fermion 8

Table 1. RGE contributions of different particle types, where the minus sign is indicative for the
asymptotic freedom in non-Abelian gauge theories.

the calculation of the singlet contribution to the weak mixing angle, with some details given
in Appendix B. In Section 5 the flavor separation (contributions of light and strange quarks)
is addressed and threshold masses are calculated. In Section 6 theoretical uncertainties are
discussed in detail, and Section 7 offers our final results and conclusions.

2 Renormalization group evolution

In an approximation in which all fermions are either massless and active or infinitely heavy
and decoupled, the RGE for the electromagnetic coupling in the MS scheme [24], ↵̂, can be
written in the form [2],

µ
2 d↵̂

dµ2
=

↵̂
2

⇡

2

4 1

24

X

i

Ki�iQ
2
i + �

 
X

q

Qq

!2
3

5 , (2.1)

where the sum is over all active particles in the relevant energy range. The Qi are the electric
charges, while the �i are constants depending on the field type and shown in Table 1. The
Ki and � contain higher-order corrections and are given by [25],

Ki = N
c
i

⇢
1 +

3

4
Q

2
i
↵̂

⇡
+

↵̂s

⇡
+

↵̂
2
s

⇡2


125

48
� 11

72
nq

�

+
↵̂
3
s

⇡3


10487

1728
+

55

18
⇣3 � nq

✓
707

864
+

55

54
⇣3

◆
� 77

3888
n
2
q

�

+
↵̂
4
s

4⇡4


2665349

41472
+

182335

864
⇣3 �

605

16
⇣4 �

31375

288
⇣5

� nq

✓
11785

648
+

58625

864
⇣3 �

715

48
⇣4 �

13325

432
⇣5

◆

� n
2
q

✓
4729

31104
� 3163

1296
⇣3 +

55

72
⇣4

◆
+ n

3
q

✓
107

15552
+

1

108
⇣3

◆��
, (2.2)

and,

� =
↵̂
3
s

⇡3


55

216
� 5

9
⇣3

�
+

↵̂
4
s

⇡4


11065

3456
� 34775

3456
⇣3 +

55

32
⇣4 +

3875

864
⇣5

� nq

✓
275

1728
� 205

576
⇣3 +

5

48
⇣4 +

25

144
⇣5

◆�
, (2.3)

– 3 –

The electric charge  and the vector coupling  of a  boson to a fermion  satisfy the RGEs:α̂ ̂vf Z f

Energy range �1 �2 �3 �4

m̄t  µ
9
20

289
80

14
55

9
20

MW  µ < m̄t
21
44

625
176

6
11

3
22

m̄b  µ < MW
21
44

15
22

51
440

3
22

m⌧  µ < m̄b
9
20

3
5

2
19

1
5

m̄c  µ < m⌧
9
20

2
5

7
80

1
5

m̄s  µ < m̄c
1
2

1
2

5
36 0

m̄d  µ < m̄s
9
20

2
5

13
110

1
20

m̄u  µ < m̄d
3
8

1
4

3
40 0

mµ  µ < m̄u
1
4 0 0 0

me  µ < mµ
1
4 0 0 0

Table 2. Coefficients entering the higher order RGE for the weak mixing angle.

with nq the number of active quarks and N
c
i = 3 the color factor for quarks. For leptons

one substitutes N
c
i = 1 and ↵̂s = 0, while Ki = 1 for bosons.

We can relate the RGE of ↵̂ to that of sin2 ✓̂W since both, the �Z mixing tensor
⇧̂�Z and the photon vacuum polarization function ⇧̂�� are pure vector-current correlators.
Including higher order corrections, the RGE for the Z boson vector coupling to fermion f ,
v̂f = Tf � 2Qf sin

2
✓̂W , where Tf is the third component of weak isospin of fermion f , is

then

µ
2 dv̂f

dµ2
=

↵̂Qf

24⇡

"
X

i

Ki�iv̂iQi + 12�

 
X

q

Qq

! 
X

q

v̂q

!#
. (2.4)

Eqs. (2.1) and (2.4) can be used [2] to obtain

ŝ
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expresses the dependence of   on the renormalisation scale  and on the coupled running of  ̂s2(μ) ≡ sin2 ̂θW(μ) μ α̂(μ)

Figure 3. Scale dependence of the weak mixing angle in the MS renormalization scheme. The
dots indicate the scales where a particle is integrated out. The total uncertainty corresponds to
the thickness of the line. The �-function of SU(2)L changes sign at µ = MW , where the fermionic
screening effects of the effectively Abelian gauge theory are being overcompensated by the anti-
screening effects of the full non-Abelian electroweak theory.

where the second error is the total theoretical uncertainty from Table 4.
To facilitate the update of our results in the future, we also present a linearized formula

of the form factor (0),
sin2 ✓̂W (0) ⌘ ̂(0) sin2 ✓̂W (MZ), (7.2)

in terms of variations of the input parameters, using �↵̂s(MZ) in Eq. (3.6), as well as,

�̃↵ ⌘ �↵(2.0 GeV)� 0.005871, (7.3)

and,

�m̂c ⌘
m̂c(m̂c)

1.272 GeV
� 1, �m̂b ⌘

m̂b(m̂b)

4.180 GeV
� 1. (7.4)

We obtain,

̂(0) = 1.03196± 0.00006 + 1.14 �̃↵+ 0.025�↵̂s � 0.0016�m̂c � 0.0012�m̂b , (7.5)

which shows that the current experimental uncertainties of ±0.45 ⇥ 10�4 in �↵(2 GeV)

from Eq. (4.9) and of ±0.0016 in ↵̂s(MZ) induce errors of ±5⇥10�5 and ±4⇥10�5 in ̂(0),
respectively. Variations of ±8 MeV [37] in m̂c(m̂c) and ±30 MeV in m̂b(m̂b) both imply
⌥2 ⇥ 10�6 in ŝ(0) which is negligible. The resulting scale evolution of the weak mixing
angle is illustrated in Figure 3.

– 17 –

J.Erler, M. Ramsey Musolf, hep-ph/0409169, J.Erler, R.Ferro-Hernandez, arXiv:1712.09146, 
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Additional (BSM) virtual contributions modify the -function
changing the slope of the running (or even the sign) 

At low energies, 
     there is sensitivity to the effects due to light new particles
     otherwise swamped at the Z resonance or at higher scales

At high energies, we might hope to have indirect hints
     of new heavy particles

The reference experimental precision is still set by the LEP value
     (PDG)  or   

Given the size of the running effects, a SM test achievable with  determinations

Given the rich literature on the possible studies at low-energy facilities
it is natural to investigate the possibility of a determination in the TeV region
exploiting the sub-percent precision expected at the end of HL-LHC

β

sin2 ̂θW(m2
Z) = 0.23121(4) Δ sin2 θℓ

eff = 16 ⋅ 10−5

𝒪(1%)

The running of the MSbar weak mixing angle and sensitivity to New Physics

W.Marciano, arXiv:1203.2947
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Observables sensitive to the weak mixing angle (1)

Neutral Current Drell-Yan is the obvious process to investigate the couplings of the  boson

The lepton-pair invariant mass distribution offers the possibility of testing the couplings at different energy scales

Z

10

 is related to the ratio of vector and axial-vector couplings → link to observables sensitive to parity violation

The cross section is mediated by photon and  exchanges → the actual rate depends on  value 

sin2 θW

Z sin2 θW
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Observables sensitive to the weak mixing angle (2)

11
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Fig. 4 Comparison between
data and best-fit AFB
distributions in the dimuon
(upper) and dielectron (lower)
channels. The best-fit AFB value
in each bin is obtained via linear
interpolation between two
neighboring templates. Here, the
templates are based on the
central prediction of the NLO
NNPDF3.0 PDFs. The error
bars represent the statistical
uncertainties in the data
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Decomposing the invariant mass distribution into a forward ( ) and a backward ( ) components, 

      

we have two combinations  and , with complementary information

→ we consider           and       

F B

F(Mℓℓ) ≡ ∫
1

0
d cos θCS

dσ
d cos θCS

(Mℓℓ) B(Mℓℓ) ≡ ∫
0

−1
d cos θCS

dσ
d cos θCS

(Mℓℓ)

F + B F − B

dσ
dMℓℓ

AFB(Mℓℓ) ≡
F(Mℓℓ) − B(Mℓℓ)
F(Mℓℓ) + B(Mℓℓ)
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Sensitivity of the observables to the weak mixing angle (1)

The Forward-Backward asymmetry

The  asymmetry expresses the amount of parity violation  
       due to the presence of an axial-vector coupling
but    does not imply sensitivity to  

At the  resonance, the  vector coupling  plays a role   
→  we have sensitivity to 

Outside the resonance, the  exchange falls to zero  
more rapidly than the  amplitudes interference
→ large asymmetry due to the axial-vector  coupling
     but very low sensitivity to 

AFB(Mℓℓ)

AFB(Mℓℓ) ≠ 0 sin2 θW

Z Z vf
sin2 θW

Z
γ − Z

Z
sin2 θW

The theoretical sensitivity  can be evaluated at LO

and must be supplemented by all relevant uncertainty sources

δAFB

δ sin2 θW
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Figure 11: FB asymmetry AFB for muon pair (left) and dressed-lepton pair (right) produc-
tion at LO (red) and including various corrections: NLO QCD (green), NLO EW (blue),
full NLO QCD + EW (pink), and NNLO ⌘ NLO + EWHO + �LLFSR + QCD⇥QCD
+ QCD⇥EW (light blue).

where

k
µ
`` = k

µ
` + k

µ
¯̀ , k

±
j =

1
p
2
(k0

j ± k
3
j ), j = `, ¯̀, (3.9)

i.e. M2
`` = k

2
``. All four-momenta are defined in the LAB frame.

The FB asymmetry AFB(M``) is mainly relevant for determining the leptonic e↵ective
weak mixing angle sin2

✓
`
w,e↵ defined on the Z resonance from an M`` window around MZ

with a width of about ⇠ ±10GeV. LEP/SLC precision in sin2
✓
`
w,e↵ roughly translates

into an uncertainty of ⇠ 10�3 in AFB, so that the precision target for an improved deter-
mination of sin2

✓
`
w,e↵ at the LHC requires to control the prediction of AFB(M``) at the

level of few ⇠ 10�4 in the vicinity of the Z resonance. Existing measurements of AFB at
the LHC [11, 12, 14, 111] are already at the accuracy level of 10�3 near the Z resonance.
Increased statistics from higher luminosity and steady improvements in the determination
of parton distribution functions will tackle two of the main sources of uncertainties in these
measurements, further challenging the precision of the underlying theory predictions.

In Fig. 11 the LO prediction for the FB asymmetry AFB is compared to predictions
including NLO QCD, NLO EW, and all available NNLO corrections, where

A
x
FB =

�
x
F � �

x
B

�x
F + �x

B

, x = LO, NLO, NNLO, (3.10)

where �
x
F/B are the forward/backward cross sections (3.7) evaluated at order x. The

absolute prediction for AFB(M``), which is shown in Fig. 11, is of the order of 10�2 near
the Z resonance, and the impact of NLO and NNLO corrections is already visible there. To
quantify the impact of the various corrections better, we consider the shifts with respect
to the LO asymmetry:

�A
x
FB = A

LO+�x

FB � A
LO
FB, (3.11)
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Dittmaier, Huss, Schwartz, arXiv:2401.15682



the momentum transfer Q2 given by m2
``. The momentum fractions x1 and

x2 are related to m`` and y`` as x1,2 =
m``p

s e
±y`` . The symmetric S and anti-

symmetric A coupling combinations [44] are embedded into

Sq = e2`e
2
q + P�Z · e`v`eqvq + PZZ · (v

2
` + a2`)(v

2
q + a2q)

Aq = P�Z · 2e`a`eqaq + PZZ · 8v`a`vqaq,
(4)

expressed in terms of the electric charges ei (in units of the positron charge)
and the vector (axial-vector) couplings vi (ai). The propagator factors are
given by

P�Z(m``) =
2m2
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Z)

sin2 ✓W cos2 ✓W [(m2
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,

(5)

where �Z represents the Z width. At the Z peak, the EW mixing angle
has been extracted by measuring the forward-backward asymmetry, which is
defined as

AFB =
�(cos ✓CS > 0)� �(cos ✓CS < 0)

�(cos ✓CS > 0) + �(cos ✓CS < 0)
. (6)

At high energy, however, the absolute di↵erential cross section is a more
suitable observable for the extraction of sin2 ✓MS

W (µ). This can be seen by
evaluating the logarithmic derivative w.r.t. sin2 ✓W , i.e. the relative vari-
ation under the change of sin2 ✓W , of the cross section and of AFB in the
limit where m`` is much greater than mZ [28]. At the representative scale of
1 TeV, keeping the e↵ect of finite mZ, the logarithmic derivative multiplied
by sin2 ✓W is found to be ⇠ 0.9 for the cross-sections and ⇠ 0.3 for AFB.

In our study, NCDY production in proton-proton collisions at the LHC at
p
s = 13.6 TeV is considered. We assume integrated luminosities of 300 fb�1

and 3000 fb�1, expected at the end of the LHC Run 3 and High-Luminosity
LHC (HL-LHC) phases [45], respectively. We evaluate the triple di↵erential
NCDY cross section in six bins in m`` with boundaries 116, 150, 200, 300, 500,
1500, 5000 GeV, six bins in |y``| with boundaries 0.0, 0.4, 0.8, 1.2, 1.6, 2.0,
2.5, and two bins in cos ✓CS for the forward and backward directions, with
72 bins in total. By considering the fully di↵erential information we com-
bine the sensitivity of the absolute cross-sections and the forward-backward
asymmetry. Fiducial selections, usually employed in ATLAS and CMS mea-
surements (see for example [14]), are applied to the leptons. The leading
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The 3D differential xsec exhibits a dependence on the specific  value, 
modulated by the different combinations of  and Z propagators.

At the  resonance, specific sensitivity to , via the ratio of vector/axial-vector couplings,
assessed from the study of  and  asymmetries

Also at large invariant masses the cross section features a sensitivity to , 
stemming from both normalisation and angular-dependent factors, in non trivial combination!

→ at NLO-EW we can study , the MSbar renormalised mixing angle,
     and exploit the large mass range to test the running of this quantity

sin2 θW
γ

Z sin2 θW
AFB ALR

sin2 θW

sin2 ̂θ(μR)

machines to constrain NP models through the analysis of running couplings
with DY processes [25–28] 1. The existing analyses rely on leading order (LO)
EW matrix elements, where the couplings are promoted to running couplings
through leading logarithmic contributions to the beta functions. For the first
time, the possibility to probe directly the running of sin2 ✓MS

W (µ) is explored
by means of a full EW next-to-leading order (NLO) calculation with a hybrid
renormalization scheme, where the Lagrangian parameters e and sin2 ✓W are
renormalized in the MS scheme and the Z-boson mass is renormalized in the
on-shell scheme. In the large leptonic invariant mass region the presence
of the Sudakov logarithms [32–37] in the NLO matrix element is known to
give large contributions to the cross section and could, in principle, have an
impact on the sensitivity determination. The calculation has been devel-
oped and implemented in the framework of an upgraded version [38] of the
Z ew-BMNNPV process [39] of the POWHEG-BOX-V2 [40–42] Monte
Carlo (MC) event generator, which is used for the present sensitivity study.

2. Theoretical predictions

We investigate the triple di↵erential NCDY cross sections as a function of
the invariant mass, m``, rapidity, y``, of the dilepton system, and of the cosine
of the angle between the incoming and outgoing fermions in the Collins-Soper
reference frame, ✓CS [43]. At LO the triple di↵erential NCDY cross section
can be expressed as
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(3)

where ↵ is the electromagnetic coupling, m`` = ŝ = x1x2s is the partonic
center-of-mass energy and s is the hadronic one. The fq(q)(x,Q2) describe
the momentum fraction x of the parton q(q) in the colliding protons, with

1
The constraining power of DY processes for general parameterizations of NP through

the E↵ective Field Theory approach has been explored, for instance, in Refs. [29–31] and

references therein.
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center-of-mass energy and s is the hadronic one. The fq(q)(x,Q2) describe
the momentum fraction x of the parton q(q) in the colliding protons, with

1
The constraining power of DY processes for general parameterizations of NP through

the E↵ective Field Theory approach has been explored, for instance, in Refs. [29–31] and

references therein.

3

machines to constrain NP models through the analysis of running couplings
with DY processes [25–28] 1. The existing analyses rely on leading order (LO)
EW matrix elements, where the couplings are promoted to running couplings
through leading logarithmic contributions to the beta functions. For the first
time, the possibility to probe directly the running of sin2 ✓MS

W (µ) is explored
by means of a full EW next-to-leading order (NLO) calculation with a hybrid
renormalization scheme, where the Lagrangian parameters e and sin2 ✓W are
renormalized in the MS scheme and the Z-boson mass is renormalized in the
on-shell scheme. In the large leptonic invariant mass region the presence
of the Sudakov logarithms [32–37] in the NLO matrix element is known to
give large contributions to the cross section and could, in principle, have an
impact on the sensitivity determination. The calculation has been devel-
oped and implemented in the framework of an upgraded version [38] of the
Z ew-BMNNPV process [39] of the POWHEG-BOX-V2 [40–42] Monte
Carlo (MC) event generator, which is used for the present sensitivity study.

2. Theoretical predictions

We investigate the triple di↵erential NCDY cross sections as a function of
the invariant mass, m``, rapidity, y``, of the dilepton system, and of the cosine
of the angle between the incoming and outgoing fermions in the Collins-Soper
reference frame, ✓CS [43]. At LO the triple di↵erential NCDY cross section
can be expressed as

d3�

dm``dy``d cos ✓CS
=

⇡↵2

3m``s

✓
(1 + cos2 ✓CS)

X

q

Sq[fq(x1, Q
2)fq(x2, Q

2)

+ fq(x2, Q
2)fq(x1, Q

2)] + cos ✓CS

X

q

Aqsign(y``)

· [fq(x1, Q
2)fq(x2, Q

2)� fq(x2, Q
2)fq(x1, Q

2)]

◆
,

(3)

where ↵ is the electromagnetic coupling, m`` = ŝ = x1x2s is the partonic
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The triple-differential cross section at LO
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Sensitivity of the observables to the weak mixing angle (2)
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Determination of the Lagrangian parameters

The input parameters choice

We trade  for 4 experimental inputs, e.g. 

Any observable that we compute is a function of only these four quantities  

The only parameters that we can fit from the kinematical distributions are these 4 inputs

For its determination,  must be one of the inputs and, at (N)NLO-EW, must be renormalized

A good description of the data must accompany the identification of the best-fit value of 

(g, g′ , v, λ) (α̂(μ), sin2 ̂θW(μ), mZ, mH)
𝒪 = 𝒪 (α̂(μ), sin2 ̂θW(μ), mZ, mH)

sin2 ̂θW(μ)

sin2 ̂θW(μ)
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Determination of the Lagrangian parameters

The input parameters choice

We trade  for 4 experimental inputs, e.g. 

Any observable that we compute is a function of only these four quantities  

The only parameters that we can fit from the kinematical distributions are these 4 inputs

For its determination,  must be one of the inputs and, at (N)NLO-EW, must be renormalized

A good description of the data must be accompany the identification of the best-fit value of 

(g, g′ , v, λ) (α̂(μ), sin2 ̂θW(μ), mZ, mH)
𝒪 = 𝒪 (α̂(μ), sin2 ̂θW(μ), mZ, mH)

sin2 ̂θW(μ)

sin2 ̂θW(μ)

Why  instead of  ?  
It is not mandatory, but one remarks that     .
A simultaneous MSbar renormalisation of  and  naturally corresponds to the MSbar definition of , 
which leads to a more systematic inclusion of the logarithms to be resummed via RGE

Using two observables such as the invariant mass distribution and the  asymmetry 
allows to decouple the two dependencies, accessing precisely the information about 

α̂(μ) Gμ
g = e/sin θW
e sin θW g

AFB
sin2 ̂θW(μ)
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Templates to be fitted to the data (1)
The templates are a set of predictions of our observable, computed with different numerical values of the input parameter.

16
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Templates to be fitted to the data (1)
The templates are a set of predictions of our observable, computed with different numerical values of the input parameter.

Example 1:  fitting 
                 we compute the NC DY invariant mass distribution in the range 
                 we stick to plain NLO-EW and renormalize at 
                 we assign to  several values in a range, e.g. 
                 by fitting the data, we identify which value globally best describes the data

sin2 ̂θW(μ2
R = m2

Z)
Mℓℓ ∈ [mZ,1 TeV]

μR = mZ
sin2 ̂θW(μ2

R = m2
Z) [0.22600,0.23600]
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                 since the input is defined at , 
                      the good description at high invariant masses depends on the diagrammatic content of the fitting formula
                      the fitted parameter is always defined at  , but its value is affected also by high-mass data

                 with this approach we experimentally determine ,  i.e. only the boundary condition of the RGE

μR = mZ

μR = mZ

sin2 ̂θW(μ2
R = m2

Z)
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Templates to be fitted to the data (2)
The templates are a set of predictions of our observable, computed with different numerical values of the input parameter.

Example 2:  fitting  in several invariant mass bins
                 we compute the NC DY invariant mass distribution in one single bin of invariant mass  
                 we stick to plain NLO-EW and we renormalize   at 
                 we assign to  several values in a range, e.g. 
                 by fitting only in that  bin, we identify which value best describes that data point

                 we repeat the above procedure in different mass bins
                 in each bin we might expect to find a different best fit value

sin2 ̂θW(μ2
R = M2

ℓℓ)
[Mℓℓ, Mℓℓ + δ]

sin2 θW μR = Mℓℓ
sin2 ̂θW(μ2

R = M2
ℓℓ) [0.22600,0.25600]

Mℓℓ

18

                 the sequence of best fit values, as a function of , can be compared with the solution of the RGE

                 with this approach, we extract information about:  1) the fact that  indeed runs
                                                                                           2) the slope of the running (cfr. with SM  function)

Mℓℓ

sin2 ̂θW(μ)
β
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Theoretical issues
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Status of the perturbative prediction of the NC DY invariant mass distribution

Loops & Legs 2022
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Phenomenology of mixed QCD-EW corrections for NC-DY

SETUP   (LHC @ )

• NNPDF31_nnlo_as_0118_luxqed

• ,    ,     

• massive muons (no photon lepton recombination)

•  scheme, complex mass scheme

• fixed scale  

s = 13.6 TeV

pT,μ > 25 GeV |yμ | < 2.5 66 GeV < mμ+μ− < 116 GeV

Gμ

μF = μR = mZ

[LB, Bonciani, Devoto, Grazzini, Kallweit, Rana, 
Tramontano,Vicini in preparation ]

‣ Mixed QCD-EW corrections are smaller in this setup, but non-
trivial  shape distortion in the distributions  

‣ Stabilisation of theory uncertainties
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100

101

102

d
æ
/d

m
µ

µ
[p

b
/G

eV
]

NNLO QCD

NNLO QCD+EW

NNLO QCD+EW+MIX

°10

°5

0

5

10

d
æ
/d

æ
N

N
L
O

Q
C

D
+

E
W

°
1[

%
]

NNLO QCD+EW
NNLO QCD+EW+MIXfact

NNLO QCD+EW+MIX

70 75 80 85 90 95 100 105 110

mµµ [GeV]

1

2

K
-f
ac

to
r NLO EW/LO

NNLO QCD/LO

Uncertainities: 7-point scale variation 
NNLO QCD+EW+MIXfact: NNLO QCD+EW+ 
factorised approximation of mixed corrections 

PRELIMINARY

Loops & Legs 2022
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Phenomenology of mixed QCD-EW corrections for NC-DY

SETUP   (LHC @ )

• NNPDF31_nnlo_as_0118_luxqed

• ,    ,     

• massive muons (no photon lepton recombination)

•  scheme, complex mass scheme

• dynamic scale  

s = 13 TeV

pT,μ > 53 GeV |yμ | < 2.4 mμ+μ− > 150 GeV

Gμ

μF = μR = mμ+μ−

[LB, Bonciani, Devoto, Grazzini, Kallweit, Rana, 
Tramontano,Vicini in preparation ]

‣ Negative corrections of several percents in the  
tails with respect to NNLO QCD+EW 

‣ The factorised approximation catches the bulk of QCD-EW corrections pointing towards a factorisation of NLO QCD 
corrections and EW Sudakov logarithms 

‣ Small residual non-factorisable effects at (sub) percent level 

backward fowward

PRELIMINARY

CMS 2103.02708

as observed in [Buccioni et al (2022)]

At large invariant masses, NNLO QCD  and NLO EW corrections are separately large and with opposite signs
                                      we also observe large NNLO QCD-EW corrections
If we do not simulate them explicitly, we reabsorb their effect in the value of the best fit  sin2 ̂θW(μ2

R = M2
ℓℓ)

Which corrections do not contribute to the redefinition of the running coupling ?
      all the QCD corrections (same contribution to left- and right-handed couplings)
      more delicate breakdown of the EW contributions

20

R.Bonciani, L.Buonocore, S.Devoto, M.Grazzini, S.Kallweit, N.Rana, F.Tramontano, AV,   arXiv:2106.11953   and work  in preparation
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Breakdown of EW radiative effects
Main subsets of EW corrections in the Drell-Yan process

  - QED final state radiation
  - universal corrections to the LO couplings
  - EW Sudakov logarithms

21

Which ones do / do not contribute to the redefinition of the weak coupling at quantum level ?
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Breakdown of EW radiative effects
Main subsets of EW corrections in the Drell-Yan process

  - QED final state radiation
  - universal corrections to the LO couplings
  - EW Sudakov logarithms

Do not contribute to the redefinition of the LO couplings (same contribution to left- and right-handed currents)

Not negligible kinematical effect moving events from higher to lower invariant mass bins 

Same mechanism, with large effect, at the  resonance, of Z 𝒪(80%)
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Breakdown of EW radiative effects
Main subsets of EW corrections in the Drell-Yan process

  - QED final state radiation
  - universal corrections to the LO couplings
  - EW Sudakov logarithms
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Figure 1: Separate logarithmic contributions to R(e+e− → qq̄) in % to the Born approximation:
(a) the one-loop LL (ln2(s/M2), long-dashed line), NLL (ln1(s/M2), dot-dashed line) and N2LL
(ln0(s/M2), solid line) terms; (b) the two-loop LL (ln4(s/M2), short-dashed line), NLL (ln3(s/M2),
long-dashed line), NNLL (ln2(s/M2), dot-dashed line) and N3LL (ln1(s/M2), solid line) terms.

section) we obtain in the same notations

RLR(e+e− → QQ̄) = 1− 4.48L(s) + 17.51 l(s)− 13.16 a

− 1.16L2(s) + 15.66L(s) l(s)− 43.50 l2(s) + 44.05 l(s) a ,

RLR(e+e− → qq̄) = 1− 1.12L(s) + 12.05 l(s)− 16.44 a

− 0.81L2(s) + 18.02L(s) l(s)− 130.74 l2(s) + 278.71 l(s) a ,

RLR(e+e− → µ+µ−) = 1− 13.24L(s) + 116.58 l(s)− 148.42 a

− 0.79L2(s) + 23.68L(s) l(s)− 155.46 l2(s)− 116.67 l(s) a .

(66)

Finally, for the left-right asymmetry ÃLR (the difference of the cross sections for the left-
and right-handed initial state particles divided by the total cross section) which differs from
ALR for the quark-antiquark final state we have

R̃LR(e+e− → QQ̄) = 1− 2.75L(s) + 10.60 l(s)− 9.05 a

− 0.91L2(s) + 11.16L(s) l(s)− 33.49 l2(s) + 28.28 l(s) a ,

R̃LR(e+e− → qq̄) = 1− 1.07L(s) + 11.75 l(s)− 16.21 a

− 0.77L2(s) + 17.06L(s) l(s)− 125.18 l2(s) + 267.60 l(s) a .

(67)

The numerical structure of the corrections in the case of e+e− annihilation is shown in
Figs. 1-3. In Fig. 1 the values of different logarithmic contributions to R(e+e− → qq̄) are

22

1-loop

2-loop

           B.Jantzen, J.H.Kühn, A.A.Penin, V.A.Smirnov, hep-ph/0509157

corrections to  due to EW Sudakov logse+e− → qq̄

The EW Sudakov logs stem from vertex and box corrections

Their correction can be cast as
 - one overall correction to the cross section
 - one factor which distinguishes left- and right-handed currents
    → contributes to the definition of an effective mixing angle

Very large in the high-mass tail of the distribution (also at 2-loop level)

PDF-weighted combination of two alternating signs series of terms
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Fig. 8: EW corrections to the µ+µ− invariant mass at the LHC: one-loop predictions of HORACE (dashed-dotted, see text);
one-loop (solid) and two-loop (dashed) Sudakov approximation.

the event generator level, to perform a realistic simulation of this process. A first attempt to combine
QED and QCD corrections can be found in [44] and results for the high invariant-mass distribution of
charged lepton pairs are shown in Section 3.4.2. The combination of QCD and EW effects presented in
Section 3.4.1 follows the approach first devised in [45–47].

3.4.1 Combined QCD and EW effects with MC@NLO and HORACE
The formula for the combination of QCD and EW effects is given by [45–47]:

{

dσ

dO

}

QCD⊕EW

=

{

dσ

dO

}

best QCD

+

({

dσ

dO

}

best EW

−
{

dσ

dO

}

born

)

HERWIGPS

(10)

where the differential cross-section, with respect to any observable O, is given by two terms: i) the
results of a code which describes at best the effect of QCD corrections; ii) the effects due to NLO-EW
corrections and to higher-order QED effects of multiple photon radiation computed with HORACE. In
the EW calculation, the effect of the Born distribution is subtracted to avoid double counting since this
is included in the QCD generator. In addition, the EW corrections are convoluted with a QCD PS and
include, in the collinear approximation, the bulk of the O(ααs) corrections.

Preliminary numerical results have been obtained, for an e+e− final state, with the following set
of input parameters:

Gµ = 1.16639 × 10−5 GeV−2, α = 1/137.03599911, αs ≡ αs(M
2
Z) = 0.118,

MW = 80.419 GeV, MZ = 91.188 GeV, ΓZ = 2.4952 GeV,

me = 0.51099892 MeV, mµ = 0.105658369 GeV, mt = 174.3 GeV.

The parton distribution function (PDF) set MRST2004QED [13] has been used to describe the proton
partonic content. The PDF factorization scale has been set equal to µF =

√

(

pZ

⊥
)2

+ M2
e+e− , where

Me+e− is the invariant mass of the lepton pair. The following cuts have been imposed to select the
events:

pe±
⊥ > 25 GeV, |ηe± | < 2.5, Me+e− > 200 GeV. (11)

14

Buttar et al, arXiv:0803.0678

23
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Breakdown of EW radiative effects
Main subsets of EW corrections in the Drell-Yan process

  - QED final state radiation
  - universal corrections to the LO couplings
  - EW Sudakov logarithms

Relevant in the accurate description of the  resonance 

The values of the couplings at  are initial conditions of the running of  and   → relevant for our test

EW precision tests at the LHC from the simultaneous comparison of 100 and 1000 GeV regions

Z
μR = mZ α̂(μ) sin2 ̂θ(μ)

The impact of different universal corrections to the LO couplings can be illustrated via an Improved Born Approximation

The interplay of photon- and -exchange diagrams is modulated by the precise values of their respective couplingsZ

24

In the following slides, the reference is given by LO results in the  input scheme

Each input replacement effectively introduces higher-order corrections, which should otherwise be computed in pert. theory
(α(0), mW, mZ)



Running of α only in the photon diagram
  enhances the photon exchange contribution
  which grows with the invariant mass
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Use of  only in the Z diagram enhances the peak of the Z resonanceGμ
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Use of  and ρ only in the Z diagram enhances the peak of the Z 
resonance

Gμ
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  - running of α only in the photon diagram
  - use of  and ρ  only in the Z diagram:Gμ
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  - running of α only in the photon diagram
  - use of  and ρ  only in the Z diagram:
  - rescaling of  in the Z vector coupling by 

Gμ
sin2 θW 1 + Δκf

rescaling  

  

   

α(0) → Gμ ρ
sin2 θW → (1 + Δκf) sin2 θW

29

Several effects enter in the coupling redefinition

NLO-EW contains at first order all these effects
               but not the higher-order corrections

 is the only correction which modifies
               the precise  value
Δκf

sin2 θW
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Towards an experimental 
 determination of sin2 ̂θ(μR)
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   determination at hadron colliders at large invariant massessin2 ̂θ(μR)
S.Amoroso, M.Chiesa, C.L Del Pio, E.Lipka, F.Piccinini, F.Vazzoler, AV, arXiv:2302.10782      

Uncertainties estimated at double differential level
w.r.t. invariant mass and rapidity
invariant mass bin boundaries:   116, 150, 200, 300, 500, 1500, 5000 GeV 

rapidity bin boundaries:        0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.5 

leading lepton:    subleading lepton: ,  both leptons 

  - experimental systematics
 - missing higher-orders
 - PDF uncertainties

pℓ
⊥ > 40 GeV pℓ

⊥ > 30 GeV |ηℓ | < 2.5

31

Study at , with  and 

POWHEG_Z-EW_BMNNPV  implementing the  input scheme

templates generated at LO-EW and at NLO-EW, including NLO+PS QCD corrections

proton PDF: NPDF31_nnlo_as_0118_hessian 

The running of  and of  computed at 1-loop level

Simulations with  events per invariant mass bin and a simplified detector simulation

S = 13.6 TeV 300 fb−1 3 ab−1

(α̂(μ), sin2 ̂θW(μ), mZ, mH)

sin2 ̂θ(μR) α̂(μR)
109
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   determination at hadron colliders at large invariant massessin2 ̂θ(μR)
S.Amoroso, M.Chiesa, C.L Del Pio, E.Lipka, F.Piccinini, F.Vazzoler, AV, arXiv:2302.10782      

S. Amoroso, M. Chiesa, C.L. Del Pio et al. Physics Letters B 844 (2023) 138103

Fig. 1. Relative contribution of the different sources of uncertainty to the triple differential cross section dσ /d|y""|dm"" in the forward (up) and backward (bottom) directions. 
The results are given for the electron channel in the HL-LHC scenario. Variations of sin2 θMS

W (µ) by a factor ±0.01 are also shown.

4. Fit strategy and results

The sensitivity to the running is assessed by extracting the 
expected value of sin2 θMS

W (µ) and evaluating its uncertainty 
δ sin2 θMS

W (µ) as a function of m̂"" , assuming SM running of 
αMS

EM(µ). The expected δ sin2 θMS
W (µ) values are obtained in a fit to 

the triple differential cross section pseudo-data in which indepen-
dent parameters for δ sin2 θMS

W (µ) for each m"" bin are determined 
simultaneously. The fit is performed by minimising a χ2 func-
tion by using the xFitter analysis tool [64]. The dependence of the 
cross-section on variations of sin2 θMS

W (µ) in each bin is taken into 
account in the χ2 calculation using a linear approximation, that 
has been verified to be valid within the range of variations consid-
ered. The expected statistical and experimental systematic uncer-
tainties, and the theoretical uncertainties from PDFs and missing 
higher orders are included as nuisance parameters in the χ2 defi-
nition, such that they can be constrained in the fit.

The obtained values of δ sin2 θMS
W (µ) are presented in Fig. 2 and 

in Table 2. They range from about 1% (1%) to 7% (3%) for the LHC 
Run 3 (HL-LHC) scenario. Due to the larger dataset and reduced 
experimental uncertainties, a significant improvement in sensitiv-
ity is expected in the HL-LHC scenario at high m"" .

The largest contribution to the uncertainty on δ sin2 θMS
W (µ)

comes from the PDFs. Indeed, PDFs are known to have large 
uncertainties at high x, the kinematic range probed by high 
mass DY production [45]. To assess the dependence of our re-
sults on the choice of PDFs, the fit is repeated using the alter-
native PDF sets CT18ANNLO [65], MSHT20nnlo_as0118 [66], 
ABMP16_5_nnlo [67], and NNPDF40_nnlo_as_01180_hessian 

Table 2
The SM predicted value of the EW mixing angle in the MS renormalisation scheme 
sin2 θMS

W (m̂"") and the expected sensitivity δ sin2 θMS
W (m̂"") obtained in this work, 

both absolute and in %. The results are given as a function of the invariant mass of 
the final state leptons m̂"" , for the Run 3 and HL-LHC scenarios.

m̂"" [GeV] sin2 θMS
W (m̂"") Run 3 HL-LHC

δ sin2 θMS
W (m̂"") [%] δ sin2 θMS

W (m̂"") [%]
133 0.23323 0.00216 0.9 0.00159 0.7
175 0.23468 0.00271 1.2 0.00202 0.9
250 0.23648 0.00339 1.4 0.00260 1.1
400 0.23885 0.00434 1.8 0.00345 1.4
1000 0.24350 0.00569 2.3 0.00468 1.9
3250 0.24954 0.01640 6.6 0.00870 3.5

Table 3
The contribution of the PDF uncertainty to δ sin2 θMS

W (m̂"") in the HL-LHC scenario. 
Results are shown in each m̂"" bin for different PDF sets.

m̂"" [GeV] δ sin2 θMS
W (m̂"") [%]

NNPDF31 NNPDF40 MSHT20 CT18A ABMP16

133 0.5 0.3 0.6 0.9 0.5
175 0.6 0.4 0.8 1.0 0.6
250 0.8 0.5 0.9 1.2 0.7
400 1.2 0.6 1.2 1.5 0.8
1000 1.6 0.8 1.6 1.8 1.0
3250 2.7 1.6 2.5 2.8 1.3

[68]. The contribution of the PDF uncertainty to δ sin2 θMS
W (µ), for 

the different PDFs, is shown in Table 3 for the HL-LHC scenario. It 
varies significantly with the PDF set used, by up to 50% in the last 
m"" bin. When using sets that include a PDF for the photon, we 

4

Uncertainties estimated at double differential level
w.r.t. invariant mass and rapidity
invariant mass bin boundaries:   116, 150, 200, 300, 500, 1500, 5000 GeV 

rapidity bin boundaries:        0.0, 0.4, 0.8, 1.2, 1.6, 2.0, 2.5 

leading lepton:    subleading lepton: ,  both leptons 

  - experimental systematics
 - missing higher-orders
 - PDF uncertainties

pℓ
⊥ > 40 GeV pℓ

⊥ > 30 GeV |ηℓ | < 2.5
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Study at , with  and 

POWHEG_Z-EW_BMNNPV  implementing the  input scheme

templates generated at LO-EW and at NLO-EW, including NLO+PS QCD corrections

proton PDF: NPDF31_nnlo_as_0118_hessian 

The running of  and of  computed at 1-loop level

Simulations with  events per invariant mass bin and a simplified detector simulation

S = 13.6 TeV 300 fb−1 3 ab−1

(α̂(μ), sin2 ̂θW(μ), mZ, mH)

sin2 ̂θ(μR) α̂(μR)
109

The sensitivity has been studied by fitting the triple-diff. xsec
in the xFitter framework
determining   induced by the uncertainty sources
treated as nuisance parameters

available PDF parameterisations lead to different estimates of 
the uncertainty, up to 50%

missing higher orders do not spoil the conclusions about 
sensitivity

δ sin2 ̂θ(μR)



   determination at hadron colliders at large invariant massessin2 ̂θ(μR)
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Results

Inner bars: no PDFs, QCD, EW ho 

The running of the MSbar angle can be established at LHC  in Run III and at HL-LHC with percent precision.

For the actual measurement the best theoretical predictions will be needed, to avoid interpretation mismatches:
full NNLO (QCD, EW and mixed QCDxEW) and leading higher orders

S.Amoroso, M.Chiesa, C.L Del Pio, E.Lipka, F.Piccinini, F.Vazzoler, AV, arXiv:2302.10782      
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Conclusions

  ●  The running of the MSbar angle can be established at LHC  in Run III and at HL-LHC with percent precision.

      Precision test of the SM, complementary to those at low-energy facilities.
      Sensitivity to different BSM physics hypotheses

  ●  Several quantum corrections, 
            which do not contribute to the redefinition of the renormalised / effective coupling,
            must be computed explicitly to avoid SM biases which would fake a BSM signal  

      The renormalisation program at NNLO-EW will be needed

  ●  The determination of  and its related difficulties are 
      the prototype of a precision determination of a Wilson coefficient in SMEFT
      (starting from the NNLO-EW renormalisation)

sin2 ̂θ(μR)



Alessandro Vicini - CERN and University of Milano                                                                                                                                                                                                                                 CERN, QCD seminar, February 12th 2024
35

Back-up
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Theoretical best predictions vs templates

To compute the best prediction of one observable, we use 
     - the best (most precisely measured) available input parameters
        in our discussion  would be the value of the renormalized parameter at the scale  .
     - the best theoretical cross section results

Assuming e.g. a NLO-EW calculation, 
    - the renormalized parameter is a constant, without running.
    - the 1-loop corrections relevant for the definition of the  vector coupling would generate 
      the same effect of the running coupling, approximated at 

    - it is possible to improve the calculation with higher-order corrections, replacing 
      provided we remove the double counting with the diagrammatic contribution

sin2 ̂θW(m2
Z) = 0.23121(4) μR = mZ

Z
𝒪(α)

sin2 ̂θW(μ2
R = m2

Z) → sin2 ̂θW(M2
ℓℓ)
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The theoretical best prediction is not meant to fit the input parameters, but it rather tests the quality of data description


