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The common (back)ground – precision
measurements at the LHC

• The physics program of the LHC is
being more and more characterized as
a measurement one (indirect probe of
new physics)

• Nothing excludes that the direct
detection of new states may show up
in the data at HL-LHC, but clearly this
possibility is not assured

• To properly estimate the significant of
a deviation in a precise measurement
(or the constraint to a BSM model),
the estimation of the theory
uncertainty is also required

The context

• Both Marco and me have experience
on different aspects of this program

• We have also both worked, at different
times, on a Bayesian approach to
Missing Higher Order Uncertainties
(MHOUs)

• Lorenzo Paparella, a master student at
Sapienza, worked on this during his
thesis

The team
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An example: the W mass measurement

• MW determination at hadron collider is performed indirectly by measuring
observables that are strongly sensitive to W mass

• That makes it heavily dependent on having a refined theory framework
• This fact is reflected in the uncertainty budget of the currently available
determination

• A huge effort from the theory community contributes directly to the exp. effort.

• ATLAS → mW = 80366.5± 9.8stat ± 12.5exp MeV
• CMS → mW = 80360± 2.4stat ± 9.6syst. MeV
• LHCb → mW = 80354± 23stat ± 10exp ± 17theory ± 9PDF MeV
• CDF II → mW = 80433.5± 6.4stat ± 6.9exp+mod. syst. MeV
• D0 → mW = 80375.5± 11stat ± 20exp+mod. syst. MeV
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The importance of an accurate theory framework
• CMS → mW = 80360± 2.4stat ± 9.6syst. MeV
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The future – the next collider

• The past strategy update indicated a
e+e− Higgs factory the one priority
for accelerator based physics

• Aside from the characterization of the
Higgs, these machines will perform
precise EW measurements, some of
which may be theory limited

• More refined theory predictions will
be required, along with an estimation
of the remaining uncertainties

Future colliders

[Courtesy of J. de Blas] PRELIMINARY
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What is a theory uncertainty?

The so-called theory uncertainties affecting a measurement at a collider are of
different kinds:

• Missing Higher Order Uncertainties (MHOUs) due to the limited order of the
perturbation expansion

• Parametric uncertainties due to the uncertainty in the physical parameter
determination (e.g. alpha, αs)

• PDF uncertainties (exp.; model; MHOUs)
• Perturbative modelling uncertainties: e.g. different parton shower algorithm
• Non-perturbative uncertainties, such as intrinsic kT , hadronisation, underlying
event

Theory uncertainties
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Missing higher order uncertainties

• The perturbative expansion of an observable known up to order k is

Ok(Q, µ) =
k∑
n=l

αns (µ)cn(Q, µ) (known)

• Q is the hard scale of the process, µ represents the unphysical scale(s) (e.g. the
renormalization scale) from which the truncated perturbative expansion
depends. We assume it set at the value Q

• The remainder of the series expansion is unknown and it is our MHOU

∆k =
∞∑

n=k+1
αns (Q)cn(Q) ≃ αk+1s ck+1 = ?= ?= ?

MHOUs
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Scale Variation

• Vary the unphysical scale(s) µ around the central scale Q by an arbitrary factor r

• Different prescriptions used in the literature.
1. Scan: vary µ between Q/r and r× Q and use the maximum/minimum

value of the observable to define the uncertainty
2. Extrema: Use the maximum/minimum of the value of the observable

obtained for µ = r× Q,Q/r
• Issue: the factor r is arbitrary and the interval obtained has no statistical
meaning

Scale variation
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Does it work?

Benchmark performed by considering a wide set of observables and check whether
the next (know in this case) order is inside the band obtained with the scale variation
(SV) prescription
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[EB, M. Cacciari, A. Guffanti, L. Jenniches ’14]
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Does it work?

[G. Salam]
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The Bayesian Approach

• Suppose there is an upper bound on the coefficients magnitude and call it c̄
• The priors for the model are then given by

fϵ(ln c̄) =
1

2| ln ϵ|
χ| ln c̄|≤| ln ϵ|

f(cn|c̄) =
1
2c̄

{
1 if |cn| ≤ c̄
0 if |cn| > c̄

f({ci, i ∈ I}|c̄) =
∏
i∈I

f(ci|c̄)

• Bayesian inference gives then the uncertainty interval posterior

f(∆k|cl, . . . , ck) ≃
(

nc
nc + 1

)
1

2αk+1s c̄k

1 if |∆k| ≤ αk+1s c̄k
1

(|∆k|/(α
k+1
s c̄k)nc+1

if |∆k| > αk+1s c̄k

where nc = k− l+ 1 and c̄k = max(cl, . . . , ck)
• Intervals have a statistical meaning in term of Degree of Belief (DoB)

Scale variation
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A family of different models
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A family of different models
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Correlations in theory uncertainties

• Theory correlations may arise between different bins of the same observables;
between observables of the same process; between different processes.

• The understanding is that these correlations are due to same physics being at
play

• In these case also the theory uncertainties will be correlated – but how to
estimate the correlation?

• One possibility is to use the unphysical scale(s) as the correlation parameter –
but does it make sense?

Scale variation
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Correlations matter: the pZT/pWT ratio in QCD
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[Bizon et al. ’19, 1905.05171]
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Correlations matter: Z angular coefficients

[Gauld et al. ’17, 1708.00008]
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Theory nuisance parameters
Theory Nuisance Parameters

Application to pT Spectrum.

Step 2: Use pT factorization to organize (resum) the double series for fnm

dσ(0)

dpT
=
[
H ×Ba ⊗Bb ⊗ S

]
(αs;L ≡ ln pT /mZ)

Each function F ≡ {H,B, S} has exponential form (solution of its RGE)

F (αs, L) = F (αs) exp

∫ L

0

dL′
{

Γ[αs(L
′)]L′ + γF [αs(L

′)]
}

I Boundary conditions

F (αs) = F0 + αs F1 + α2
s F2 +O(α3

s)

I Anomalous dimensions

Γ(αs) = αs
[
Γ0 + αs Γ1 + α2

s Γ2 +O(α3
s)]

γF (αs) = αs
[
γ0 + αs γ1 + α2

s γ2 +O(α3
s)
]

⇒ Entire problem reduces to several scalar series F (αs), Γ(αs), γF (αs)

2024-02-26 | Frank Tackmann 18/29.
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Theory nuisance parameters
Theory Nuisance Parameters

TNP Uncertainties in Drell-Yan pT Spectrum.
relative impact for Z pT relative impact for W pT
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Important caveats:
I Beam boundary conditions Bqj : Using fn = (0± 2)× f true

n

I Hard boundary conditions H: No singlet corrections (enter only Z not W )
I DGLAP splitting functions are noncusp anom. dimensions, not varied here

X Correlations across pT and between W and Z are correctly captured
2024-02-26 | Frank Tackmann 27/29.
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Theory nuisance parameters
Theory Nuisance Parameters

TNP Uncertainties in Drell-Yan pT Spectrum.
relative impact for W/Z relative impact for W/Z
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I Beam boundary conditions Bqj : Using fn = (0± 2)× f true

n

I Hard boundary conditions H: No singlet corrections (enter only Z not W )
I DGLAP splitting functions are noncusp anom. dimensions, not varied here

X Correlations across pT and between W and Z are correctly captured
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Issues with Tackamann’s approach

-3 -2 -1 0 1 2 3
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

-3 -2 -1 0 1 2 3
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

[Tackmann ’24]

• Tackmann’s defines in arbitrary way the probability
distributions of the theory nuisance parameters

• However these are perturbative objects→ use the
Bayesian approach to determine these distributions!
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Our correlation setup

Consider the threshold resummation for a color singlet, i.e Higgs or Drell-Yan

∫ 1

0
dττNΣ(τ) = PDFs(N)× g0(αs) expS(αs,N) with τ =

M2

s

and where

S(αs,N) =
∫ 1

0
dz z

N − 1
1− z

(∫ M2(1−z)2

µ2F

dµ2

µ2
2A(αs(µ2)) + D(αs((1− z)2M2))

)
A(αs) = αsA1 + α2sA2 + α3sA3 + α4s + . . .

D(αs) = αsD1 + α2sD2 + α3sD3 + . . .

g0(αs) = αsg01 + α2sg02 + α3sg03 + . . .

• Apply the Bayesian model to perturbative elements A,D and g0 to obtain
P(A,D, g0|mathrmknownorders)

• Add a totally uncorrelated piece for the non-resummed part
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Joint distributions between K-factors for gg→ H at
different energies
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Correlation matrix of K-factors for gg→ H at different
energies
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Joint probability between DY and ggH
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Outlook

• Built a collaborative relationship between the LNF and Roma 1 nodes focused
on SM precision measurements

• The work in progress is focused on building a Bayesian model for theoretical
uncertainty correlations

• The consistent modelling of these correlations is important for the precision
physics program at the LHC, and future colliders

Outlook
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