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Introduction & Motivation

Wonderful measurements of Standard Model processes:
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Introduction & Motivation

Drell-Yan process has a special role: P A% [ T T T T ] 02a009- 000053
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Color singlet g spectrum crucial observable

5/30.



https://arxiv.org/pdf/2408.07622
https://arxiv.org/pdf/2412.13872
https://arxiv.org/pdf/2309.12986
https://link.springer.com/article/10.1140/epjc/s10052-024-12438-w

Introduction: Drell-Yan ¢ spectrum

2> Wide-ranging applications, many precise measurements:

ATLAS 20, ATLAS 24, CMS '17, CMS 19, LHCb 16, ...

>> Many theory requirements to reach ©(1%) level precision:

g7 Agen
do = do'™*M™ + O (—2> + @ ( ) ) nonpert. effects
| & ar
resummation , 9
pert. corrections m
+ 0 ( _q) quark mass
2
qar
ISR/EW FSR
+O0(x )+ O(a,,,

+ Parton Distribution Functions (PDFSs)
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Introduction: Drell-Yan ¢ spectrum

o+
2> Wide-ranging applications, many precise measurements: /
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Theory Uncertainty



Theory uncertainty

22 Every theory prediction needs its theory uncertainty:

Atheo =>> Aexp “quite embarrassing”

Major source of uncertainty: missing higher orders (MHO)

Consider a series expansion in a small parameter a:  f(@) = f, + a f; + a’f, + O(a)

LO:  flay=/ o T Af Af uncertainty due to the series of the unknown

. . —> .
NLO: flay=f,+af, £ Af true values |,

5/30. [nice overview of exp-theo status for DY SM@LHC25 Buonocore’s talk]



https://conference.ippp.dur.ac.uk/event/1429/contributions/8211/attachments/6414/8721/SMatLHC25-LB.pdf

Theory uncertainty

22 Every theory prediction needs its theory uncertainty:

Atheo =>> Aexp “quite embarrassing”

Major source of uncertainty: missing higher orders (MHO)

Consider a series expansion in a small parameter a:  f(a) = f;, + af; + a* f, + O(a”)

LO:  fla) =/, £ Af Af uncertainty due to the series of the unknown

. . > .
NLO: fla)=J,+af, = Af true values f,

22 Meaningful Theory Uncertainties:

must reflect our degree of knowledge (or ignorance)
provide correct correlations for different predictions

have a statistical meaning needed for the interpretation of experimental measurements

5/30 [nice overview of exp-theo status for DY SM@LHC?25 Buonocore’s talk]



https://conference.ippp.dur.ac.uk/event/1429/contributions/8211/attachments/6414/8721/SMatLHC25-LB.pdf

Scale variations approach

MHOS uncertainty always detemined th rOugh: [Cacciari, Houdeau '11 - Bonvini 20 - Duhr, Huss, Mazeliauskas, Szafron '21]

» scale variations

o : . based on the same approach, easy to implement and us
» scale variation with bayesian approach ~ ——> PP y P ¢

. . but with many known limitations
» series acceleration
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Scale variations approach

MHOS uncertainty always detemined th rOugh: [Cacciari, Houdeau '11 - Bonvini 20 - Duhr, Huss, Mazeliauskas, Szafron '21]

» scale variations

o . . based on the same approach, easy to implement and us
» scale variation with bayesian approach ~ ——> PP y P ¢

. . but with many known limitations
» series acceleration

Method: given f(ar), make a variable transformation

~o

&(Ck) — Ck[l -+ b()CV -+ blOéz - 0(043)] defining a different prediction f(&) — fO —+ fl& —+ ]EZ&Z —+ (9(643)

LO:  fla=Ff=/, LO:  fla)y=f, = Af
NLO : f@) =/, +af, =f,+/,a’+ bofia*+ b, fa+ ... NLO: fla)=f,+af, + Af
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Scale variations approach

MHOS uncertainty always detemined th r()ugh: [Cacciari, Houdeau '11 - Bonvini 20 - Duhr, Huss, Mazeliauskas, Szafron '21]

» scale variations

o . . based on the same approach, easy to implement and us
» scale variation with bayesian approach ~ ——> PP y P ¢

. . but with many known limitations
» series acceleration

Method: given f(ar), make a variable transformation

~o

&(Ck) — CV[l -+ b()CV -+ blOéz - 0(043)] defining a different prediction f(&) — fO —+ f1& —+ ];2642 —+ (9(643)

LO:  flay=fy= /, LO:  flay=[, = Af
NLO : f@) =/, +af, =f,+f,a’+ bofia*+ b fa+ ... NLO: fla)=fo+af, = Af
Take the difference between the two “schemes”: 1.O - Af(a) =0

NLO : Af(a) = byf,a*+b,f,a> + O(a*)
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Scale variations approach

Estimating MHOs uncertainty by approximating them by some linear combination of known

lower-order terms [/, = b, fl]

Q Af(a) is genuinely of higher order

7/30.



Scale variations approach

Estimating MHOs uncertainty by approximating them by some linear combination of known

lower-order terms [/, = b, fl]

Q Af(a) is genuinely of higher order

X nothing guarantees this is any good

X f,.+ generally more complex internal structure than /_,
X b, (b,) are just arbitrary constants and usually the same for any f

X b, are not actual physical parameter with a true value

X correlation and shape uncertainties?

Po

Now imagine o = a(uy) and a = a(u): by, = P In ﬁ, and why vary u by 2?
T Ho
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Correlation with Scale Variations

For a differential spectrum, each bin is a separate prediction as it is a separate measurement!

With scale variations:

-Mlﬁ

P13

P23

l P12
\
scanning over ?& b ? correlation?
> 1> X > b 1
{
l

|
scales 0 " ? shape ?
| \ C 1
,AS }- . C

22 Scanning over scale variations that fill the band is like scanning over several ad hoc correlation models

—> scale variations cannot give the correct shape (and therefore correlation):
that’s why we take envelopes!

—> to get correct correlation: breakdown into independent uncertainty components required
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Theory Nuisance Parameters
(TNPs)

[ Tackmann 24|



https://inspirehep.net/files/abfbf4f9d50e77b667a093cec306b0f3

Theory Nuisance Parameters (TNPs) in a nutshell

@ Parametrize the uncertainty by the missing highest piece
N*LO: fP¥a,0y) = [y +af, +a* [, +a’f; (0)

using theory nuisance parameters 0, ;
»> 0 have physical true value 0 , such that /, =/ .(0,) ... and therefore encode correct theory correlations

2> TNPs well-defined parameters with true but unknown value

9/30.



Theory Nuisance Parameters (TNPs) in a nutshell

Parametrize the uncertainty by the missing highest piece

N*LO : fP*Ya,0y) = fy+af, +a’ [, +a’f; (65)

using theory nuisance parameters 0, ;

»> 0 have physical true value 6’An, such that fn = fn(@n) .. and therefore encode correct theory correlations

>> TNPs well-defined parameters with true but unknown value

To define 6, , account for the internal structure of /; : find a suitable parameterization and break down

internal structure until remaining unknown /. - are numbers

22 Drell-Yan resummed g, spectrum case: [considering SCET factorization]

do
qr —— =
TdQT

2 S ;
HXB, ®B,® S] ( ag, L =1ng; /mZ> + 0 (ﬂ) ' leading power g; dependencei

m% known to all orders
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Theory Nuisance Parameters (TNPs) in a nutshell

do qr
(2] gr— = |HxB,®B,® 5| (a5, L = Ingy/my) + 0 | —=
dgr nz
“-“---I-,‘ L ....................................
F = {H, B, S} solution to RGE equations F (aS, L) = %F(aS)Eexp[ dL’{{F[aS(L’)]EL’ﬁyF [aS(L’)]'g}
---------- ‘ O """"""""" "-----------------’.
boundary conditions anomalous dimensions
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Theory Nuisance Parameters (TNPs) in a nutshell

do qr
gr— = |HXB,® B, ® S| (a5, L = Ingz/my) + O | —
dgr nz
Lo e
F = {H, B, S} solution to RGE equations F (aS, L) = é]”(as)éexp[ dL’{{F[aS(L’)]EL’ﬁyF [aS(L’)]E}
---------- ‘ O """"""""" ’O-----------------’.
boundary conditions anomalous dimensions

I[dentify a parameterization that captures correlations and tightens the theory constraint

n n+1
Qa Qa
Fla) =1+ <—S> F, r(ag) = (—S) Y,
> r; 47 8 2 47

n=0

F ) =4C@C)y(n-1'¢/ y,(07) = 4C(4C)" 07

where C. leading color factor, C X‘l leading n—loop color factor

>> Total of seven TNPs: Cewsp -7 -7 > H(a) , S(a) , B, ., B,

10/30



Theory Nuisance Parameters (TNPs) in a nutshell

@ Beam function non-trivial case: up to 5 one-dim functional series for beam functions” (+ DGLAP splitting function)

bi(x, 0rg) = Z / % _fij,o(Z) + Lij1(2) + Lo (z, 6’23“)_ f; (f)
: _ _

to be changed in the future!

* at the moment, using functional known form  I;; (2, 6’5 i) = — 0% I in(2)

11/30.



Theory Nuisance Parameters (TNPs) in a nutshell

Beam function non-trivial case: up to 5 one-dim functional series for beam functions* (+ DGLAP splitting function)

Ei(%@s) — Z/%

) ) y T
Lijo(z) + Lij1(2) + Lij2 (Z’ HQB”) 15 (_)

2z
) - to be changed in the future!
. . B. - 3 B 7
* at the moment, using functional known form  I;; (2,677 ) = 5 0,7 1 n(2)
‘. I _ :
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- . - / | N\ .
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oot ' WE "y N
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
o7 0,

[look at other known n—loop coefficients from population sample ] 11/30



TNPs for Drell-Yan g, spectrum

NAHLL: N“FILL resummed structure, highest-order boundary conditions/anomalous dim. as TNPs

Comparing different orders at 95% theory CL (A6, = % 2)

ST e B I | R e B L L e B
- pp — Z (13 TeV) - . i pp — Z (13 TeV) -
4L MSHTaN3LO, Q=mz, Y =0 _ X, 10F MSHTaN3LO, Q=mz, Y =0 —
> i 7 . - 1
¢ T == NBHILL |
O I T —
& B S U A B NZ-I—lLL | '_'l‘_
I . N1+1 _ pC
Sof N'HILL - 7
Z | 2
o | I
'U]__ 48
7 ) == N3HOLL - NILL
O-IIII I B I B I R I R ||||_ _10|||1|||1||||||||1|||1||||||||-
0 5 10 15 20 25 30 0 5 10 15 20 25 30
qr |GeV] qr [GeV]
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Theory uncertainties in the extraction of o,

from Drell-Yan at small g;
[Cridge, GM, Tackmann ‘25]



https://inspirehep.net/files/40fccb4cdb817a8a4a7e21d66dc56831

Measuring « (m,) from low ¢ Drell-Yan spectrum

22 LHC as precision machine: Drell-Yan has a special role

»2 Description of the g spectrum at ©(1%) level precision requires

rel. difference [%]
| |
— = S = = =
- -

|
-
)

many theory inputs: resummation nonperturbative effects PDFs

perturbative corrections quark mass & EW corrections

a; = 0.119

o, = 0.117

20 5 10 15 20

dr [GGV]

.25. L

a, is a %-level shape effect!

whether Aa, is 0.5% or 2% depends on correlation

Extraction of a, is a theoretical game:
need of accounting for bin-by-bin correlations!
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Asimov Fits

Asimov fits: standard procedure to estimate expected uncertainties in a fully controlled setting,
rationale similar to the closure tests

> using pseudodata (or Asimov data, or toy-data)

> results of the fits not affected by statistical fluctuations and possible subleading/higher-order effects present
in the real data

—> theory model correctly describes pseudodata with a minimum »* = 0 (or very close)

> study the dominant sources of uncertainty and their impact on the extracted «;
can neglect subleading effects:

—> affecting the small g spectrum at few-% level, their associated uncertainty is subdominant
with respect to the dominant ones
In practice:

—> still necessary for fitting real data nonsingular, quark mass and EW corrections

neglected in our pseudodata and theory model
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Asimov Fits for a (m,) from Z g, spectrum

0.4 <ly|

—

=

- -

- o -

-
A Ashibdadd & 4 o 4
e w5 =

—> SCETIib N**'LL and N*LL only resummed contribution

Relative uncertainty
o

—> Data defined as central theory prediction [a, = 0.118]
[fixed nonp. params discussed later, MSH'T20aN3LO PDF set]

— Using ATLAS exp. uncert. and complete correlations
|arXiv:2509.09518 |

Relative uncertainty
| | | | 1 o 6‘;
|||||I'I'lrl'l'l1'l1'l1 ||||I'I'l1 llllﬂ" ||||I'I'I'1 lllﬂﬂﬂrITﬂﬂl[-rmﬂl[_I‘lﬂﬂl[_TTﬂﬁlr_ﬁm

—> 72 data points in ATLAS binning:

-_Ll.l.l.ll‘ llllm‘ lnnm‘ llluu‘ llllllﬂ_‘ml L Ll L L1l L L1l

9 g, binsin [0,29] GeV for each 8 Y binin [0.0,3.6] 28<ly| <356
[integrated in g, Y and Q]
—= Using Minuit (and Minos) as minimizer for the fit "’ PR "’ TR
P, [GeV] P, [GeV]

15/30

. 1 Uncertainties in &

;"0.8' j ATLAS

pp > Z
Ys=8TeV, 20.2 fb™

d
dp

T

j —— Total

—=— Data stat
MC stat
—— Central electron

3 —— Muon

—— Forward electron

j —~— Background
s —— PDFs


https://arxiv.org/abs/2309.09318

Perturbative uncertainty: scale variations

Fitting only a(m,) as a concrete example:

4T T T

—r T T 1 1 1 1 T 1 1 T T 1 L L L B B L B B B L LB B B B
N4LL profile scale var. - - Z pr Asimov, SCETIlib N“LL profile scale var.
3 — HKFO — 0‘120__MSHTaN3LO, 8 TeV ATLAS l;ins and unc. . j
— My : e ® oo :
o 2 — matchi - : -
S Rt e 0.119} . . . . -
o o, = 0.119 — resummation - o :
S IS ONNNL e . : o o
- i N ® ® @ .
O S -
g O £ 0.118—_—e2es . oo '
= : R I )
ppam S et O
T —1F £/ NS —————— I S ¢ A
T _of ) 0.117F _ - -
= . o ) [ J o
pp — Z (8 TeV), SCETIib - ! , ,
_3 _ - o upo © matching exp. uncertainty
_ MSHTaN3LO, 80 < my < 100 GeV, |Y| < 1.6| 0.116[ 4; o resummation  x2/ndof > 1.5 ‘
5 T 10 15 200 25 30 0 5 10 15 20 25 30 35 40 45
qT [GeV] Nvar
: Absolute uncertainty on as(my) in units of 10—3
Sum envelopes of different types: Agc e = 2.43 | Yo s(mz) -
Nai | Perturbative uncertainty | ATLAS 23 Our estimate of expected size
IVE €NV C. = 1. . .
alve ehvelop Ascale .73 Scale variations +0.42 +2.43

This is not our final expected perturbative uncertainty!

x Scale variations are just insufficient for this purpose!
*uncertainties in units of 1073 16/30.


https://arxiv.org/abs/2309.12986

Perturbative uncertainty: TNP scanning

4r———— 7 7 T T T T T T T T T T T
‘ . : N3TILL pre-fit Z qr Asimov
i SCETIib N°*'LL pp — Z (8 TeV) | exp. uncertainty (ATLAS 8 TeV unc.)
3l MSHTaN3LO, 80 < my < 100 GeV, Y| < 1.6 ] | total
S T -5 I A
D — A, B,, _ :
= K o | +— Byq Only fitting o
S
% 71/ ......... qu : | | | S 3+1
= - H : | | Data as N""'LL
= i o H
- ata, = 0.118
- = = _\_\t..T.;_ ————————————————————————— ' ’71/
s 4 Vi
P R RN R .
0 53 10 15 20 25 30 0.116 0.117 0.118 0.119 0.120
dr [GeV] (Xs(mz)

»> Breakdown into independent sources of uncertainty, varying each TNP by A@, = = 1(68% CL)

encoding bin-by-bin correlation

»”> Repeat the a fit for every TNP variation [scanning or off-set]

Sum in quadrature: A®P*t = 1.75
pert

*uncertainties in units of 10~ 17/30

Indication that SCETlIib scale

variations are realistic [A = 1.73]

scale



Perturbative uncertainty: TNP profiling

»> Profiling: fitting a, together withall' TNPs 5 T aa

—> TNPs are proper parameters, included in the fit with Gaussian constraint 6, = 0 %+ 1

—> allows data to constrain TNPs and thereby reduce theory uncertainty

18/30.



Perturbative uncertainty: TNP profiling

. @, —0)?,
2 T —1 I
. . . Aotal = Z 0 =4 G (O — 4) + Z .
»> Profiling: fitting a, together with all TNPs e i e A%
—> TNPs are proper parameters, included in the fit with Gaussian constraint , =0 £ 1
—> allows data to constrain TNPs and thereby reduce theory uncertainty Ao (mg) [10-7
g\ z
4 —-0.3 —-0.2 —-0.1 0.0 0.1 0.2 0.3
I . ] N3TILL Z qr Asimov
- SCETIib N3+1LL post-fit pp — Z (8 TeV) - post-fit Aa,| (ATLAS s ime.) Only ﬁtting a
al MSHTaN3LO, 80 < my < 100 GeV, |Y| < 1.6 A0, =1 i
g _ —_—— F S H ......... B : qu # | Data a.S N + LL
P cusp q99 i
3 —y, --- 8 total By, | = | ata, = 0.118
L —— o~y T -fit - |
qu:j o By, total pre-fit : S 5 arey:
S H ’ t ’ TNP down variation
T Vo | . | dashed grey:
S 32 RRRRRRRRRRRRREEERBRRRERREZSSSSBRBSSSBBRBI[_ R ————
- | | TNP up variation
B | Fcusp | #
T S T S ¥ S Y-S VN 15 —1.0 —05 0.0 05 L0 L5
gr [GeV] post fit constraint

2> Reduction in the uncertainty as expected: induced correlation between «, and TNPs! At =045

*uncertainties in units of 10~ 18/30



Perturbative uncertainty: TNP profiling

»> Profiling lower order against higher order: N*"'LL Data: central N*LL prediction at a, = 0.118

—> simulates the fit to real data, which contains the all-order result Aay(my) [10-7

10 —0.4 —-0.2 0.0 0.2 0.4
—_— - ! ! ! ! [ ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! I ! ! ! ! - L L L LA I N N L N N L N LN B
X gb SCETIb N2TLL vs N1LL post-fit : N2+ILL vs N4LL Z qp Asimov
— C Dp 7 (8 TeV) . post-fit Aa| (ATLAS 8 TeV unc.)
— 8 E Af, =1
‘“Z 73 MSHTaN3LO, 80 < my < 100 GeV, |Y| < 1.6 -
- - B *—e—i

TS 6 3 —_ Fcusp S H ......... qu _: qg
2 5 --- S5 total E By, : ¥
D) B _
g AES. A, T B, total pre-fit - g | -
+— L i
o 3: E H R o
S 2F -
% 1:-- e e R E Yo | o %
< O __--" A — T T T Vi | *
E; —1 ;_ _: Fcusp : >

_ | ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! ! | ! ! ! - T T T T

%0 5 10 15 20 25 30 1.5 —1.0 —0.5 0.0 0.5 1.0 1.5
qr |GeV] post fit constraint

»> N*HILL strongly pulled toward correct true values [x]

indication that the order is not enough for the data

>> post-fit prediction for g spectrum driven by constraints from data Ag’élr’te“ =J_r8-gg

*uncertainties in units of 10~ 19/30



Perturbative uncertainty: TNP profiling

»> Profiling lower order against higher order: N°"'LL Data: central N*LL prediction at a, = 0.118

Aag(myz) [1077]

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3

4r————— 7 T T T T T T T T T ] | | |
50 : . 3+1 4 N3+1LL VS N4LL Z qr Asimov
E’ - SCETIib N LL vs N*LL pOSt-ﬁt - post-fit Aag| (ATLAS 8 TeV unc.)
=g pp — Z (8 TeV) - A0, =1
E : MSHTaN3LO, 80 < my < 100 GeV, |[Y| < 1.6 B, ve
g ; — Fcusp ——- H qu
45 2_\ . qq %
ab) o \\ 7u T S total
> \""v\ _____ ] S *
e Q — v, B, total pre-fit -
S H " ]
= L
% i Yo o *—|
£ of
= L T *
E : Fcusp L *
—1 ' ' ' R— ' e e b e b b
0 5% 10 15 20 25 30 -1.5 —-1.0 —-0.5 0.0 0.5 1.0 1.5

qr |GeV]
»> N3*ILL pulled toward correct true values [ %]

post-fit constraint

expect __+0.47

> post-fit prediction for g spectrum driven by constraints from data pert ~ —0.50

*uncertainties in units of 10~ 20/30



Perturbative uncertainty: TNP profiling with different A9,

Data: central N*LL prediction at a, = 0.118

»> Change the prior theory constraint: using now ¢, = 0 = Ag_with Ag, = 1,2, 4 and fit again

SCETIib N°TLL Z pr Asimov
against N*LL (ATLAS 8 TeV unc.) —> the effect relative to the theory constraint strongly depends
on the power of the experimental constraint
A6 =4 —t T
—> data reduces dependence on theory constraint and
associated potential bias
NG =2 —F T
' —> only slight difference in the uncertainties when relaxing the
TNP constraint
A6, =1 — 0%
Precise theory constraint does not matter here
RS TR R N el

0.1106 0.117 0.118 0.119 0.120
as(my)

*uncertainties in units of 10~ 21/30



Perturbative uncertainty: TNP profiling with different A9,

Data: central N*LL prediction at a, = 0.118

Aag(mz) [1079] Aas(myz) [1079] Aas(myz) [1079]
—0. 3 —O 2 —O 1 O O 0.1 0.2 0.3 —0. 3 —O 2 —O 1 O O 0.1 0.2 0.3 —0. 3 —O 2 —O 1 O O 0.1 0.2 0.3
B L B | | L L | | LU L
N3+1LL VS N4LL Z qr Asimov N3+1LL VS N4LL Z qr Asimov N3+1LL VS N4LL Z qr Asimov
post-fit Aag| (ATLAS 8 TeV unc.) post-fit Aag| (ATLAS 8 TeV unc.) post-fit Aag| (ATLAS 8 TeV unc.)
A0, =1 A6, = 2 A6, = 4
Byg : *e | B, | * | By, | T,
Bgq | o—* | By, | * | By, | ¥
g| *—0 : IS | s : g | i~
H e . i H | * o : H| | * O
Yv : ® *— Yv —1<+%— Yv : %
T | *— | Tu | *x | Y || %o
Fcusp : ¢ : * I-‘cusp : ® * : I1(:usp : 9 ’*
R RS N SN S A T N N RN RSN T NN SO S N N N A R IR R A A S N C oo e Lo b by oo b v by
—-1.5 —-1.0 —0.5 0.0 0.5 1.0 1.5 —2 —1 0 1 2 —4 —3 —2 —1 o 1 2 3 4
post-fit constraint post fit constraint post fit constraint

Post-fit constraints on TNPs become even more consistent with true values!
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Nonperturbative uncertainty

For Aqgep < 1/by ~ qr << O, can systematically expand nonperturbative effects in an OPE

~

f(ill' bT7u7 Q) (f( )(:E bThu’? Q)J{]-_'_

resummed perturbative part

At large b, no constraint from OPE, following

Collins and Rogers '14:

7gp(bT — 00) =

— const X by

— const

-
ble’ [AZZ( )+)‘C
-

br@7 | R
o] - O(henb?)

nonperturbative contributions to the CS kernel and TMD PDF

At small b

25/30.

fP(x, by) = 14 Ay () b7 + O(Aep b
7:0(br) = 25 by + O(Ngyep, by)


https://arxiv.org/pdf/1412.3820

Nonperturbative uncertainty

For Aqgep < 1/by ~ qr << O, can systematically expand nonperturbative effects in an OPE

fi(xabTauw Q) f( ) 33 bTa/*l'a QJ{1+bT [AQZ( )_|_)‘C bTQ] | O(AéCDb%")}

bo
resummed perturbative part nonperturbative contributions to the CS kernel and TMD PDF
At large b, no constraint from OPE, following Atsmall b :
Collins and Rogers '14:
- B 2 4
In f?p(x, b, — 00) = — const X by fnp(x br) =1+ A, (x) by + @(AQCD b)
7."(by — 00) = — const 7:0(br) = 25 by + O(Ngyep, by)

Every nonperturbative model has to satisfy the OPE expansion!

A B A, Ay ; . by 5 Ay,
JP(by) = exp| — A by tanh| — by + — b7 2;/ P(by) = — A, tanh [ —b7 by
AW AW Aso Ao
No prior constraint + Lattice QCD* constraints [details in Peter’s talk]

A » A determine by — oo behaviour, 4, 4, A, 4 quadratic/quartic small b; coefhicients
*MIT, RQCD235, LPC 23/30



https://arxiv.org/pdf/1412.3820
https://indico.physics.lbl.gov/event/3051/contributions/9673/attachments/4926/6849/2025_03_13_SCET_Ploessl.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.114505
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.074519
https://link.springer.com/article/10.1007/JHEP08(2023)172

Nonperturbative uncertainty

fit unc. only: fitting only o, and nonp. Data: central N*LL prediction at &, = 0.118
profiled TNPs: a, + nonp. + TNPs

N3T1LL vs N4LL Z qr Asimov .
— profiled TNPs | (ATLAS 8 TeV unc.) —> TMD PDF + 4, and no further constraint leads
— no TNPs to an unstable fit
no nonp. —o—y  10.06,40.47
—0.06,—0.50
Azl,4, A2,4 +0.24,+0.69 —> CS kernel constrained by lattice QCD data allows to a
+ lattice I _ . .
0.26,—0.72 joint fit between CS and TMD nonperturbative!
1.41
Ao.4y A2 -
—1.41
£ 0.19)40.67 —> this is possible especially thanks to the constraining
Az | | _().19: —0.71 power of the data!!!

A R T N T S SRR N T N N cooo by by
0.115 0.116 0.117 0.118 0.119 0.120 0.121
C'Qs('rnZ)

*uncertainties in units of 10> 24/30



Nonperturbative uncertainty

»> Fitting nonperturbative and including Data: central N*LL prediction at &, = 0.118

lattice QCD constraints Aay(my) [10-7

4 —0.6 —0.4 —0.2 0.0 0.2 04 0.0
. B N R ———T T T T T T T T T T [ T T T T T
X | SCETIlib N3+!LL vs N*LL post-fit : N3+HLL vs N*LL Z qr Asimov
_— I Dpp — Z (8 TGV) ] post-fit Aag| (ATLAS 8 TeV unc.)
= 3h MSHTaN3LO, 80 < my < 100 GeV, |Y| < 1.6 _ AG, =1
Z \ 1
- B Ao TNPs : Ao ——Che—
E 2 ——= Ay B nonpert. ] ‘/;\4 | i

] ]
S --- Ay 0 TNPs @ nonp. - )\2 -
@) - 4
e 1 A4 ] Byg : 'y
g qu | *—i
% ______________ S *—o '
% 0 H 9 2l
Tf Yo | o *—
8 - Yu *
—10 30 Fcusp L1 I: I T R R |T| T S R I: ! |*'| !
qr |GeV] —1.5 —1.0 —0.5 0.0 0.5 1.0 1.5

post fit constraint

»> N*HLL pulled toward correct true values [*]

expect __+0.24
Anp

»» Data now also constrain nonp. params., therefore less constraint on TNPs —_0.26

25/30.



PDF uncertainty

Fitting only a (m,):

PRELIMINARY
0.121
| o PDF members PDF uncertainty
0.120}
0.119; AabPF ~10.4 x 104
—
N - “
[ () e ®
§0.1187‘““ oo Q‘ m:”‘ﬁ'-.‘:“—“g’—"?“‘”‘.”“—
p) o) ee
S |
0.117_-
011gl Y =1[00,0.4,0.8,1.2,1.6,2.0,2.4,2.8,3.2, 3.6
8 TeV, Z pr, ATLAS binning, p% < 29 GeV
| SCETIib preliminary
0153020 30 20 350
Nvar

*uncertainties in units of 10~

Data: central N°*!LL prediction at &, = 0.118

—> A%’;Ct = 1.04 through scanning

[scanning/off-set over PDF eigenvector variations]
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PDF uncertainty

Fitting only a (m,):

PRELIMINARY
0.121
| o PDF members PDF uncertainty
0.120}
0.119_ AC\’.gDF ~ 4.3 X 10_4
_ _
N o
I e ®
_E/O.118_'“,,, . “‘!‘ mg“%'-'-Ql"—“.‘:‘Qi”‘Q"‘m—
0 o o®
S |
0.117_‘
0116l = [0.0,0.4,0.8,1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6]
8 TeV, Z pr, ATLAS binning, p:% < 29 GeV
| SCETlib preliminary
01530 20 30 40 50
Nyar

*uncertainties in units of 10~

> ACXpe
APDF

Data: central N°*!LL prediction at &, = 0.118

ct __

= 1.04 through scanning

[scanning/off-set over PDF eigenvector variations]

—> AZP = (.43 through incorrect profiling (fitting a,+PDFs)

PDF

[exploiting the precision data to constrain also PDFs]

6. -0
)(t%)tal — Z (Vi = )TC 1()7] ) + Z A2 '
i [ k !
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PDF uncertainty

Fitting only a (m,): Data: central N°*!LL prediction at a, =0.118
PRELIMINARY
0.121
o PDF members PDF uncertainty

| —> A%’E“ = 1.04 through scanning
0.120_‘

[scanning/off-set over PDF eigenvector variations]

00119-_ AagDF ~ 4.3 x 1074
N | . —> A%’;’Ct = (0.43 through incorrect profiling (fitting o, +PDFs) |
E o : % m!“L'-‘QL“—‘Q!:.Q—”‘OQM— .« . . . —
= 8 v e e T T 8 [exploiting the precision data to constrain also PDFs]
S |
0.117¢ N .
| Profiling requires:
0116, Y =1[0.0,0.4,0.8,1.2,1.6,2.0,2.4,2.8,3.2, 3.6
8TeV, Z pr, ATLAS binning, pZ < 29 GeV PDFs central value and uncertainties not substantially changed
| SCETIib preliminary
011530 20 30 40 50
Nyar PDF's uncertainties included consistently alongside the new data (Z g;)

>> Large reduction in the uncertainty, just because we are including the wrong tolerance (T') factor

*uncertainties in units of 10~



PDF uncertainty

Fitting only a (m,):
PRELIMINARY
0.121
o PDF members PDF uncertainty
0.120}
0.119-_ AagDF ~ 7.4 x10~%
_ |
N | .
i e
_S/O.IIS _““', ® ”‘!‘ mgn%.!ol.‘—‘loilo;oﬂ”ﬂmo—
N e (T
S |
0.117_-
0116l Y =10.0,0.4,0.8,1.2,1.6,2.0,2.4,2.8,3.2,3.6]
' 8 TeV, Z pr, ATLAS binning, p% < 29 GeV
| SCETIib preliminary
01153020 30 40 50
Nvar

Data: central N°*!LL prediction at &, = 0.118

—> A%’;ot = 1.04 through scanning

[scanning/off-set over PDF eigenvector variations]

—> A;)g;““ = 0.43 through incorrect profiling (fitting @ +PDFs)

[exploiting the precision data to constrain also PDFs]

— A%’;’Ct = (.74 through profiling (fitting a,+PDFs) —_—
and considering the correct tolerance

»> Adding the correct tolerance reduces both pull on central value and uncertainty reduction!

*uncertainties in units of 10~

how to propagate it to a, uncertainty? Two-step profiling
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Summary and next steps

Correlations are fundamental for the interpretation of precision measurements:
having meaningful theory uncertainty is as important as having meaningful experimental one!

Theory Nuisance Parameters perfect candidate to describe theory uncertainty and correlations

Highly relevant and needed for the extraction of a, from the Z g, spectrum:

first applications work as advertised, very promising for the actual o, fit!
Moving to real data: many things we need to add
—> nonsingular contribution [work in progress]

—> quark-mass effects: can generate a bias on a, [work in progress]

—> QED/EW corrections

expect
Aas —|+ 0. 5S1ng TNPs +??()nons . ??? m, s ???QED/EW |i| 0. 3n()np * O’7PDFS |

perturbative uncertainty nonperturbative uncertainty+ PDFs

*uncertainties in units of 10~ 30/30
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Resummation details

. . Q
LLeading power cross section:  VV' = {yy,vZ, Z~, ZZ WTWT W-W~}  Zap = E—eiy
CI11
do(©) | —Z( — D Y l nic tensor
d4 — 2E2 @VV’ (q2) HVV' ab(q2) p’) ! cprometenso
q cm a.b | hard function
dbr lb:r T B B
* [ amze " " Be (2a; br, 11,/ Q) By (s, br, 1, v/ Q)
beam functions soft function

Boundary cond. Anomalous dimensions | FO matching

Order (FO singular)  4; (noncusp) I'cusp, B | (nonsingular)
Unprimed vs primed counting: LL 1 - 1-loop i
NLL 1 1-loop 2-loop -
NLL’ (+NLOy) (g 1-loop 2-loop (g
» primed orders boundary condition NNLL (+NLOy) o 2loop  3-loop s
NNLL' (+NNLOy) 0% 2-loop 3-loop 0%
n ) S S
added to 28 hlghef N3LL (+NNLOy) o 3-loop 4-loop o
N°LL’ (+N®LOyg) o 3-loop 4-loop a?
N4LL (+N3LOg) s’ 4-loop 5-loop s

31/30. [from Michel’s talk]


https://indico.cern.ch/event/1108518/contributions/4735214/attachments/2392863/4091727/Michel_EWWG_Status_Report_pTZ_Benchmark_2022-02-17.pdf

TNPs for Boundary Conditions

F (6,)=4C4C,)" '(n—1)'06/

0.7: 1T T 1 | 1T T 1 | 1T T 1 T 1T 1 | 1T T 1 | 1T T 1 . 0.7: 1T T 1 | 1T T 1 | 1T T 1 T 1T 1 | T 1T 1 | 1T T 1 .

0 6:_ Nentries — 21 fl(nf = 5) B 0 6:— Nentries — 29 f2(nf — 5) E

g 055 0 =1.1240 P E £ 0.5 0 =0.93+0 E

S 0.4- E S 0.4F -

¢ z ¢ -

= 0.3 — = 0.3 —]

= - ] < - -

2 0.2 E 2 0.2 =

0.15 = 0.15 =

0.0 = 0.0" .

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

oF . . o7
1 Good fit to a Gaussian withd, ~ O and A8, ~ 1 :

0.7: 1T T 1 | 1T T 1 | 1T T 1 T 1T 1 | 1T T 1 | 1T T 1 . i 1T T 1 | 1T T 1 | 1T T 1 T 1T 1 | T 1T 1 | 1T T 1 |

0 6:_ Tentries = 27 fs(nf = 5) E / 0.8~ Mentries = 12 f4(nf = 5) _|

F p=—-0.05+ 3loop - - = —0.37 +0. 4loop

€ 0.50 0 =0.64 £ 0 - = ’

= - N = 0.6 j

S 0.4 = 3 ]

e T ] S :

= 0.3 ] = 0.4 -

« n . = _

5 0.20 E : 09 -

0.15 - :

0.0_ —— Lt 0.0 [ |
-3 -2 -1 0 1 2 3 -3
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TNPs for Anomalous Dimensions

relative count

relative count

0.8

0.6

0.4

0.2

0.0

0.8

0.6

y,(0)=4C(4C,)" 0"

IIII|IIII|IIIIIIII|IIII|IIII 008_||||||||I|IIIIIIII|IIII|IIII_
: Nentries — 22 Y1 (nf — 5) : | Mentries — 22 ’72(nf — 5) .
- pu = —0.09 £/0.22 - - p =0.03£0.17 2 loop _
0 =1.014+0 Ioop i 1;::0'6_02078i012 P -
I _ S i _
N B = 0Ar B
B | ~
n i g} B m
} _ © - .
B i " 0.2 ]
] || | | 0.0 | '

3 -2 -1 o 1 2 3 - o2 -t 0 123
07/ . . 2
: Good fit to a Gaussian withd, ~ O and A8, ~ 1
_IIII|IIII|IIIIIIII|IIII|IIII_ O.8_IIII|IIII|IIIIIIII|IIII|IIII_
| Mentries = 24 A)/3(’n’f — 5) - / | Nentries — 8 '74(nf = 5) _
- p=-0.29+0 3loop - . oGl M= 009 4loop -
. o = 0.96 = 0.14 i S . o0 =0.994+0 i
] 3 [ ]
— ,QZ) 0.4__ -
N ~
| g B 7]
_ 0 - .
_ " 0.2 -
| 0.0 - '
3 -3 -2 -1 0 1 2 3
03
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TNPs correlation for Drell-Yan ¢ spectrum

Relative impacts on W/Z*:
0.5¢

-ttt

rel. difference [%]

0.3 MSHTaN3LO, Q=my, Y =0 -

W/Z (13 TeV) -

»> uncertainties very similar for Zand W processes: same TNPs for both

—> each TNP impacts are 100% correlated between the processes:

nice cancellation in the ratio!

54/50

*just for illustration: only leading massless contribution



PDF uncertainty: two-step profiling

Very generically:

_ (6, — 0)*
Xiotal = Z i) 2 Ci 0 —(4) + 2 AG? ’ 2 T,
2 data theory model i l k

(containing also PDFs!)

To propagate the PDF uncertainty on the Pol:

First profile PDFs including T factor to account for existing PDF uncertainties

—> obtain consistently profiled PDFs

Perform a fit with Ay? = 1 and obtain PDF uncertainty by scanning profiled PDFs from step 1 as
a new input set

—> PDF uncertainty on o, enlarged relative to incorrectly profiled 7"= 1 case,

but still reduced substantially relative to the simple scanned case
| WIP]
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CMS W mass measurement

Perturbative uncertainties in the resummed prediction: N ""I..* SCETIib

Events/GeV

Ratio to nominal

|[CMS-SMP-25-002]

contribution of all theoretical and experimental uncert. before and after profiling

x10° 16.8 fb~' (13 TeV)
i I ' 1 I I 1 I | I I | I I ' I I 1 I I 1 I |} 1 I ] 1 I | I
- Nonprompt

W* 5 1V
Rare

ZIy* = pu/tt

—

—
BF qqV
BF qgAS
Yv

————
Yu

== Tcusp
Hard func.

——= Soft func.

——

*used in the CMS m,, determination

Events/GeV

Data/Pred

56/30.

1.0

0.8

0.6

0.4

0.2

0.0
1.0025}

1.0000

0.9975}

«107 16.8 fb~! (13 TeV)
L L L L A L
_ x2/ndf = 35.4/30 WSy i
- (p=23%) :
B Nonprompt
N Z/yT - up/tt
 WEos v l

| I | | J | ]
- TS mw 9.

S ST
TQ*HH*

MeV

1 l 1 A L 1 l 1 1 L 1 l 1 1 L 1

~30 35 40


https://cds.cern.ch/record/2910372/files/SMP-23-002-pas.pdf

CMS W mass measurement

N3+LL is an approximation of N3+'LL:

mw = 80360.2

(=

9.9MeV |

fla,04) = fo T f104 T ]?2042 T [fs - Oéof4(94)]043

consider the N°LL structure but absorb the N°T!LL, TNPs uncert. term into the N°LL structure

»> limited effect on the overall size of theory uncert. but correlation approximated by lower order structure

CMS Pull = Constraint
Preliminary - ) . . ,

. SCETLib Nonpert. \4(Z) |
SCETLIib Nonpert. A2(Z) |
SCETLib Nonpert. AN%(Z) | I ! o
|
I
I

e —————

| SCETLib Nonpert. CS ¢,
Resum.-FO transition Z [diff.]
Resum.-FO transition Z [avg.]

Resum. TNPy,

Resum. TNP Yuq
Resum. TNP ¢,
Resum. TNP qgAS BF
Resum. TNP qqV BF
Resum. TNP qqV BF
Resum. TNP qgS BF
Resum. TNP qg BF
Resum. TNP Soft func.
Resum. TNP Hard func. = R ) *—
FO Y, Z [diff.] ‘|| :; ®

FO UrMe Z [avg] | = ®

@ m (pdnf g)fit W (pM Y fit H

57/30

—> if possible prefer the N**'LL prescription!

. Impact (MeV)
Source of uncertainty Nominal Clobal
Muon momentum scale 4.8 44
Muon reco. efficiency 3.0 2.5
W and Z angular coeffs. 3.3 3.0
Higher-order EW 2.0 1.9
py. modeling 2.0 0.8
PDF ot 2.8
Nonprompt background 3.2 1.7
Integrated luminosity 0.1 0.1
MC sample size 1.5 3.8
Data sample size 24 6.0
Total uncertainty 9.9 9.9

from Long’s talk



https://indico.fnal.gov/event/66577/contributions/301676/attachments/184208/253317/2025_01_Long_CMSmW_Fermilab.pdf
https://cds.cern.ch/record/2910372/files/SMP-23-002-pas.pdf
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