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But why?

A precise measurement of the Z-boson

A precise determination of the strong-coupling double-differential transverse momentum and
constant from the recoil of Z bosons with the ATLAS | rapidity distributions in the full phase space of the

experiment at s = 8 TeV decay leptons with the ATLAS experiment
at Vs = 8 TeV

[arXiv:2309.12986, 2509.09318]

super precise ATLAS measurement of Z p,spectrum

no fiducial cuts, cross-section from Z — [/ full phase space

In units of 107>

Experimental uncertainty +0.44
PDF uncertainty +0.51
Scale variation uncertainties +0.42
Matching to fixed order 0 —-0.08
ag(m,) = 0.1183 £ 0.0009 Non-perturbative model +0.12  —0.20
Flavour model +0.40 -0.29
QED ISR +0.14
N“LL approximation +0.04

Total +0.91 -0.88




Naive approach: scale variations
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> agsensitivity in the g spectrum is a shape effect —=——> theory correlations are crucial
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Naive approach: scale variations and scanning

Only fitting ag, Asimov fit

(coming back to this later..)
0.121 SCETIib N4LL profile scale variations

' Fit to toy data: ag, pZ in [0, 29] GeV
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> agsensitivity in the g spectrum is a shape effect - > theory correlations are crucial

2 Each variation is a 100 % (anti)correlated correlation model, strongly impacts the result:

~ 2.6 [neglecting y/l

match

Sum in quadrature: A, = \/ Az, + + A?

Envelope: A, ~ 2.1

* uncertainties in units of 103




Naive approach: scale variations and scanning

Only fitting ag, Asimov fit

(coming back to this later..)
0.121 SCETIib N4LL profile scale variations

' Fit to toy data: ag, pZ in [0, 29] GeV
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> agsensitivity in the g spectrum is a shape effect - > theory correlations are crucial

2 Each variation is a 100 % (anti)correlated correlation model, strongly impacts the result:

~ 2.6 [neglecting iyl

match

Sum in quadrature: A, = \/ Az, + + A2

Envelope: A, ~ 2.1 scale variations are not sufﬁcnent’ can we do better?

* . e . . -3
uncertainties in units of 10 3/20



Theory Nuisance Parameters (TNPs)

Consider a series expansion in a small parameter a:

flo)=fy+afi+a’fh+afi+a*fi+ 0@)
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Theory Nuisance Parameters (TNPs)

Consider a series expansion in a small parameter a:

flay=fo+afi+a’f+a’fi+a’fy+ O@)

NNLO
What is the source of the uncertainty?

fla) =fy+af, +a’fy+ &’ fit+af, + O(a)

Parametrized and include the leading source of uncertainty:
fPa) =fy+ afi + a*fo + @’ f; (05) + O (af)—>named N**'LO
using theory nuisance parameters 0, ;
> the expansion converges, so the next order [ f; ]is not yet relevant;

> once [; is known (or strongly constrained), include the next order;

> 0 have physical value, true parameters

4/20



Theory Nuisance Parameters (TNPs)

3 | How to define these 0, ?

> simplest case: f;(0;) = 0,

> better: account for the internal structure of f;
(given the process: partonic channels, color, ...)




Theory Nuisance Parameters (TNPs)

3 | How to define these 0, ?

> simplest case: f;(0;) = 0,

> better: account for the internal structure of f;
(given the process: partonic channels, color, ...)

Consider the p,spectrum, leading power p; dependence is know to all orders:

dpr

do PT
pr— = |HXB,® B, ® S|(ag, L = Inp;/my,) + O

)
myz

F = {H, B, S} solution to RGE equations

FlagL) = @expj dL’ﬁ[aS(L ))L {F [ag(L’ ))}
&

boundary conditions anomalous dlmensmns

5/20.



TNPs in the p;spectrum

Have three independent scalar perturbative series, for N>+ LL:

n 2
ag ag Ag P
BVE —> Fla)=1+—F, + =) F.0
<47z> g (a5) 47z1 (47t> 2(0)

o ag 2 ag 3
/ VF (as) = 4_7F0 + in Yr1 T 1r Yr2(03)

a a a g
2T (a) = 4_;r0+ (4—2) I+ <—S> T, + (4,,) ['5(07)

4




TNPs in the p;spectrum

Have three independent scalar perturbative series, for N>+ LL:

T

n 2
ag ag ag F
— 1V F > Flad)=1+—F,+|— ) F, (@
4 > " ( S) 4 . <471'> 2 2)

> Pulling out known color factor:
F (0)=4CA4C)" {(n—-1)'0" C, leading color factor

v, (0)=2C(4C,)" 0! C~! leading n—loop color factor




TNPs in the p;spectrum

4| How tovary 0,2 F,(0,) = 4C,A4C) ™ (n—1)10)
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TNPs in the p;spectrum

4| How tovary 0,2 F (0)=4C4C)" \(n— 110"

T A

2 3 4
(04 04 a
BC: Flag=1+—F+ (=) B+ (=) B+ (=) F+0(ad)
%Y 4 4n

o < ag >n 1 449 —24.0 —4065.5 —123979.0 ng
factorizing out n
T

I +1.2

factorizing out 4"

. . -1
factorizing out C,C}




TNPs in the p;spectrum

4| How tovary 6,? F(0)=4CAC) n-1)0F
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TNPs in the p;spectrum

4| How tovary 6,? F(0)=4CAC) n-1)0F

2 3 4
Ag Ag Ag Ag
BC: F(ag)=1+4—ﬂF1+ <4—> F, + <—> i+ <4—ﬂ> F4+@(“§>

T A

o <aS > +4.9 —24.0 —4065.5 —123979.0 C,
factorizing out .
—8.5 —48.6 —1386.7 —42014.9 chg
+1.2 —1.5 —63.5 —484.3
-2.1 -3.0 —21.7 —164.1
+0.4 -0.2 —2.4 -59
~1.6 -0.8 —1.8 —4.6
-0.2 ~1.2 ~1.0

—0.8 -0.9 —0.8

factorizing out 4"

. . —1
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TNPs in the p;spectrum

How to vary 0.2 7.0,) =2C,(4C" 0] )

Ag

AD: v(ad) = -y + 2
. y(ag) = — —
7S 47z}/1 47

w40 562 4749 28248
factorizing out (—S>

A

5.3 36.8 239.2 141.2

2.0 7.0 14.8 22.1

factorizing out 2 - 4"

2.7 4.6 7.5 1.1
1.5 1.8 1.2 0.6

- n
factorizing out C,C}

2.0 1.5 0.6 0.03

> lterate this game with different functions and do some “statistics”:

look at known n—loop coefficients from population sample here
8/20
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Application of TNPs to Z p, spectrum

Remember N**!1LL: N¥*!LL resummation structure + highest-order boundary conditions/
anomalous dim. as TNPs
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> Varying each 6, independently: correctly describe correlation across g;

2 Add in quadrature for the total uncertainty

> Forthebeams B ;:/, = (0 £ 1.5) X f¢, DGLAP splitting functions not varied

many other interesting plots here
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Going towards o




Asimov test fitting a(m,) from Z p

Use TNPs to study the expected uncertainty/sensitivity on g on toy data (Asimov test)

Our theory inputs:
> SCETIib only N**'LL resummed contribution

[default central scales and variations, no mass corrections and nonsingular power corrections*]

Our toy data:

2 Data defined as central theory prediction [og = 0.118]
[fixed nonp. params, MSHT20aN35L0O PDF set]

> 72 data points in ATLAS binning,

9 g binsin [0,29] GeV for each 8 Y bin in [0.0,3.6]
[integrated in g, Y and Q]

> Using ATLAS exp. uncertainties and complete correlations for all 72 bins
> Using Minuit as minimizer for the fit

[*nonsingular p.c. don’t affect our conclusions, obviously necessary when fitting against real data]
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Scanning TNPs

Only fitting ag

£ 0 SCETIlib N**T1LL TNPs
L I I I L

4.5 SCETlib N3+ILL pp — Z (8 TeV) ' Fit to toy data: ag, pZ in [0, 29] GeV
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Repeat fit for each TNP variation, using TNPs at N>*!LL;

still does not let the fit decide between moving a or theory

'TNPs correctly account for their correlations

. . . - sum in quadrature: A, ., = 1.6
being an independent source of uncertainty 7 “ total

* uncertainties in units of 107> 11/20



Perturbative uncertainty in Asimov fit

Scanning: vary one TNP at a time and re-fit ag

Profiling: fitting o together with all TNPs (allow the fit to decide what to do)

» Fit N*HLL against N°T!LL data

T T T T T T T T T T T
SCETIib Z pr Asimov
(preliminary) (ATLAS 8 TeV unc.)

N2t1LL scanned| | ¢

+3.08

| T I I S I T R S T |
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* uncertainties in units of 1073 og (m Z)




Perturbative uncertainty in Asimov fit
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Perturbative uncertainty in Asimov fit

Scanning: vary one TNP at a time and re-fit ag

Profiling: fitting o together with all TNPs (allow the fit to decide what to do)

» Fit N*HLL against N°T!LL data
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Perturbative uncertainty in Asimov fit

Scanning: vary one TNP at a time and re-fit ag

Profiling: fitting o together with all TNPs (allow the fit to decide what to do)

» Fit N*HLL against N°T!LL data

» Fit N°TILL against N*+1LL data

T T T T T T T T T T T
SCETIib Z pr Asimov
(preliminary) (ATLAS 8 TeV unc.)

profiling constraints the TNPs allowing ~ N?**'LL profiled +0.63
data to reduce the theory uncertainty!

N31t1LL scanned

still need to look at the TNPs pull plot NZ+HLL profiled
to understand the post-fit uncertainty

N2T1LL scanned | | ¢

+3.98

T R R I B! [ S S A T SR
0.114 0.116 0.118 0.120 0.122
* uncertainties in units of 1073 og (m Z)




Constraints on TNPs

SCETlIlib

N2?TLL, only as
—= one TNP at a time
— all TNPs

Z pr Asimov
(ATLAS 8 TeV unc.)

SCETlIlib

N3TILL, only ag
== one TNP at a time
— all TNPs

Z pr Asimov
(ATLAS 8 TeV unc.)

L [ S S T I T N N L L R TR N TR (N RO S
0.0 0.5 . . 0.0 0.5
post fit constraint post fit constraint

> N**ILL: TNPs much more constrained than at N>*LL

> If TNPs get strongly constrained, the next order becomes relevant for the

uncertainty correlations!
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Different constraints on TNPs

What happens by changing the prior theory constraint? /F
it
Usingnow ¢, = 0+ A0 with A0, =0.5,1,2,4 |

N3HILL against N°TILL data]

N ——.
SCETlib Z pr Asimov
(preliminary) (ATLAS 8 TeV unc.) > The effect strongly depends on the

power of the experimental constraint
40.70

> Only slight increase in the
uncertainties when relaxing the
TNPs constraint

2 Again, need to look at the TNPs
Aby = 0.5 —4— +0.51 pull plot to understand the

post-fit uncertainty

! ! ! | ! ! ! ! ! ! | ! ! !
0.114 0.116 0.118 0.120 0.122
Oﬂs(mz)

* uncertainties in units of 103




Different constraints on TNPs

Usingnow @, = 0 = A@_ with A0, = 0.5

@t N3HILL against N°TILL data)

SCETIlib

N3+t1LL, only as Z pr Asimov
(ATLAS 8 TeV unc.)

A0, = 0.5 not really constrained by exp.,

—== one TNP at a time

— .1l TNPs but very tight theory constraint for TNPs

[exp. uncert. 2 theory uncert.]

[y N SR R R EN N B N
—0.50 —-0.25 0.00 0.25
post fit constraint

[don’t be fooled by the different range!]




Different constraints on TNPs

Usingnow ¢, = 0 = A@ with A0, =1

SCETIlib

N3TILL, only ag

— all TNPs

—== one TNP at a time

Z pr Asimov
(ATLAS 8 TeV unc.)

0.0

L]
0.5

post fit constraint

[don’t be fooled by the different range!]

'@t N3HILL against N°TILL data)

A0, = 0.5 not really constrained by exp.,
but very tight theory constraint for TNPs

[exp. uncert. 2 theory uncert.]

A@, = 1 start seeing the exp. constraint




Different constraints on TNPs

Usingnow ¢, = 0 = A0, with A0, =2

SCETlib

N3TLL, only ag
-= one TNP at a time
— all TNPs

Z pr Asimov
(ATLAS 8 TeV unc.)

post fit constraint

[don’t be fooled by the different range!]

'@t N3HILL against N°TILL dataj

A0, = 0.5 not really constrained by exp.,
but very tight theory constraint for TNPs

[exp. uncert. 2 theory uncert.]

A@, = 1 start seeing the exp. constraint

A@, = 2it’s basically a factor 2 w.r.t A0, = 1




Different constraints on TNPs

Usingnow ¢, = 0 = A0, with A0, =4

SCETIlib

N3TILL, only ag

— all TNPs

== one TNP at a time

|——I——|

Z pr Asimov

(ATLAS 8 TeV unc.)

post fit constraint

[don’t be fooled by the different range!]

'@t N3HILL against N°TILL dataj

A0, = 0.5 not really constrained by exp.,
but very tight theory constraint for TNPs

[exp. uncert. 2 theory uncert.]

A@, = 1 start seeing the exp. constraint

A@, = 2it’s basically a factor 2 w.r.t A0, = 1

with A, = 4 data can constrain TNPs more




Nonperturbative uncertainty in Asimov fit

Collins-Soper (CS) kernel [~ rapidity anomalous dimensions]:

Ay A
7Abp) = 7 (B )47 b)) = = A f, | EbF + b
0 A A

&) o0

Transverse Momentum Distributions (TMDs)[~ intrinsic k; of the partons inside the protons]:

F6) = foea®p) Frog(br) 10 (Frnglbr) ) = = Ay f < 22 o 14 b3>

o0 o0

Ay, Ay and Ay, A, quadratic/quartic small b coefficients

Ao » A, determine b; — oo behavior




Nonperturbative uncertainty in Asimov fit

Collins-Soper (CS) kernel [~ rapidity anomalous dimensions]:

Ay A
7Abp) = 7 (B )47 b)) = = A f, | EbF + b
0 A A

&) o0

Transverse Momentum Distributions (TMDs)[~ intrinsic k; of the partons inside the protons]:

F6) = foea®p) Frog(br) 10 (Frnglbr) ) = = Ay f < 22 o 14 b3>

o0 o0

Ay, Ay and Ay, A, quadratic/quartic small b coefficients

Ao » A, determine b; — oo behavior

From Collins and Rogers 14, f, (x) and f(x) behavior

Lm0~ fia o) ~ const
log (f(x = 0)) ~ 2%, log (f(x = 00)) ~ x
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Nonperturbative uncertainty in Asimov fit

What is used in our fits:

f (%b% + j—“bﬁ) — tanh <j—2b% + j—“bﬁ)

o0 o0 o0 o0

A
f <//\\—2bT -+ A—4b%> = 2 tanh <%bT + 2—419%)

o0 o0 o0 o)




Nonperturbative uncertainty in Asimov fit

What is used in our fits:

f (’Lb% + ’1—419;) — tanh <j—2b% + j—“bﬁ)

AOO AOO o0 o0

f <j\\—2bT + 5\\—419%) = 2 tanh (%bT + 2—419%)

o0 o0 o0 o)

Also using inputs from lattice QCD for the CS kernel [some details here]:

> exploit lattice QCD calculations of the CS kernel to obtain good constraints

on A, 4,and 4,

Ao =1.7%x0.5
representative values: A, = 0.09 £ 0.03 + full covariance matrix from

2u = 0.007 £ 0.007 lattice fi

17/20


https://indico.fis.ucm.es/event/20/contributions/553/attachments/370/643/2024_04_18_SCET_Ploessl.pdf

Nonperturbative uncertainty in Asimov fit

il—-/ 7 - - Iﬂ/,w . _ .
fit unc. only: fitting only ag and nonp. | Fit N3HILL against N°TILL dataj
N**ILL profiled: including TNPs

— —
SCETIib Z pr Asimov . N
(preliminary) (ATLAS 8 TeV unc.) > Fit Only g, Az and A4 (ﬁxed }/Bonp)

no nonp. —e—  40.07,40.63

as, Az g —++—  +0.19,40.84

! ! ! | ! ! ! ! ! ! | ! ! !
0.114 0.116 0.118 0.120 0.122
as(mz)

* uncertainties in units of 103



Nonperturbative uncertainty in Asimov fit

i‘m/ 7 - - Iﬂ//' _
fit unc. only: fitting only ag and nonp. | Fit N3HILL against N°TILL dataj
N**ILL profiled: including TNPs

— —
SCETIib Z pr Asimov . N
(preliminary) (ATLAS 8 TeV unc.) > Fit Only g, A2 and A4 (ﬁxed }/Bonp)

no nonp. —e—  40.07,+0.63

> Not using lattice constraints

parameters fitted: 4,, A, , A,

+1.69 +2.85

g, A2,49 A2

sy Az g —+—  40.19,4-0.84

! ! ! | ! ! ! ! ! ! | ! ! !
0.114 0.1106 0.118 0.120 0.122
Oés(mz)

* uncertainties in units of 103




Nonperturbative uncertainty in Asimov fit

i‘m/ 7 - - I"//V . i i .
fit unc. only: fitting only ag and nonp. | Fit N**ILL against N°*'LL dataj
N**ILL profiled: including TNPs

e —
SCETIib Z pr Asimov . _
(preliminary) (ATLAS 8 Tev unc)| @ Fitonly ag, A, and A, (fixed 7,°"P)

no nonp. +0.07,+0.63

> Not using lattice constraints

as A2,4 >\2,4
| lattice —++—  £0.25,%0.87 parameters fitted: 4,, A, , A,

NN +1.69 +2.85
s, Ao, : | i ' .
» Az,05 A2 > Using lattice constraints

sy Az ——b— | 1019, 40.84 parameters fitted: 4,, 44, Ay, A,

! l ! | ! l ! ! l ! | ! l !
0.114 0.116 0.118 0.120 0.122
aS(mZ)

* uncertainties in units of 103




Nonperturbative uncertainty in Asimov fit

> parameters fitted 4,, 4,, A5, /A, + lattice QCD constraints

SCETIib SCETIib

N3+1LL,nly Z Pr Asimov NS‘HLL’ ag + nonp) YA PT Asimov

—- one TNP at a time (ATLAS 8 TeV unc.) (ATLAS 8 TeV unc.)

—= one TNP at a time
— all TNPs — all TNPs

L T R SR T A S S B L L N SR S S N RO N B
0.0 0.5 . . 0.0 0.5
post fit constraint post fit constraint

Data now also constraint nonperturbative parameters, therefore less constraint on TNPs
plots with different A8, for TNPs here
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Conclusions

Need for theoretical predictions including correlations for interpretation of LHC
precision measurements:

Theory Nuisance Parameters perfect candidate

» include correct correlations across the p;spectrum
» can be constrained by data reducing theory uncertainty

» work as advertised for Asimov tests

Nonperturbative model

» importance of fitting CS kernel

» can be improved with lattice constraints




Conclusions

Need for theoretical predictions including correlations for interpretation of LHC
precision measurements:

Theory Nuisance Parameters perfect candidate

» include correct correlations across the p;spectrum
» can be constrained by data reducing theory uncertainty

» work as advertised for Asimov tests

Nonperturbative model

» importance of fitting CS kernel

» can be improved with lattice constraints

Under investigation:
» PDFs: scanning and/or profiling

» Quark mass effects

THANK YOU!
» Fits against real data
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TNPs for Boundary Conditions
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TNPs for Anomalous Dimensions
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Application to Drell-Yan p, spectrum

15

ol
o

(1

rel. difference [%]

rel. difference [%)]

e

T T T T l T T T T l T T T T l T T T T l T T T T l T T T T

SCETIib N2+1LL pp — Z (8 TeV)
MSHTaN3LO, Q=mz, Y =0

.

| | | | l X | | | l | | | | l | | | | l | | | | l | | | |

5] 10 15 20 25

qr (GeV]

T T T T l T T T T l T T T T l T T T T l T T T T l T T T T

SCETIib N2+1LL pp —> W (8 TeV) |
MSHTaN3LO, Q=mw, Y =0 |

| | | | I ) | | | I | | | | I | | | | I | | | | I | | | |

5] 10 15 20 25

qr [GeV]

rel. difference [%]

rel. difference [%]

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
—0.5
—1.0

ylIIIIIIIIJ.MIIIIIIIIIIIIIII

IIII\IIIIIII IIIIIIIIIIIIII

T T T T l T T T T l T T T T l T T T T l T T T T l T T T T ]

SCETIib N3+1LL pp — Z (8 TeV)

MSHTaN3LO, Q=mz, Y =0

| | | | | | | | | I | | | | I | | | | I | | | | I | | | | 1

0

5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
—0.5
—1.0

5] 10 15

qr (GeV]

20 25

T IIIIIIIlllll?lll‘l{‘llllllllllll

4

IIIIIIIIIIIIIIIIIIIIIIII

T T T T l T T T T l T T T T l T T T T l T T T T l T T T T ]

SCETIib N3+1LL pp — W (8 TeV)

MSHTaN3LO, Q=myw, Y =0

0

| | | | l | | | | l | | | | l | | | | l | | | | l | | | | |

5] 10 15

qr (GeV]

20 25




Application to Drell-Yan p, spectrum
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Constraints on nonp. parameters

> parameters fitted 4,, 4,, A,, A, + lattice QCD constraints

! ! I ! ! ! ! ! ! ! ! I ! !
SCETIib Z pr Asimov
(preliminary) (ATLAS 8 TeV unc.)
including lattice

! | ! ! ! ! !
—50 0
0% uncert.
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Different constraints on TNPs including nonp.

What happens by changing the constraint?
Usingnow 6, = 0 £ A, with Ag, =0.5,1,2,4

'@t N3HILL against N°TILL dataj

R R
SCETIib Z pr Asimov
(preliminary) (ATLAS 8 TeV unc.)

| 1+0.25,41.04

fit unc. only: fitting only ag and nonp. |
N**ILL profiled: including TNPs

i 1+0.25,+0.98

+0.25,+0.87

AG,, = 0.5 —+e+—  10.25,40.69

! I ! | ! I ! ! I ! | ! I !
0.114 0.110 0.118 0.120 0.122
Oés(’mz)

* uncertainties in units of 103



Different constraints on TNPs including nonp.

Using now 8, = 0 + A, with A0, = 0.5 {Eit N**!LL against N**'LL data]

SCETIib

N3TLL, g + nonp. Z pr Asimov

== one TNP at a time (ATLAS 8 TeV unc.)

— all TNPs

[ v N R RN R NN TR T
—0.50 —-0.25 0.00 0.25
post fit constraint

28/20.



Different constraints on TNPs including nonp.

Using now 8, = 0 = AG, with Ag, = 1 LFit N**!LL against N**1LL data]

SCETlib

N3TLL, g + nonp. Z pr Asimov

== one TNP at a time (ATLAS 8 TeV unc.)

— all TNPs

L N S SR R A S S S
0.0 0.5
post fit constraint
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Different constraints on TNPs including nonp.

Using now 8, = 0 = AG, with AG, =2 LFit N**!LL against N**1LL data]

SCETIib

N°*ILL, as + nonp. Z pr Asimov

—= one TNP at a time (ATLAS 8 TeV unc.)

— all TNPs

post fit constraint
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Different constraints on TNPs including nonp.

Using now 8, = 0 = Af, with A9, = 4 LFit N°*ILL against N°+ILL data]

SCETlib

N3TLL, g + nonp. Z pr Asimov

—=- one TNP at a time (ATLAS 8 TeV unc.)

— all TNPs

post fit constraint
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