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Overview of m, measurements
I%SQRS;?';;E‘ggﬂgng ATLAS ' -;i'j ¢ = (MeV) mW Total Unc. | Stat. Unc. | Exp.Unc. | Th. Unc.
8 |E=7Teviasnt o0
P L s o 5 "' — SM 80355 6 - - 6
o CDFII 80433.5 9.4 6.4 5.3 5.2
T I N
P 1 ATLAS 80366.5 2 Al 8.7 9.0
QJTIF_’ﬁf J2 g17z(2o18) 110 @® Measurement - ® ==
A vt B LHCb 80354 32 23 10 19
ATLAS 2024 B Total Unc.
rTnhV'VS:Igcggeum MeV {71 SM Prediction i-i. - , ———————————————————————— :
“““““““““““ 80200 80:1300 - 8041100 Table 2. Uncertainties on the combined
myy [MeV] Uwresilt- - CDFIl uncertainties
» Indirect measurement of m}y : pé, 2t > of my, I'y, L Jiszastingil. 5,
: Lepton energy scale 30}
p;(V) — \/ (P2 4+ (p yl(”))2 nuisance parameters, templates Lepton energy resolution 12| "
Recoil energy scale 12}
» Robust theory predictions for Recol nergy resoliion. _....... (I)i ...............
(v A (VN2 (VN2 Ly (v CPLAM AT P
ET( ) = \/m ‘L (px( )) s (py( )) ~ pT( ) EV\], QCD’ PDE PS etc. Lepton removal

W_  [opl gy A » Parameter tune based on p%, A,
my = 7E7(1 — cosAg) :
none perturbative parameters

» Full error = Experiment + Theory model £ o
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https://inspirehep.net/literature/2771258
https://www.science.org/doi/10.1126/science.abk1781
https://inspirehep.net/literature/2771258
https://link.springer.com/article/10.1007/JHEP01(2022)036

W MASS MEASUREMENTS

>do/dm) templates with Amy, = 100 MeV  »do/dp; templates with AmW = 60 MeV

0.12" ' -

n = < A
. = = N | 3
impact of Amw=100 MeV § : ATLAS Simulation .Alc:‘lmmiGO .
0.1— 2 + w= e
E T s — (s=7 TeV, pp—> W"+X Am =60 MV -
8 1.02 :—-— ...... A m‘.‘,. .ﬁ. .IOO .Me.v .......................................... C 0.08 __ --.AFW=+2OO Mev _:
;. B 2% -% - ---AT',,=-200 MeV  —
S 1.015— c 0.06—
O L S
= - 0.04
I 101:_.. ..........................................................................
2 1% 0.02
fippglrs e S : L L L 1 L L L | , |
E SlldebyChrlsHaySI EP 2022 - 101
N RPN W I o e - Sl o b 2
E o 1
- 0% o .
0.995— = Qloal SRRl TR R 8 N TR T e
s By | ls.implified slsimulation .................................. B e
BE 20 — 20 RE 50 32 34 36 38 40 42 44 46 548 50
M. (GeV) pr [GeV]

Amy, = 100 MeV ~ 0.5-2% change in do/dm;’ Amy, = 60 MeV ~ 0.5% change in da/dp%

— Amy, = 10 MeV ~ 0.1% precision in do/dm?’ Ay, = 200 MeV ~ 0.5-1% change in do/dpj
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o, MEASUREMENT BY ATLAS
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[ |
-@- Hadron Colliders

ATLAS -@- Category Averages PDG 2022 ) World aVGI'agei aS(mZ) — O. 1 179 i 0.0009 ATLAS 230912986

Preliminary -@- Lattice Average FLAG 2021
-@- World Average PDG 2022

~®- ATLAS Zp 8 TeV Z See also ATLAS
.~ o wrssaooer | > ATLAS pr @ 8 TeV: aS(mZ) = 0.1183 = 0.0009 JHEP 07 (2023) 085

W, Z inclusive T — 0-1188 + 0.0016 ATLAS 23090931 8

tt inclusive 0.1177 = 0.0034
T decays 0.1178 = 0.0019
QQ bound states 0.1181 + 0.0037

PDF fits @ 0.1162 = 0.0020
Electroweakfit | [T —— 0.1208 = 0.0028
lattice | 4% DRSSO OO
Worldaverage | I ____________ 01179 + O .
ATLAS Z pT 8 TeV | | 10'1183 el 0.00PQ
0-116 0.12 0.125 Q43
as(mz)
;‘ T T 1 IIIII] T U IIIIII T .II;III<IOT4:2>(10°)]
8 102 ATLAS W 0.4<lyl<0.8(x 107
S -2
o A 08<lyl<1.2(x10%)
2 he ® % e, Y 1.2<lyl<1.6(x 107
QI— 1 —a - g \ O 1.6<lyl<2.0(x10™
o -1 ) | [0 2.0<lyl<2.4(x10®)
IS 10_2 s el *‘k** '0 v A 24<lyl<28(x10°)
© 10 — Vv v¥¥‘m‘.. O 28<lyl<3.6(x107)
-3 ool - B stat. @ syst.
10-4 o © —O=ail Wt**_._
U = e = O%i%‘!* —&- o
107 3
10°° ———0— ©
—9-_9.%
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10 00
107° Y o
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1070k Vs=8TeV, 20.2fb" O
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P, [GeV] —
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https://arxiv.org/pdf/2309.12986.pdf
https://arxiv.org/pdf/2309.09318.pdf
https://inspirehep.net/literature/2625697
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ATLAS -@- Category Averages PDG 2022 ) World aVGI'agei aS(mZ) — O. 1 179 i 0.0009 ATLAS 230912986

Preliminary -@- Lattice Average FLAG 2021
-@- World Average PDG 2022

@ ATLAS Zp_8 TeV 7/ . S See also ATLAS
.~ o wrssaooer | > ATLAS pr @ 8 TeV: aS(mZ) = 0.1183 = 0.0009 JHEP 07 (2023) 085
CMS jets — O 0.1170 = 0.0019
NS S 0 o118 = 00018 » Indirect measurement of do/ dp% /dy# distributions ATLAS 2309.09318
;(;e—c;):s _____________________ % _______________ 0.1178 + 0.0019 —— 3 —
- . g >80 < Myyq,,) < 100 GeV - 8TeV
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10" . - ' -
e > Experlment unc. : +0.00044 Non-perturbative model +0.00012  -0.00020
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o
P

107~

‘e
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i
&
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CD*#*}#*
MiLm.

= E
108 = v QED ISR +0.00014 -0.00014
10° - pp — Z o > Theory model unc. : +0.00072 T N4LL approximation +0.00004
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https://arxiv.org/pdf/2309.12986.pdf
https://arxiv.org/pdf/2309.09318.pdf
https://inspirehep.net/literature/2625697
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°® °® S’ 80
>)(2 fit in xFitter framework: E - pp — Z, 8 TeV
S g
> (Bexos Bit) = Eur. Phys. J.C 75 (2015) 304 &F 50 ATLAS 2309.12986
X X Z =
Ndata (O'ie P + Zj F:-:jp,gj,exp — O';h — Zk F?,iﬁk,th) %
2
Z A?

AN
o

i=1
2 2
+ Zﬁj,exp + ZlBk,th .
J k

> A, experimental uncertainties

20

> exp (th) nuisance parameters

ol

(4v]

th ~ ' o
> - covariant matrix covers: 1
»PDF Hessian uncertainties 0'80

»Non-perturbative form factor

Aa, = 0.01~ 10-20% change in do/dp% ——  Aq, = 0.001 ~ 1-2% precision in do/dp%
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https://doi.org/10.1140/epjc/s10052-015-3480-z
https://arxiv.org/pdf/2309.12986.pdf

Precision Theory lools Inside Measurements
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»(CDF II use ResBos to generate theory templates

»NLO+NNLL QCD accuracy tor W/Z production
Balazs, Brock, Landry, Nadolsky and Yuan 97 to 03

»(CSS factorisation and resummation of p,in b space:

2 g
r do =00/ i eiPT 0o —5(b)
dQ? d?pr dydcosfde (27)?

X C® f(r1,1) CQ f(x2, 1)+ Y(Q,Pr,T1, T2, UR, UF)

Collins, Soper and Sterman 85
»Non-perturbative effects at a (A) and large b:

S(b) = SnpSpert ; Collins and Soper 77

E20)< A dl 0202 ;
Sean(®) = [ D |in () A, C1)+B (3.1, 0)
cz/(b*)2 K~ | 2 d

Sne = |—91 — g21n (i) — §103 ln(lOOxlxz) b?
_ 2Q0 _

Syp assumes the BLNY functional form
Brock, Landry, Nadolsky and Yuan 02

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

»[.O+LL lepton EM radiation with
PHOTOS and HORACE Golonka and Was 06

Carloni Calame, Montagna et. al. "07

Xuan Chen (SDU) Precision Drell-Yan phenomenology at N3LO QCD 8


https://inspirehep.net/literature/763627
https://inspirehep.net/literature/684121
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»(CDF II use ResBos to generate theory templates

»NLO+NNLL QCD accuracy tor W/Z production
Balazs, Brock, Landry, Nadolsky and Yuan 97 to 03

»(CSS factorisation and resummation of p,in b space:
do

2 .

= (70/ i ePT bo—S(b)
dQ? d?pr dydcosfde (27)?
X CQ® f(z1,1) CQ f(x2, )+ Y (Q, Pr, T1, T2, 4R, UF)

Collins, Soper and Sterman 85
»Non-perturbative effects at a (A) and large b:

S(b) = SnpSPert

E20)< A dl 0202 ;
Sean(®) = [ D |in () A, C1)+B (3.1, 0)
cz/(b*)2 K~ | )

2

Collins and Soper 77

SNp =

—g1 — g2 1n (%) — 9193 1n (1002 z2) | b°
_ Qo _
Syp assumes the BLNY functional form
Brock, Landry, Nadolsky and Yuan 02
Xuan Chen (SDU)
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»[.O+LL lepton EM radiation with

PHOTOS and HORACE Golonka and Was ‘06

Carloni Calame, Montagna et. al. "07

»Use data driven method:

Fix g g2 g3 a,
7 Global | CDFIl |Global fitf CDFII
Pri Y o3 | it 03 fit
7% QU Global fit
Pripr ‘03
Global fit by Brock, Landry, Nadolsky and Yuan "03

Precision Drell-Yan phenomenology at N3LO QCD

mﬁ/ ~ 0.7 MeV, p% ~ 2.3 MeV, p7 ~ 0.9 MeV

CDF supplementary materials 22



https://inspirehep.net/literature/684121
https://inspirehep.net/literature/763627
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»[.O+LL lepton EM radiati 1ith
»(CDF 11 use ResBos to generate theory templates PHQTQSegnOdnHOngCl]% é%ﬁi; and Was *06

Carloni Calame, Montagna et. al. "07

»NLO+NNLL QCD accuracy tor W/Z production »Use data driven method:

Balazs, Brock, Landry, Nadolsky and Yuan 97 to 03
L . . Fi
»(CSS factorisation and resummation of p-in b space: ' 9 92 g3 s
do d?v .. =
— — 0p / , P10 —5(b) 7 | Global | CDFIl |Global fitt CDFII
dQ? d?pr dydcosfdg (2m) - e 03 fit
X CQ® f(x1,1) C® f(x2, 0)+ Y (Q, P, %1, T2, UR, 1LF) .
. 3 7% QU Global fit
Collins, Soper and Sterman " 85 Py / 224 03
»Non-perturbative effects at a (A) and large b:
Global fit by Brock, Landry, Nadolsky and Yuan "03

S0 —, SNEDPcit Collins and Soper 77
®) et S P % ~ 0.7 MeV, pl.~ 2.3 MeV, p¥~ 0.9 MeV
SPert (b) — / d—iz - (Cz_ ? ) A (,E, Cl) B ( i, Oy, 02) CDF supplementary materials 22
2 * ) 2 /11 s /1: a .
7 i 0 - »Scale uncertainty of p% / p}v by DYQT
Snp = |—¢1 — g2 1n (ﬁ) — g193 In (10021 z2) b? Bozzi, Catani, Ferrera, de Florian, Grazzini 09 "11
L 0 |

|14 [ %
, my ~ 3.5 MeV, p; ~ 10.1 MeV, p7. ~ 3.9 MeV
Syp assumes the BLNY functional form 4 i ‘i? Td R pl T \
Brock, Landry, Nadolsky and Yuan "02 ot included in tfinal result CDF sm 22
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https://inspirehep.net/literature/684121
https://inspirehep.net/literature/763627
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»ResBos — ResBos2

»NNLO+N3LL accuracy for W/Z production
[saacson, Fu, Yuan 23

»Upgrade CSS formalism to N3LL

»Rescale NLO to NNLO from MCFM.:
Campbell, Ellis and Giele " 15

doy; dory
PO KA1y, Q)0
dprdydQ NLO dprdydQ
»Dependence of angular coefficients recently
included with more rescaling: __4°
dcosOdg

Ccos20)

Ay(1 — 3cos26)

A;sin260cosg¢

+A,5in“0cos2¢ + A;sinfcosg + A,cosd
+Assin“Osin2¢ + Acsin20sing + A-sinfsing

[saacson, Fu and Yuan 22 23
Precision Drell-Yan phenomenology at N3LO QCD 11

Xuan Chen (SDU)

MEASUREMENT

»A. at each fixed order:

»1.O: Ly, Ay

»NLO: Ly, Ag = Ay, Ay, Az, Ay

»NNLO: Ly, Ag # Ay, Ay, A3, Ay, As, Ag, A7
»Resummation choices for only L, A, or all A;
»The AZ-tune 1s also used 1n ATLAS analysis:

»PYTHIA 8 + PS for modelling

>Tune do’ /dpr/dyldQ to best fit p?

NNLO

» Test the tuned model on p}v then apply to p%, My


https://inspirehep.net/literature/2723200
https://inspirehep.net/literature/2077581
https://inspirehep.net/literature/2723200
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»ResBos — ResBos2

»NNLO+N3LL accuracy for W/Z production
[saacson, Fu, Yuan 23

»Upgrade CSS formalism to N3LL

»Rescale NLO to NNLO from MCFM.:
Campbell, Ellis and Giele " 15

doy; dory
ZO— Ky, Ol
dprdydQ NLO dprdydQ
»Dependence of angular coefficients recently
included with more rescaling: __4°
dcosOdg

Ccos20)

Ay(1 — 3cos26)

A;sin260cosg¢

+A,5in“0cos2¢ + A;sinfcosg + A,cosd
+Assin“Osin2¢ + Acsin20sing + A-sinfsing

Xuan Chen (SDU)

[saacson, Fu and Yuan 22 23

MEASUREMENT

»A. at each fixed order:

»1.O: Ly, Ay

»NLO: Ly, Ag = Ay, Ay, Az, Ay

»NNLO: Ly, Ag # Ay, Ay, A3, Ay, As, Ag, A7
»Resummation choices for only L, A, or all A;
»The AZ-tune 1s also used 1n ATLAS analysis:

»PYTHIA 8 + PS for modelling

>Tune do’ /dpr/dyldQ to best fit p?

NNLO

» Test the tuned model on p}v then apply to p%, My

Theoretical systematics in LHC precision measurements
Precision Drell-Yan phenomenology at N3LO QCD 12


https://inspirehep.net/literature/2077581
https://inspirehep.net/literature/2723200
https://inspirehep.net/literature/2723200
https://indico.cern.ch/event/1368033/timetable/
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»ATLAS use DYTurbo as theory input >LL ISR photons radiation + normalisation to
Camarda, Boonekamp et. al. *20 NLO QED and virtual EW cor. in ReneSANCe

»alN4LO + aN4LL accuracy for DY production Bondarenko, Dydyshka et. al. 22
Camarda, Cieri, Ferrera "23 _ DYTurbo
» FO: NNLO (T slicing from DYQT + O(a?) for 6(gT) + 8 13 TeV, pp — Zy* —I'l, p; > 25 GeV, 'l <2.5
. A (2 60: m/4<u., Q<m;1/2 sTuR/uF, uR/Q, p.F/Q <2
MCFM @ @(ag) for T > 5 GeV. Neumann, Campbell 22 & = DYTurbo ~ NLL+NLO resummed
o = P NNLL+NNLO resummed
> (CSS : £ in b , O A0 — N’LL+N°LO resummed
resummation of p; 1n b space: 5 1 BB \°LL+N*LOa resummed
: 4 E
» Expansion up to O(ay) for small qT (approx.) 20 d o/ dp%

» Exact B4 coefficient with all Moult, Zhu, Zhu 22
other N4LL components approx. (AS, H4, DGLAP etc.)

»aN3LO PDF MSHT20: approx. in DGLAP, TH input

McGowan, Cridge, Larland-Lang, Thorne 22
» Non-perturbative effects at o (/) and large b:

=10

ratio to N*LLa

.............................

Snp(b) = exp{—g:1b* — gk (b) In(M?/Q3)} q, [GeV]
B (1 [ Cras((bo /b*)2)b2D Collins, Rogers " 14 S. Camarda, L. Cieri, G. Ferrera Phys. Lett. B 845 (2023)
gr(b) =go (1 —exp [— . . :
v O TgoDrim » See also DY Turbo 1n ¢, fitting with CDF data

Camarda , Ferrera, Schott 23
Xuan Chen (SDU) Precision Drell-Yan phenomenology at N3LO QCD 13


https://arxiv.org/abs/2207.04739
https://arxiv.org/pdf/2303.12781.pdf
https://inspirehep.net/literature/1334147
https://inspirehep.net/literature/2077547
https://arxiv.org/abs/2207.07056
https://arxiv.org/pdf/1910.07049.pdf
https://arxiv.org/abs/2207.04332
https://inspirehep.net/literature/2644969
https://doi.org/10.1140/epjc/s10052-023-12373-2

RESUMMATION FRAMEWORKS (QT FACTORISATION)
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» Resummation kernels: do =6;,, Q HQ B QB ® S

= [ dx oy N ) [ L b)
> . —— = IO X, ax X X W), S0 OREE (407 5
IIl SCET. dp% LO a”*b a’*b E(%M (271_)2 a’ b [l
W(xaa -x[ga m[[9 b) — H(mlla /’th) Uh(mlla //tBa /’th)SJ_(ba //tsa I/S) Us(ba //lBa //ts, UB? I/S) H BgOC/,]BV (.X b mlla //tBa I/B)a
y=a,b bt s
¢ b2 2\ | o || 47, )]
U(b, p, g v, 1) = exp ZJ — | Teuspl (i) In —— — y,(a,()) = .
b bo Vg

M? dq2 - M2 -
> In qT (CSS): S.(M,b) = exp[—[ —Z(Ac(as<q ))In—- + B,(a,(q )))]
b

2
32 4 q

S o roodbbf(b )S.( b)zrdzlrd [HC\Cy ggoara, | | o il 2 G167
—0 — (my, — L 2 n (Xl 25,
dp%dy s CLO ; 50 Pr il cal, o 1~2] gg: 21 4 /h;

» In momentum space (RadISH):

dy,dy

Pr do(ky) > o [ < 7
Z (pr) = J dk i o oLOJ [dk, R (my,, tl)exp( R(my, ek, 1) Z ) HJ [dk; IR (my, k, ;)© (pT = | Z k; )
0 ! 0 i=2 €k j=1

Xuan Chen (SDU) Precision Drell-Yan phenomenology at N3LO QCD 14



COMPONENTS OF QT FACTORISATION (SCET)

2

- H m
|nW(xa, Xp, My, b,ﬂ = bO/b) o= I d/z //2(14(as(/z ))Inﬁ_;’/ + B(as(/z)))
Kh

Resum

A
B

Xuan Chen (SDU)

NLO

N2LO

N3LO

N4LO

NKLO

NLL

A2
B1

In(b*m)
222
In“(b mV)

In(b2m3)

k=1.32..2
In*~*(b mV)

NNLL

A3
B2

In(bzm‘z,)

|n2(b2m%)

|nk-2(b2m5)

N3LL
A4
B3

Precision Drell-Yan phenomenology at N3LO QCD

In(bzm‘z,)

ke mi )
Insa=((b mV)

NA4LL

AS -
B4

l

Nk+1LL

Apy2

By 11

15
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N3LO Phenomenology Progress

Precision Drell-Yan phenomenology at N3LO QCD
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Parton Distributions @ N3LO

State-of-the-art Parton Distribution Functions

» Option A: solve proton wave function with Lattice
QCD Recent progress in D. Chakrabarti, P. Choudhary et. al. 2304.09908

» Option B: collinear factorisation f, — f_(x, 1)
with p-QCD evolution of factorisation scale

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» Experiment input

» All past and current measurements of DIS, DY, jets
etc. provide fitting targets of f_(x, Q)

» Differential and total cross sections provide

sensitivity in different regions of x € [0,1]

d fq L Pq —q Pq 8 ® fq
dinu? \ f, N P, . P f, » Various technology for fitting: functional form,
7 - b neural network, fast evaluation grids etc.
Y s el NNPDF4.0 Coverage
a 2 a3 ® Deep Inelastic Scattering
S O) (1) \) (2) 7 ] : Fixed-Target Drell-Yan
= — P! —P 5 Ul
Pa—b g a<b g2 a<b 3 a<b e
1970’s 1980 2004  More details on Wednesday ~ |: -
. 1 105_§ : E::tt; r:n':ri;zziiza;ss and Rapidity Distribution
2 o O Black edge: New in NNDPF4.0 ﬂm‘ -
€ 16 e, N-1p(@3) 3) 3) 3) <. o _.n:sﬁ.,.ﬁ
}{]<—Z(N) — d })]<—l(x) yq<—g (N) yq<—q (N) }/ (N) Q o 2 . “““““““:n‘z‘ﬂt‘:ﬂ‘mﬁ.:‘&.ﬂ:‘u
J() 14 3 L ms‘:‘ w‘a:‘;:ﬂ«‘:ﬁ“h H
G. Falcioni, F. Herzog et. al. Phys.Lett.B 842 (2023) . gafingaligss : i
For N=24,.--20 G. Falcioni, F. Herzog, S. Moch, A. Vogt Phys.Lett.B 846 (2023) 107 .........-::'5:‘:‘3"32-
G. Falcioni, F. Herzog, S. Mocéz;, 12 Vogt 2404 .]?49959 o v S v - =~ J.:}?;{Tib»; ,}'! ‘ :
: : : ehrmann, von Manteuffel et. al. | wsECLT 303 o33zt
See also full result of N2, NfC 2 contribution in ——_ = o ot pe
i / Gehrmann, von Manteuffel et. al. Phys.Lett.B 849 (2024) X

Xuan Chen (SDU)
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https://doi.org/10.1140/epjc/s10052-022-10328-7
https://inspirehep.net/literature/2652890
https://inspirehep.net/literature/2675638
https://doi.org/10.1016/j.physletb.2023.137944
https://arxiv.org/abs/2404.09959
https://linkinghub.elsevier.com/retrieve/pii/S0370269323007608
https://link.springer.com/article/10.1007/JHEP01(2024)029

Parton Distributions @ N3LO
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State-of-the-art Parton Distribution Functions EINPDE 2402, 18635

TPy (x), as =02 ny =4 zPyy(z), as =0.2 ny =4
» Approximated N3LO PDF available: ™ — ysur rion — SHT (pricr)
— MSHT (posterior) 0.12 - — MSHT (posterior)

010~ ___ och ot al. === Moch et al.
MSHT20aN3LO Eur.Phys].C 83 (2023) 4 - —-- NNPDF

0.08 = MSHT prior = pre-fit

MSHT posterior = MSHTaN3LO

NNPDFaN3LO NNPDF 2402.18635 NNPDF = NNPDF40aN3LO s q g(X)

0.06 Moch at al = theory paper

> More precise 4-loop splitting e N x P, (x)
functions affect small x region: _ |
4 — 10 Mellin Moments N ST B T
» Large correction at aN3LO at small
. ; ) | TPyy(z), as =0.2 ny =4
x region outside 68% c.l. region. ;

» Missing Higher Order Uncertainty
(MHOU) not included in standard | —
NNLO PDE T N — =

—0.2

» Crucial to consider MHOU and

: —— MSHT (prior) —— MSHT (prior)
. s B — MSHT (posterior) —03F — MSHT (posterior)
IHOU to understand consistency ~—- Moch ctal ——— Modh el
—-- NNPDF _o4L —= NNPDF
between NNLO and N3 LO PDF. 0'0{)0 | N ‘1'0l : | '10l 3 4 10| 2 | 10| - | 10-° 10| A 10‘ $ 10‘ 2 10l "
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Parton Distributions @ N3LO
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State-of-the-art Parton Distribution Functions

g at 1.65 GeV g at 1.65 GeV |
16_,——-\/\{/ B > 741 aN3LO (MHOU) (68% c.l.+10) |
> Approximated N3LO PDF available: N B ) |1 \NLO (MHOU) (6% cl+lo) |
1.4 \\W/ O Theory Uncertainties >| 2 1.4 o | \ \ ‘//,“\‘ With Theory Uncertainties @
MSHT20aN3LO EurPhys.J.C 83 (2023) 4 9 g : T e i
7 N\ \ \ N
st T ) X (%)
NNPDFaN3LO  NNPDF 2402.18635 2 AR N e s
5 10- = N - £ =S
> More precise 4-loop splitting 05 " -
. . NNPDF 4.0 7 NNPDF 4.0
functions affect small x region: K
> 110 10 110/ 1072 1 Gns 10° 1073 s > 10 109
4 — 10 Mellin Moments | i
%101 Higgs in Gluon Fusion (PDF + MHOUs)

» Large correction at aN3LO at small
X region outside 68% c.l. region.

» Missing Higher Order Uncertainty
(MHOU) not included in standard
NNLO PDE

» Crucial to consider MHOU and

[HOU to understand consistency
between NNLO and N3LO PDE

Xuan Chen (SDU)

>
o

o(pp — h) [pb]

2.9

V5 =13.6 TeV

"  NNPDF4.0

$ MSHT20

¢

NNPDF4.0 (NNLO,a) _

MSHT20 (NNLO,q5)

NNPDF 2402.18635

|
NNLO
Perturbative Order (ME)

NLO
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STATE-OF-THE-ART PREDICTIONS: doys3;

» Differential N3L.O accurac z e
g doyi, o (d@]\j:]llfo doy 7o ) doniLo
dO dO dO
»Jet production 1n DIS (NNLOJET) Currie, Gehrmann, Glover, Huss, Niehues " 18

»Higgs decay to bb (MCFM) Mondini, Schiavi, Williams * 19
»Higgs production via ggF (RapidiX+NNLOJET) XC, Gehrmann, Glover, Huss, Mistlberger, Pelloni “21

. O, F Ftjet FCT )
dGNkLO =X iy ® doj = + [daNk_JleL -y dGNkLO] N e (00

»Higgs production via ggFF (HN3LO+NNLOJET) Cieri, XC, Gehrmann, Glover, Huss " 18
»Higgs pair production via ggF (with modified iHixs2) Chen, Li, Shuo, Wang " 19

» Drell-Yan production (NNLOJET) XC, Gehrmann, Glover, Huss, Yang, Zhu “21 “22 (MCFM) Neumann
and Campbell 22 23

»(Combined with resummation (N3LL/aN4LL at small qT)

» Drell-Yan production Ju and Schonherr 21 (DY Turbo) Camarda, Cieri, Ferrera~21 23 (RadISH(N3LL)
+NNLOJET) XC, Gehrmann, Glover, Huss, Monni, Re, et. al. 18 19 22 (CuTe-MCFM) Neumann and
Campbell 22 23

»Higgs production via ggF (SCET+NNLOIJET) XC, Gehrmann et. al." 18 (SCETIib) Billis, Dehnadi, et. al." 21
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STATE-OF-THE-ART PREDICTIONS: doys3;

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

»(qT slicing at N3LO for neutral and charged current production (NNLOJET)

v _ Vtjet V SCET NC and CC Validated against inclusive XS within = 5% uncertainty
2. dov0 = dZ doynro! WPrv |y g T dZ doysio " /dPryl,, eo.gpm Ac”. =—798+0.36fb vs. —8.03 fb
N3LO
Ty S Duhr, Dulat, Mistlberger Phys.Rev.Lett. 125 (2020)
SCET+NNLOJET pp to V* Vs =13 TeV SCET+NNLOJET pp to W+ Vs =13 TeV

5 s W 2 ' i

—
—_— —

] |
0.1 —
G4— C -
e [ I 0.0 = e S e — qmtatbutntete, ; = I
2 > ] SCET+NNLOJET total —— SCET+NNLOJET qq —_—
S S — SCET+NNLOJETqgb  —— SCET+NNLOJET gbgb -
% Q _,,] — SCET+NNLOJET qg —— SCET+NNLOJET gg j_—IZI:
bZ 2 SCET+NNLOJET gbg =
b = e
O i qr sub. total — =~ Inclusive gg @ el
I/\l —201 === |Inclusive total gr sub. gg + gQ |/\| —0.2

| — grsub.qg+qQ  ——- Inclusive gq+qQ o A for g _X/_X_,_x_'—x—'+,_r,+mPDF3l nnlo
Pl - Inclusive qg+qg0 —  9rsub.gg HE =g =100 GeV - e T il

l|— grsub. qg Sac Lolcr g0 N HF = HR = My

— 30 - — e ———— —— - - - —— |

8 < . B - - 8 — 1 e e T e = = % T c
q) 1 E= == == == == e = (U

o —— 5L e
3 0 ft—=—=— ; = : = L. - _ L

o ad
O v s y 7 g p N -1 A =
C S 1 S S W S S S S J 1 S E S S S S S S U U ' 3 1 . u U . U - U U 1 L L S e S S S S
e 10° 101! 102 10° Iy 102

cut cut
qgr" [GeV] g7’ [GeV]

XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Rev.Lett. 128 (2022) 5 XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Lett.B 840 (2023)
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STATE-OF-THE-ART PREDICTIONS: doys3; More details in Tobias' talk
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> slicing at N3LO for neutral and charged current production (MCEFM)

1% _ V+jet V SCET NC MCFM: —22.6 pb g Al pb (num.) 11 pb (SliCing)
Z A0 = Z o NNLO/dele et Z doiLo /de’leT’VE[O"ﬁm] NC NNLOJET: —18.7 pb & 1.1 pb (num.) &£ 0.9 pb (slicing)

de’V deV CC agree to inclusive XS within = 60% uncertainty of A(ag’)
010 -200 -
| “" corelates g5 T,
2 3 kJ
g' 0.05- == (g coeff, -o- Ol coeff, -e- Ol coeff. o= sum -130 - - 030000
o002 \ o 133057
O 000= rrar ez @ gl e e e TIOYT LL I i E TR |
\, 355130
f 002 S CE SR e mn . py, e A e e =
0 946525
= -0.05-
2.522626
-0.10- o o]
2 3 45 10 20 30
CUt [G eV]
Neumann and Campbell Phys.Rev.D 107 (2023) 1 Neumann and Campbell JHEP 11 (2023) 127
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STATE-OF-THE-ART PREDICTIONS: doys3;
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» Ditterential N3LO predictions for neutral current production

101 ] 1 | 1 r [ S50 =
NNLO+NNLL = CuTe-MCFM E Ol E o
10-2 & SN N3LO+N3LL (§ 40-
—_ - 4+ ATLAS data B3
> - 30 -
0 107 & | do -
O - ~ 20-
SN i 3
— 10—4 _ ©
N .. 0 dp#% ©
N T s
Sl 3 O-Id —r ||u||
S SLLIRIRA e s 1| [ SEESEEND | 120 | | 50§ B 20088600
b 10-6 _ . NNPDF4.0 (NNLO) 14-
Iy - 13 TeV, pp — Z/y* (= T2 )+ X .
107 esymmetric cuts ..g
Euncertainties with pugr, up, Q, matching variations l : 1.2-
— \ - ‘.‘:s:s- ',’ ??&
g 1.05 e , ‘.r‘n};‘" /’:‘ @)
o 1.00 AT 7 7 o T BT BRI IRRRTAZ) UV VS = 0.8
s = : =
;cg 05 S H ////‘“f' 5/ gé 0.6 - gt | |
Aﬂ%ﬁ%%;<2?5?22¢?/,d¢¢a1Lé % Sl || |t | |t
0.90 ' l 2 ///// // Z/"" Z 1 2 5 10 20 50 100 200 500
o0

=

-
-
-

0 10 20 30 100 200 0 It
p! [GeV] gt [GeV]

ot
-

XC, Gehrmann, Glover, Huss, Monni, Re, Rottoli, Torrielli
’ ’ ’ ’ S ’ N bell Phys.Rev.D 107 (2023) 1
Phys.Rev.Lett. 128 (2022) 25 B e e (7 (20%5)
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STATE-OF-THE-ART PREDICTIONS: doys3;
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» Ditterential N3LO predictions for neutral current production

101 ] 1 | 1 r [ S50 =
= NNLO+NNLL = CuTe-MCFM E oL E o3
102 & SN N3LO4N3LL 8 40 - ) s
= = 4+ ATLAS data S 13- lEl O E CMS
—3 L Q
S I do ~ 20-
2 o-a L A 5 aN4LL+N3LO
3. 0] dp% e w10 g o= el
S? N
Sl 3 - O'n' | | ||||||| T
S SLLIRERL S B 1 2 5 10 20 50 100 200 500
5 10-¢ LNNPDF4.0 (NNLO) s
: £ 13 TeV, pp = Z/v*(—= T )+ X . _|_10/
107 esymmetric cuts % — O
Euncertainties with pugr, up, Q, matching variations l - 1.2-
10 ~§ l | | | S
: 410 q}”h 0.81 GeV EibE o 10
s 1.05 +1 A) ' BN 2 9N @)
CH\ | / 77 -
S 1.00 Gy oI ’. > e \ H- j ;" - 7} o 2 0.8-
.8 '/; :7,/(}/77//’///”/// 1 % \\\§\\§\\\\\\ éf’éé%? © —
3 0.95 [ 7 1% =
e //‘/ //,;///’Ik/ 0.6-,, b e NEEEY b
0.90 | 7 /7/// 7572 4?; 2 é 1|o 20 5|o 100 200 5(‘)0
0 10 20 30 100 200 200 1000 -+
= [GeV] [GGV]

XC, Gehrmann, Glover, Huss, Monni, Re, Rottoli, Torrielli
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Phys.Rev.Lett. 128 (2022) 25

Neumann and Campbell Phys.Rev.D 107 (2023) 1
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STATE-OF-THE-ART PREDICTIONS: doys3;
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» Ditterential N3LO predictions for charged current production

SCET+NNLOJET pp->W=(-1Lv) + X V5 =1.96 TeV
CuTe-MCFM 0.175- O  mEm NNLO —

0.150 NLO N3LO

-+

do/dm; [pb/GeV]
=

0.125‘5

HeH<H-

104 aN4LL+N3LO

0.100-5 NNPDF40 nnlo
; 7-point scale variation
0.075 - HF = Hr = Myy

QMO L - 1 dU CDFII fiducial region

0.025‘5 T

(1/0)do/dm%~™ [1/GeV]

0.0001

Nl C L S L SO S e e YO0 L O e AR e
g 1.101
= ]
= 1'055
_8 1.00':

© 0095
-

Cl/tt

=3.16 GeV
/s = 5.02 TeV ATLAS cuts

ratio to ocg

. | | | S
75 80 85 90 e

2 00
my [GeV]

Neumann and Campbell JHEP 11 (2023) 127 XC, Gehrmann, Glover, Huss, Yang, Zhu Phys.Lett.B 840 (2023)
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STATE-OF-THE-ART PREDICTIONS: doys3;
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» Precise AZ tune at N3L.O:

d
Require DY grids with all D.OF. °

dmy,dprdy

ResBos2
ATLAS with PYTHIA 8

7
(1+cos20) + ) Af(O, (p)]
1=0

» Numerically challenging for D.O.F = 11 (may drop As ¢ ; for being very small)

Coefficient A4 for W~ (lyw-|>1.5)

» MC error of each grid bin + interpolation error cross bins (prefer fine granularity)

ol —— NNLO + NLO EW (def)
» Once A(pr, ¥, my,) available, no new calculation is needed for different fiducial cuts 5061
lNNLOJET | PP Z+'X, |y.Z| g[o..o,}o'] \(§=8:1"eV _ % 0.4
< 'F < cMs data a =l _‘—u_‘_\_\_‘
Z+J @ NNLO 0.3 E¥E LO - W+J @ NNLO 2 - ——
[ B NLO - 2l
0.6{— = NNLO 3 e —
AO(pT’ y) E i A4(pT’ y) T 005 .h —'—’_,_ 1 [ :
‘ ‘<1 > 5 B ogo.oo -—‘—H_'_f__lll
Y r : lyv| > 1.5 . |“_|J
02F prmszacgeno, N 3 ~0.05 |
Inclusive in my, 0:_-——-'--- ______________________________________________________________________ B Inclusive in m, sodo 10 = O O O L 0
A — | ! | L —
Smallest bin @ 10 GeV ; g 4 Smallest bin ~ 20 GeV . °*
. o 1.2:— = § 0.05 A
Gauld, Gehrmann-De Ridder, £ | S ——] Pclcn, Poncelet, Popescu, | i 4y
) I - | = ., N : 9% "H'E |
Gehrmann, Glover, Huss *17 & *°E . } Vitos 22 oo
0.6 10 . '100 ' S | =—— NNLO + NLO EW (def) =—— NNLO + NLO EW (exp)
pT,z [GeV] 100 200 300 = Vsé_o) [Gevsléo 600 700 800
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STATE-OF-THE-ART PREDICTIONS: doys3;
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»Precise AZ tune at N3LO (fully differential): In collaboration with T. Gehrmann, A. Huss
d’c for p}w € [2, 500] GeV, |yy+| € [0, 4] and Q € [30, 85] GeV
d20/d|ywl/dp¥ [fb/GeV] d20/d|ywl/dp¥ [fb/GeV]

o
L 175000 6732 L 6000

150000 &
L , 5000
200000 L 2000
. 125000 ~ 6000
=200 [ 5000 4000
1100000 - 4000
100000 [ 3000
50000 [ 2000 .
75000
3.5 2000
50000
100
2.5
150
= 20% ; 2.0 1000
5
e 300 15 3
®,, 350 1.0
400
450 0.5
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STATE-OF-THE-ART PREDICTIONS: doys3;
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»Precise AZ tune at N3LO (fully differential): In collaboration with T. Gehrmann, A. Huss

A for p}w e [2, 50] GeV, |yy+| € [0, 5] and Q € [30, 85] GeV

- 0.14

- 0.12

0.10

0.08

0.06

0.04

0.02

0.00

»Numerically more challenging than the unpolarised contribution, different challenges for A,

» Ditferent shape for low and high p}y , both regions have smooth distributions

Xuan Chen (SDU) Precision Drell-Yan phenomenology at N3LO QCD
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STATE-OF-THE-ART PREDICTIONS: doys3;

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

»Precise AZ tune at N3LO (fully differential): In collaboration with T. Gehrmann, A. Huss
A for p}w e [50, 500] GeV, |yy+]| € [0, 4] and Q € [30, 85] GeV

0.4

0.50
0.45
0.3
0.40
0.2
0.35
0.30 0.1
450 0.5 450 0.5 450 0.5

»Numerically more challenging than the unpolarised contribution, different challenges for A,
» Ditferent shape for low and high p}y , both regions have smooth distributions
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STE-OF-THE-ART PREDICTIONS: dosy g
In collaboration with T. Gehrmann, A. Huss

»Precise AZ tune at N3LO (fully differential):
A, for p?¥" € [50, 500] GeV, | yy:| € [0, 4] and Q € [30, 500] GeV

A4 A4 A3
@) 03 )
S S
/\90,3 /8‘5:9 0.5 0.8
Sy Sy
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ol
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CONCLUSION AND OUTLOOK

» The Standard Candle of the Standard Model requires precision phenomenology

» The determination of my; and a, need delicate treatment and thorough understanding
of experiment and theory uncertainties.

» Best predictions for NC and CC DY production at N3LO QCD achieves 1% accuracy.

» Thorough study of resummation uncertainties (matching and scheme choice), mixed
QCD-EW, approximated PDFs, indicate corrections and irreducible errors at % level.

» Require collective efforts to turn controversial results to convincing results: most of
the approximations are expected to be replaced during LHC Run 3.

» The AZ tune method 1s a powerful tool to bridge MC samples and EXP data. New
numerical challenges but seem to be manageable.
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CONCLUSION AND OUTLOOK

» The Standard Candle of the Standard Model requires precision phenomenology

» The determination of my; and a, need delicate treatment and thorough understanding
of experiment and theory uncertainties.

» Best predictions for NC and CC DY production at N3LO QCD achieves 1% accuracy.

» Thorough study of resummation uncertainties (matching and scheme choice), mixed
QCD-EW, approximated PDFs, indicate corrections and irreducible errors at % level.

» Require collective efforts to turn controversial results to convincing results: most of
the approximations are expected to be replaced during LHC Run 3.

» The AZ tune method 1s a powerful tool to bridge MC samples and EXP data. New
numerical challenges but seem to be manageable.

Thank You for Your Attention
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PRECISION PREDICTIONS AT HADRON COLLIDER
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pr Spectrum = multi-scale problem

>Beyond QCD improved parton model 1.4 {Non-perturbative| Resummation Transition Fixed Order
»pQCD describes the tail of spectrum @ 1.2-
(O
O
»Large logarithmic divergence ‘Q 1.0 -
—
(O
Pr o
In— as p,— 1 GeV IS
9, < 0.6
» Various LP resummation schemes g,
Qo0
»Multiple solutions in transition region E =
»Non-perturbative eftects ~ 1 GeV 0o
(Short distance and long distance effects) — . -
10~ 100 101 102 103
pr [GeV]
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PRECISION PREDICTIONS AT HADRON COLLIDER

oooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooooo

pr Spectrum = multi-scale problem

>Beyond QCD improved parton model 1 4 {Non-perturbative| Resummation Transition Fixed Order
do do
: —  +—
»pQCD describes the tail of spectrum @ 1.2 Lattice QCD do Priies - Pripo, do
©
. L. A /NP (b1 ¢) Pr I res B0 IPr g,
»Large logarithmic divergence # 1.0 - IR
= @ N3LL (full)
© 584 SsD.andLD. e XD @N3LOV
pT +J @ N4LL (partial) MiNNLO .
| 7] Pr — 1 GeV e NP models | 1 @NNLO V+jet
Q E 0.6 - nght mq effects Proﬁhng
. : ~2% (fitting data) | ~ 1% (single) ~ 1% (single) ~1-10%
>
Various LP resummation schemes 5 0.4 4 > 10% (lattice) ~3% (multiple) ~3% (multiple) (Scale Unc.)
e
. . . o o . S
»Multiple solutions in transition region SR ? ? L%e%
»Non-perturbative etfects ~ 1 GeV 0o = ° 66666@ %%
(Short distance and long distance effects) .
102 101 102 103
pr [GeV]
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LIGHT QUARK MASS EFFECT AT SMALL TRANSVERSE MOMENTUM

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

» At few GeV b and ¢ quark mass are comparable to the resummation and factorisation scales

» Retain full quark mass

dependence in FO, PDF and

resummation: GM-VEN scheme
Collins '98

» Reasonably good approximation

in S-ACOT scheme (ignore

quark mass from initial states)
Kramer, Olness and Soper 00

Nadolsky, Kidonakis, Olness, Yuan "03
» NLO+NLL indicate 9 MeV

(LHC) and 3 MeV (Tevatron)

shift of mW.
Berge, Nadolsky, Olness 05

» Extension to NNLL’ 1s available

Pietrulewicz, Samitz, Spiering, Tackmann "17

» Revisit m,

needed with modern tools! ( FO,

resummation scheme, PDF)
Xuan Chen (SDU)

uncertainty 1n my; 18

W+ W= Z0
Subprocesses | ud | us | ed | e¢5 | b di .| su | de| sc | bc uu | dd | ss | cc | bb
Tevatron Run-2 90 | 2 [ 1 | 7 | O O0- % TRl I .13 5 R A 8 e ]
LHC 4 | 4 AR =S ) G s o | 684515 G 0
pp > W X > ev. X (NS=14 TeV) ppo W X—>ev. X (VS=14TeV)
0.0025_"'I"'I"'I"'I"'I'r'l"'l"'l"' SRS 'Y BEIDE BAESS U At T (vl e’
: Massive (S-ACOT) ] 0.003 - Massive (S-ACOT)
0.002 M,, = 80.423 GeV “ — M,, = 80.423 GeV
3 SR M,, — 30 MeV 1 b | ey M,, — 30 MeV
S 00015 b My, + 30 MeV : S 0002 | - My+30MeV
o Lt . 5 i
4 0.001 i T BRI
g 5 e 0.001 |
S 0.0005 | . S
= - =
R= 0 i R= () —
) - . (5} NS
& ! 1 SR BT T
S .0.0005 _ ub, cd,cs,cb > W _ =
= ; CTEQSHQI S -0.001 |
g -0.001 |- . 8
§ : "g 0 002 R O e s O o 000D,
S -0.0015 [ | g = -0 :
-0.002 ; Massless ("ZM-VFN") T ] _ Massless ("ZM-VFN") "“-.....-
- nenes M,, = 80.423 GeV -0.003 | T My, = 80.423 GeV
-0.0025 TR RN ST A ST BT BT AT BrETET N SR AR T R R BT SATUN SN T T TN TN RAC I AT AT AR
' 32 34 36 38 40 42 44 46 48 50 32 34 36 38 40 42 44 46 48 50

pr [GeV]
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>do/ dm}” Template fit to best best
parameter values:

» Relativistic Breit-Wigner form: A
(s* — mg, + is“Ty /my,)~" with fixed Ty,

» Binned maximum-likelihood fit:
(Poisson distribution cross bins)
—InZ(my) = = Y (n,In(Acy(my)) — Ac,(my))

b
n,: observed event, Ao, (myy,): predicted

Events /0.5 GeV

B

» The best linear unbiased estimator to
combine each observable: 3
> y*/dof = 7.4/5 — p-value = 20% §

» Weight distribution:
my ~ 64.2% , ph ~ 254 %, p7 ~ 10.4 %

Xuan Chen (SDU)

o)
o

W MASS IN CDFIl MEASUREMENT

CDFII: Best fitted results for m}y : p}

Muon Channel

x10°
/ T, xAldof=50/48
N L P.=37%
f IH-L Pys =98 %

i
%0 70 80 90 100
m; (GeV)
x10°
L y2ldof = 82/ 62
- sz =4 ‘Vo
S0 P, =89 %
20|~ l
1 | £ P e P — e S ateshand
%o 35 40 45 50 55
P, (GeV)
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Events/ 0.5 GeV

Events / 0.25 GeV

Electron Channel

x10°
el PN v2/dof = 39/ 48
. y; Y P.=79%
E ‘_: LL‘.L“ PKs B 76 °/o
20
[ :
L7 <
0 i . TR ¥ I \\::**—-
60 70 80 90 100
m. (GeV)
x10°
40 - Tl x2/dof = 83/ 62
i i P.=3%
I .f; Pks =53 %
20 ?'f
%O X : 5 X X 3.5 -

P, (GeV)
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PRECISION PREDICTIONS IN RESB0S2

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

-5 0.06 : —— NNLL+NLO CDF Tune —
»ResBos — ResBos2 ”' s
. 0.05 |- -~
»NNLO+N3LL accuracy for W/Z production
[saacson, Fu, Yuan "23 0.04 = P

»Upgrade CSS formalism to N3LL

0.03

»Rescale NLO to NNLO from MCFM.: 0.02 -
Campbell, Ellis and Giele " 15

B . O 0.01 =
Aoy o A Aoy o %
> K spfF S d J
dprdyaQ 3T dprdyag -S| :
»Dependence of angular coetficients recently 3 T S NP ST T
pr LGe
included with more rescaling: ___4° 7 .
dcosOddp »Pseudo data: NNLO+N3LL p7 with global fit

= Ly(1 + cos?0) + A,(1 — 3cos?d) + A;sin20cos¢
+A,5in“0cos2¢ + A;sinfcosg + A,cosd

+Asin“0sin2¢ + Acsin20sing + A-sinfsing »Use fitted g2, @, in NLO+NNLL W templates

[saacson, Fu and Yuan 22 23
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»Fit g2, a, in NLO+NNLL p% to pseudo data


https://inspirehep.net/literature/2723200
https://inspirehep.net/literature/2077581
https://inspirehep.net/literature/2723200

PRECISION PREDICTIONS IN RESB0S2

Width |Mass Shift [Mev]] »W mass details by ResBos2  Isaacson, Fu and Yuan'22 *23
2.0475 GeV 2.0 £ 0.5
2.1315 GeV 0.3 &£ 0.5 mr pr(£) pr(v)
NLO 1.2 £ 0.5 PDF Set | NNLO | NLO NNLO NLO NNLO NLO
CT18" WOt 1 3| Bl i@l 1=8ES\O 132 A1 TN | 35 (a1 G0 R I
Mass Shift [MeV] MMHT2014|1.0 + 0.6(2.6 + 0.6/ 6.2 = 7.8 [ 36.7 + 7.0 | 3.9 + 7.5 | 36.0 £ 6.7
Observable| Smearing 1 Smearing 2 NNPDF3 SRR =808 (2. 1 E5afl dam2e] =R iRauiiEns | = 419 | SEEN3 7 00" 4.9
CTEQeM | N/A |2.84+09| N/A [19.0+10.4] N/A [20.9 & 10.2
mr 0. 2571 '8 100 IR =) i
pr(£) L) ar gy TR P AT BT ey T e e
pr (V) 3034 x22 3.8x4x27
Mass Shift [MeV]
mr pr(£) pr(v)
Scale | RESB0Ss2|+Detector Effect+FSR|RESB0S2 |+ Detector Effect+FSR |RESB0S2 |+Detector Effect+FSR
Upper|1.2 4+ 0.5 0.8 =x1.8x1.1 3.1 = 2.1 B0.D 1= 2.7 T e ) | -4.9 £ 3.4 £+ 2.0
Lower ].2 13 0.5 -07 - ]..8 - 01. 18 i 2.1 9.4 o 2.6 - ].2 00 > 2]. 48 1 34 . 19
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https://inspirehep.net/literature/2077581
https://inspirehep.net/literature/2723200
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do |
g; resummation dgr Vtjet @ NNLO
-
e expand to fixed order P == gt
: g | p7 # 0
© 0O} ingredients: 2L |
hard function H_, e Eesil
[Gehrmann, Glover, Hu%er, IKizlerli, Studerus '10]
soft function S(b)) I : pe > 4T
| R m A
[Li, Zhu '16] 1/e § qT
beam function B (b)) §
[Luo, Yang, Zhu, Zhu '19] [Ebert, Mistlberger, Vita '20]
. . : v [Catani, Grazzini '07]
doys o = dogs + dogs; o
gr<qf" qr>q™
_ | %4 V V+jet V.CT cut n
=X N3LO ® dGLO T dGNNLO d6N3LO gr>g" + 0 ((qT /Q) )
Competing interests: ¢ as small as possible gt as large as possible

< sSuppress power corrections

Precision Drell-Yan phenomenology at N3LO QCD

< numerical stability & efficiency
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BACKUP SLIDES

o [pb] Symmetric cuts

» Ditferential N3LO predictions for neutral current Order

o [pb] Product cuts

duct; th fiducial ¢ k NFLO N*LO+N*LL N*LO N*LO+N*LL
production wi ucial cuts s i 4 "
0 ARt 721167155
) . R . +2.7% +3.1% +2.7% +2.7%
> Resum all order contributions at N3LL using RadISH !  ™28)%5en AT T 2 e
2 741.59(8)1042% 740.75(5) T2 A= 3T 32 (3 M 830.98(4) 19 74%
- . 0 A (6} —u. () — 2. ()
and matched to N3LO S 722.9(1x)E 0800 R OGRTR6.2(151) 0T - R AGSET W 7 E O SRR =
NNPDF4.0 NNLO, 13 TeV, pp — Z/~"(— £+€_) + X NNPDF4.0 NNLO, 13 TeV, pp = Z/~v"(— €+£—) + X NNPDF4.0 NNLO, 13 TeV, pp — Z/~v"(— £+£_) + X
20 L] I 1 ¥ ? I l L] 1 I I L Ll 1 ) l 10 I 1 LJ I l: 1 l | | L] 1 I L) L I | ' 20 L] I 1 Ll ? I l L 1 1 L} 1 I 1 1 ]
Symmetric :r.:uts gg Symmetric ;cuts qgag A _Symmetric :buts 99
B S B - 5
: ) - - - - L L o ® a '
. R e B ]
T N L B SR . : o 10
— W — | s 8 808 O o o °* : : — L
0 N i 5 i _ G , izo . B LA O izo_' —r— F’—H—‘—““'“'_'—'....FM.....:..
— - e L g - - — - - - ~ - Lo -
L T ‘ e f 5 %
I E 0 3 «  —» o o e e o &6 o860 o0 o & oo o —-30 o ® *4 15 B ....0—'
- q) | e o ® a o ® LX . - ., ° . . o4 4 A 8 8o e °
L © mmmm *— & .——b-._"—"—‘_._u - — : —
- : $§ NLO : $§ NLO
) — -5 . i1 —40 : R .
> O With powez‘: corrections ¢ NNLO With power corrections ¢ NNLO - 50 "'With powe:‘: corrections ¢ NNLO-
O I— Without power corrections ¢ N3LO Without power corrections ¢ N3LO Without power corrections ¢ N’LO
— ~ _10 L i 1 l 1 l _50 " 1 l 1 ] L 1 1 ] 1 1 l —60 1 I 'l L i 1 l 1
O o 10° 10 10° 10° 10° 10
L aa Pt [GeV] Pt [GeV] Pt [GeV]
= y ¥ NNPDF4.0 NNLO, 13 TeV, Z/y* (— et )+ X
% o) NNPDF4.0 NNLO, 13 TeV, pp = Z/~v* (= £t€7) + X i ' d l Ol Tl PRG i ' )+ NNPDF4.0 NNLO, 13 TeV, pp = Z/~4*(—= £7£7) + X
2-0 1 ! L I ! ! L 1 L7 B g . l ' \ : ) S\ 200 T T T T ¥ T T T T T T L |
E :I: y l | ! Symmetric cuts qq ) ' l _
— O 1.5 | Symmetric cuts g9 5 1 Symmetric cuts qq
SO Y ' ' B N 150 -
q) o 1.0 =
4 = g 0.5 5 = 8+ -+ttt v v v v o4 o] .
U @) . g * 5 B o
> E Wi 4 S . """“"'b . 50 i
R 0.5 ﬁ - S R T S S e
X9 0 ° El e e o o o o 60600 0 0 o o 00
-1.0 - -
—1.5 "With power corrections ¢ NNLO- Wit’h power; corrections ¢ N‘,I:IL_O With power corrections ¢ NNLO
Without power corrections ¢ N'LO Without PU:'W‘-TI‘I corrections .l NLO Without power corrections ¢ NLO
-2.0 S | | -3 - 1 1 1 1 11 1 3 —~100 2 2 PR T | |
10° 10! 10° 10* 10" 10°
Pt [GeV] Py [GeV] P [GeV]
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BACKUP SLIDES

» Ditterential N3LO predictions for neutral current production with fiducial cuts

> Apply ATLAS fiducial cuts at 13 TeV - NNPDF4.0 NNLO, 13 TeV, pp = Z/¥" (= £7¢7) + X
40 1 | I | II | ] I | | I 1 1 | | I
: 2 12 ’
» Dynamical scale u, = = \/ m:; + Product cuts
y HF HR I pT 30 - - - > 90999 900 0 5 2 & © 0 004
> my, € [66,116] GeV, |5' | < 2.5 20 |- | -
>» Symmetric cuts: | p;\ > 27 GeV i 1
. | o
Introduce power correction at O(gs"'/my) f' NN el WSS TR e Tl
» Solution: . . L
» Apply Lorentz Boost below g5 i —
. pre 21 : : § NLO (x1/4)
Buonocore, Rottoli, Kallweit, Wiesemann 21 i
Camarda, Cieri, Ferrera "21 —30 'With power corrections D o
TR, y ’+ Without power corrections ¢ N3LO
. [ i 1 l i 4 a9 gl I I I I T S |
> 27 GeV —40
\/p T Pr 10° 10?

Salam, Slade "21

l+

min{p;.,ps } > 20 GeV pSt [GeV]

> Typical fiducial cuts for m}/, p}/ in DY production XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli 22

» Large log terms appear in p% ~ my /2, m}/ ~ 2 X min[p}], p}/ ~
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