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XED-ORDER PREDICTIONS FOR DRELL-YAN PRODUCTIO

Xuan Chen
Discussion of theoretical systematics in LHC precision measurements
CERN, 26 February, 2024



W MASS IN CDFIl MEASUREMENT

SM
DOI 80478 + 83 - »PDG world average: my, = 80379 = 12 MeV (PDG"20)
CDF | 80432 + 79 ®
DELPHI 80336 + 67 . » CDFII latest result: my, = 80433 £ 9 MeV (CDF *22)
L3 80270 + 55 ®
OPAL 80415 + 52 ° » Indirect measurement of m]W, p%, pzyw distributions lllustrator: Gaia Fontana
ALEPH 80440 + 51 O R Y S <
(V) __ [(V)\2 4 [(L)\2
R 1> Pr \/(p o ) (P J ) Table 2. Uncertainties on the combined
ATLAS 80370 + 19 - MW result.
CDFIl 80433 + 9 - El(v) _ ) [(V)\2 [(L)\2 [(v)
79900 80(I)00 80I100 eolzoo solaoo eoltoo 80|500 I \/ (px ) + (py ) = pT Source Uncertainty (MeV)
W boson mass (MeV/c?) 3
b g o l epton energy scale
e i LA o e o DR S e b, I
T e e my = \/ 2E-E7(1 — cosAg) Lepton energy resolution 121 .
measurements. The fit ranges are 65 to 90 GeV for the my fit ReconenergyscalelZ ................
and 32 to 48 GeV for the p% and py. fits. The x° of the fit is Recoil energy resolution 18
Computed e expected dliictich) b L S ) Template ﬁr t() the beSt pa‘[;‘d;;c ter vali T ‘  .ﬁ Leptonefﬂc'ency ...................................... 04 ..............
data points. The bottom row shows the combination ofthesix | = & e st s st st st st s s s e
fit results by means of the best linear unbiased estimator (66). . Leptonremoval ..............................................................
» Full error = Experiment + Theory model Backgrounds T3 )
Distribution W boson mass (MeV) x%/dof ps model
) 80429.1+1034y 285y 39/483 > Experiment statistics: £6.4 MeV Vit
e e e 08 7 DXPCHIMCHL SIAUSHES: 0.5 eV /e AL == W
o)A W Ty 6/6) . . AR S — ) S
) 804461482, 7 3 50748 » Experiment systematic: £5.3 MeV jogdions T —
e ol 80,4282+ 9.0t £10.3qyst . 82/62 W boson statistics 6.4
L 80,4289+ 1314 +109gys .. 63/62 Total 94
Combination 80,4335+ 6 4gar £ 6.9t 7475 » Theory model: £5.2 MeV =+ 29 MeV |

ResBos, DYQT, PHOTOS, HORACE
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 2



W MASS IN CDFIl MEASUREMENT
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>do/dm;’ two templates with Amy, = 100 MeV

e c =
1800 — S 3

- Am — 100 Mev 1.02F++«“Arais " P X B B s B s ot o e v oitinlioninis Blochininieniinis un sl STSEETENEER S RE L
w  F W 8 " Amy =100 MeV 0
-E 1600[— ;- s 0
o - S 1.015—
@ 1400 o "
— - — il
o) - - @ i
s 1200 __ m 1.01 :_.. ..........................................................................
0 b - &
g 1000 g A 1%
c i 1.005 3P
E,, 800[— i b
§ r ;
+= 600 = 1 = o I R e e S T N | e sk (RAR S it
A . - 0%
< 4o~ Slide by Chris Hays ICHEP 2022 ]

65 70 75 80 90 65 | 1 1 | 70 1 | 1 1 75 1 1 ] 1 80 | 1 | | J | | 1 |

M; (GeV)
Amy, = 100 MeV ~ 0.5-2% change in do/dm; — Amy, = 10 MeV ~ 0.1% precision in do/dm;’

»Binned maximum-likelihood fit among templates+ weighted average among observables
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 3

85
M; (GeV)



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 7/ . 2, See also ATLAS
P o orsseone | > ANTLAS p7 8 TeV: a(m,) = 0.11383 £ 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
ee jets and shapes ® 0.1171 = 0.0031 |

SO R TR >p7 < 29 GeV in 8 slices of |y*| < 3.6 20.2 fb™'|
iU BT e ] g | 224,25 < |1, | < 4.9 with pi© > 25 (20) GeV

as(mz)

= = | T o M<0di0) : e(1)
ATLAS S U
g 1o B oscm<oac) B 1L D 20 QEY Error budget of a(m,)
ﬂ'- 191 = & oo, v 1:2<Iyl<1:6(x10'3)
13'- o —:_:il \. = et » DYTurbo with xFitter to find the Experimental uncertainty  +0.00044 -0.00044
L e ek 5 R PDF uncertainty +0.00051 -0.0005T\
4'!!;% m e O 28<lyl<36(x107) b o d b h d g’ -
10° K o —0-—0-0g, w. & _ st syt €St o, that aescribe tne data Scale variations uncertainties +0.00042 -0.00042
104; —E—8-5 Matching to fixed order 0 -0.00008
10" . - ' -
e > Experlment unc. : +0.00044 Non-perturbative model +0.00012  -0.00020

Flavour model +0.00021 -0.00029

o
P

107~

‘e
$ B
i
&
/)
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
107k Vs=8TeV,20.2fb" K —0.00076
10—11 1 Lo gl 1 Lol 1 Lol '1_I 1 TOtal +0.00084 '0.00088
1 10 10 10°

pT [GeV] . . . .
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 4


https://arxiv.org/pdf/2309.12986.pdf
https://arxiv.org/pdf/2309.09318.pdf
https://inspirehep.net/literature/2625697

o, MEASUREMENT BY ATLAS
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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%
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 5


https://doi.org/10.1140/epjc/s10052-015-3480-z
https://arxiv.org/pdf/2309.12986.pdf

» For a scale of 100 GeV, the idea of factorisation in
Quantum Field Theory plays important role to help
understanding complex high energy processes:

Time ordering

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour

PYTHIA §.3
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 6


https://arxiv.org/abs/2203.11601

» For a scale of 100 GeV, the idea of factorisation in
Quantum Field Theory plays important role to help
understanding complex high energy processes:

Hadronisation

Time ordering

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour

PYTHIA §.3
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 7


https://arxiv.org/abs/2203.11601

» For a scale of 100 GeV, the idea of factorisation in
Quantum Field Theory plays important role to help
understanding complex high energy processes:

Hadronisation

Parton Shower

Time ordering

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour

PYTHIA §.3
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 8
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» For a scale of 100 GeV, the idea of factorisation in
Quantum Field Theory plays important role to help
understanding complex high energy processes:

Time ordering

Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production

PYTHIA 8.3

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour


https://arxiv.org/abs/2203.11601

» For a scale of 100 GeV, the idea of factorisation in
Quantum Field Theory plays important role to help
understanding complex high energy processes:

Parton Shower

Time ordering

Hard Scattering

@® Meson
A Baryon

W Antibaryon
© Heavy Flavour

Proton— Parton

Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 10
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https://arxiv.org/abs/2203.11601

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 QL 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) A - - -
10~ 100 101 102 103
pr [GeV]
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 11



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]

Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 12



Perturbative QFT for Precision Predictions

Diagrams: FeynGame

Comput.Phys.Commun.
256 (2020) 107465

Legs

Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 13


https://web.physik.rwth-aachen.de/user/harlander/software/feyngame/

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
3 o= |k T = ol [ Lk R g exp (= Ry ki) Xa 1| wkirion k8 (pT_ Y7, )
0 dkf 0 n=0 n' =2 thl J:l

Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 14



COMPONENTS OF QT FACTORISATION (SCET)

I m
g _ _ _ V _
InW(x,, x,,, my, b, u = by/b) ~ J djilia(A(ay(a Din—- + B(a,(4 ))
Kh H
dé |
dIEITIO NLO - In%(6%m3)  In(b>m) 1
d‘:lNNLO N2LO | In3(b2m‘2,) In2(b2mv) |"(b2mv) 1
qr |
AV
P N3O nf@my)  IGPmy)  02GPmy)  InPmp) ]
qr
déya, N4LO | | I®Zm2) 4 ®2m2)  In3®2m2)  In2@2m2)  In(b*m?) 1
dar - 1% v v My V
dakao NKLO Ik (B2m2) Ink(bzm ) Ink—1(p2 Ink=2(p2 m 2 Ink=3p2
ppm v V ( mv) n ( mv) ( mV)
Resum LL NLL NNLL N3LL N4LL NA+I |
A Al A2 A3 A4 A5, A=
3 B1. B2. B3. B4. -~ B

Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 15



Parton Distributions and o,
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» PDF theory input

» 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, i)
with p-QCD evolution of factorisation scale

» Running of aS(Qz)
, da
0

\)

dQ?

(s 1979 993 1997 2017

Generalised polylogarithms

Riemann zeta values

Elliptic functions
d fq PC] —q Pq 8 fq N,
o = p p X Unitarity
L5 ]f? U RS O ]f? Generalised Unitarity
DGLAP evolution with Recursion
2 3 :
5 A P(O) . P(l) . P(z) Twistors
Pach = 140 s Th 3. a0 Di ; °
T T T ifferential equations
1 1970’s 1980 2004 Integrand/Integral
4 q(él g (N ) = J dXXN_lp q(%l q(X) G. Falcioni, F. Herzog et. al. Phys.Lett.B 842 (2023) Sector decomposition
01 For N = 2.4.---20 Numerical unitarity
14 52 9 (N ) = — J dX)CN_lp 52 g(.X) G. Falcioni, F. Herzog, S. Moch, A. Vogt Phys.Lett.B 846 (2023) Finite field
0 Auxiliary mass flow

See also full result of ]\92, Nfo2 contribution in

Xuan Chen (SDU)

Gehrmann, von Manteuffel et. al. JHEP 01 (2024) 029
Gehrmann, von Manteuffel et. al. Phys.Lett.B 849 (2024)

Neural network amplitude

Fixed-order predictions for Drell-Yan production

-~ ﬁ(as) D a3<b0 & blaS + bzasz + b3a§) -+ b4a;|' + ...

16


https://inspirehep.net/literature/2675638
https://doi.org/10.1016/j.physletb.2023.137944
https://inspirehep.net/literature/2652890
https://link.springer.com/article/10.1007/JHEP01(2024)029
https://linkinghub.elsevier.com/retrieve/pii/S0370269323007608

Xuan Chen (SDU)

Theory Tools Inside Measurements

Fixed-order predictions for Drell-Yan production
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PRECISION PREDICTIONS IN CDFI|
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»[.O+LL lepton EM radiati 1ith
»(CDF 11 use ResBos to generate theory templates PHQTQSegnOdnHORIZgCl]% é?)ﬁrﬁfi and Was *06

Carloni Calame, Montagna et. al. "07

»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 E
= Co = 0 / a7 i
dQ? d?p1 dydcos 0 do (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 ; 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) — g193 In (10021 z2) b?
_ 2Qo :
Syp assumes the BLNY functional form
Brock, Landry, Nadolsky and Yuan 02
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 18



https://inspirehep.net/literature/763627
https://inspirehep.net/literature/684121

PRECISION PREDICTIONS IN CDFI|
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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

»(CSS factorisation and resummation of p; in b space: .- 9 92 g3 £
2 s
— do — ao/ . b2 iPT 0o —5(b) ~ | Global | CDFIl |Global fitf CDFII
d@*d*pr dydcosfde (27) Pr | 03 | fit 03 fit

xC® f(r1,1) C® f(x2, p)+ Y (Q, P, T1, T2, UR, UF)
Collins, Soper and Sterman ' 85 p% / ij

»Non-perturbative effects at a (A) and large b:

Global fit
e

Global fit by Brock, Landry, Nadolsky and Yuan "03
mﬁ/ ~ 0.7 MeV, p% ~ 2.3 MeV, p7 ~ 0.9 MeV

C3Q% ap2 T 2 )2 - o
Spert (D) = /c e % In (C;? ) A (@, C1)+B (ji, Cy, Co) CDF supplementary materials "22

S(b) = SnpSpert ; Collins and Soper 77

Sne = |—91 — g21n (i) — g1931n (1003:1962) b?
_ 2Qo :
Syp assumes the BLNY functional form
Brock, Landry, Nadolsky and Yuan 02
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 19



https://inspirehep.net/literature/684121
https://inspirehep.net/literature/763627

PRECISION PREDICTIONS IN CDFI|
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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

»(CSS factorisation and resummation of p; in b space: .- 9 92 g3 £
2 s
— do — ao/ . b2 iPT 0o —5(b) ~ | Global | CDFIl |Global fitf CDFII
d@*d*pr dydcosfde (27) Pr | 03 | fit 03 fit

xC® f(r1,1) C® f(x2, p)+ Y (Q, P, T1, T2, UR, UF)
Collins, Soper and Sterman ' 85 p% / ij

»Non-perturbative effects at a (A) and large b:

Global fit
e

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: .
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

Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 20


https://inspirehep.net/literature/763627
https://inspirehep.net/literature/684121

PRECISION PREDICTIONS IN RESB0S2
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»ResBos — ResBos2

»NNLO+N3LL accuracy for W/Z production »A. at each fixed order:

[saacson, Fu, Yuan 23

»Upgrade CSS formalism to N3LL »1.O: Ly, Ay

»Rescale NLO to NNLO from MCFM: »NLO: L), Ay = A,, Ay, A;, Ay
Campbell, Ellis and Giele " 15

dg]zé/iO g dajléin >NNLO Lo, AO # Az, Al’ A3, A4, AS’ A6’ A7
dopdydg P O do . |
Pray i Pray »Resummation choices for only L, A, or all A,
»Dependence of angular coefficients recently N rrbative fineiionalfot
included with more rescaling: __4° . | |
dcosfOdg We determine that the data-driven techniques used by
= Ly(1 + cos?0) + A,(1 — 3cos?d) + A;sin20cos¢ CDF capture most of the higher order corrections, and
52 :
+A25m2‘9C032¢ + Assinfcos¢ + A,cosO using higher order corrections would result in a decrease
+AsSIN"0sIN2¢ + AgSIN20sing + A;5In0sing in the value reported by CDF by at most 10 MeV

[saacson, Fu and Yuan 22 23
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 21


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

PRECISION PREDICTIONS IN ATLAS o DETERMINATION

00000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

»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) Fixed-order predictions for Drell-Yan production 22


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

Xuan Chen (SDU)

State-of-the-Art Phenomenology Progress

Fixed-order predictions for Drell-Yan production
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Parton Distribution Functions

» Approximated N3LO PDF available:

MSHT20aN3LO Eur.Phys.J.C 83 (2023) 4
NNPDFaN3LO NNPDF preliminary

» More precise 4-loop splitting
functions affect small x region:
4 — 10 Mellin Moments

» 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
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Parton Distribution Functions

» Approximated N3LO PDF available:

MSHT20aN3LO Eur.Phys.J.C 83 (2023) 4
NNPDFaN3LO NNPDF preliminary

» More precise 4-loop splitting
functions affect small x region:
4 — 10 Mellin Moments

» 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 PDEFE

Xuan Chen (SDU)

Ratio to NNLO

g at 1.651 GeV

G. Magni (NNPDF) @ Les Houches 23

——\\
-~

3000 aN3LO (68% c.l.+10) - 4‘
CI50 NNLO (68% c.l.+10) ]

w/o Theory Uncertainties |

g at 1.651 GeV

Ratio to NNLO (MHOU)

7220 aN3LO (MHOU+IHOU) (68% c.l.+10)
7250 NNLO (MHOU) (68% c.l.+10)

ith Theory Uncertainties

10-2 10-1 10°
Higgs production in gluon fusion (PDF + MHOUs)

§ CT18 NLO/NNLO

$ NNPDF4.0 MHOU NLO/NNLO/N3LO
501" 3 MSHT20 NLO/NNLO/NLO =

§ PDF4LHC21 NNLO
0 ) gL\
30~ 114 N
20 L | |

NLO NNLO N3LO

M. Ubiali (NNPDF)
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Perturbative Order (ME)
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STATE-OF-THE-ART PREDICTIONS: arfyy X
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»NNLO QCD-EW mixed corrections lpp = L] |[obbl| ow i) o o0 oD
7 |5029.2 | 970.5(3) | —143.61(15) | 251(4) | —7.0(1.2)
6 — 2(0,0) (1 ,0) (2 0) (3 ,0) s
Oup = ab +o0 +o0 + 0 T ... QCD q9 — | —1079.86(12) =S —377(3) 39.0(4)
A q(9)Y — — 2.823(1) — 0.055(5)
+0'(O’1) + ... EW =
ab q(q)q — — - 44.2(7) 1.2382(3)
~(1,1 99 = = = 100.8(8) sl
+6WD 4 'QCD-EWI
ab tot |5029.2 | —109.4(4) | —140.8(2) 19(5) 33.3(1.3)
. o (m,n) i = =
»NLO EW correction from W decay is large 9 e akdd| A ewTiPN
e S ™" /o +10 % -29% +42% +08% ="
»Scale variation from EW POWCT COllIltlIlg 1s small Buonocore, Grazzini, Kallweit, Savoini, Tramontano “21 2
Y
W/Z Wiz Wiz W/Z
Initial-Final contribution Final-Final finite Initial-Initial QCD-EW 2-loop Non-factorizable contribution
from automation tools renormalisation constant form factors . . S
. _ L Dittmaier, Huss, Schwinn 14 (PA)
Carloni Calame, Chiesa, Dittmaier, Huss, Schwinn " 15 Bonciani, Buccioni, Rana, Vicini Dittmaier, Huss, Schwarz “24 (PA)
Martinez, Montagna, e 2022

Nicrosini, Piccinini, Vicini > 16 | A1 Bonciant, Buonocore et. al. “21
Behring, Buccioni, Caola, Delto,
Jaquier, et. al. 20 21
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»pp — p u~@ NNLO agy X a,

D I GRS SRS

o [pb] OLO 0_(1,0) 0_(0,1) 0_(2,0) 0_(1,1) 14 5
q7 |809.56(1)| 191.85(1) | —33.76(1) | 49.9(7) | —4.8(3) g
qg — | —158.08(2) — —74.8(5)| 8.6(1) | =&
agy| — — | —08392)| — |oosa3)| 3
o8
9(@)q | — — — 6.3(1) [0.19(0) | <
99 — — — 18.1(2) | — ©
vy | 1.42(0) . —0.0117(4)| — — j
tot [810.98(1)| 33.77(2) | —34.61(1) | —0.5(9) | 4.0(3) %
!
=
> 14 TeV with NNPDF31_nnlo_luxged 3
>p¥>25 GeV, |y, | <2.5,m,, > 50 GeV S
» Bare muons in final states gg ;
» [Large cancellation between NLO QCD and EW § : _ sS85, -1
> [arce QCDXEW compare to NNLO QCD e e
Pr, u+t [GeV]

» Diff. Comparisons: full vs. PA vs. Factorizable
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production

Buonocore, Grazzini, Kallweit, Savoini, Tramontano "21

Vs =14TeV

— —doL1)

200 300

Pt pt [GeV]

400

200
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STATE-OF-THE-ART PREDICTIONS: oy, X @y islide from Gavin salam @ 1cHEP 20221

> Full study of fit to distribution 1s not easy at fixed order

»nstead study mass determination from mean lepton pT, inclusive or fiducial

(Here just the production corrections; decay corrections should factorise)
mys 60w _ o)™ o(pr )

meas Cin N l,Z )th l,W>th Behring, Buccioni, Caola, Delto et. al. "21

Bmw ‘”“”7// ;3 dif%réace |

My, i

‘ dmz ) - |
e Y ¥ (scal'ed )Y mw/m\ ¥

inclusive {ptry @ agw -32 MeV -32 MeV 0.3 MeV

inclusive {pw» @ aew Qs +62 MeV +55 MeV -7 MeV
fiducial {pv) @ aewas |[ATLAS cuts] -17x2 MeV

» Relevant tor both Z-calibrated methods & standalone W methods. (Impact by fiducial cuts)

413

»Combining QED and QCD gT resummation (factorizable) Cieri, Ferrera, Sborlini ‘18 Autieri et. al. *23
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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+NNLOJET) XC, Gehrmann et. al." 18 (SCETIib) Billis, Dehnadi, et. al.”21
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STATE-OF-THE-ART PREDICTIONS: doys3;
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»(qT slicing at N3LO for neutral and charged current production (NNLOJET)

doV = deVe /1d dsV SCET /4 NC and CC Validated against inclusive XS within = 5% uncertainty
ON3LO = g PTV| T O3 PTV| cut .
3 NNLO Vipry>df 4 N3LO -V pr,v€l0,g7] Ao”, =-798+0.36fb vs. —8.03 fb
e 98 £ 0. : :
Pry Pry Duhr, Dulat, Mistlberger Phys.Rev.Lett. 125 (2020)
* +
SCET+NNLOJET pp oy Vs =13 TeV SCET+NNLOJET pp to W Vs =13 TeV
0.1- s
G— = |
a — 0.0 T T — ==
> SN SCET+NNLOJET total —— SCET+NNLOJET qq T —
S S — SCET+NNLOJET qgb ~ —— SCET+NNLOJET gbgb -
S M O ,1] — SCET+NNLOJET qg —— SCET+NNLOJET gg j_—IZI:
éz” _: Q _ SCET+NNLOJET gbg =
T gr sub. total - == Inclusive qg ‘cb; : i _i_
I/\l —207 ===~ |nclusive total g7 sub. gg + qQ |/\| 0
] SR S : PDF4LHC15 nnlo -
s 19 subSqg+ qO S ST SR NCLENS aaS G i NNPDF31 nnlo
=251 ==~ Inclusive qg+q@ ~—  drsub.gg HF = Hr = 100 GeV ' '
| e e - == Inclusive gg =031 UF = g = My
SO & a—— (— . = '
B 2__I_,_I_.—:|:——:|:—'—I—+'+ i 2
o
8 -+ y ) ' —‘—\—\—\_‘II—‘ 8 R e e == = - =
5 (10 st e e e H_% @) =
— 2 - — 46 i —F—===
SRy = T ————— —
T L ! b ) % .
E = | B S -

10° 10? 102 10° 101 102

gt [GeV] gsut [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: doyss;
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»(T 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"I%W] 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 gi' 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 =
= NNLO4+NNLL S Cule-MCKFM E Ol E o
10-2 L &S N3LO+N3LL 8 40 - s
= 2
o = 4+ ATLAS data B3 E Olg E CMS
Ao 1 J 8 30-
s A 5 2-
= 10-4 L > aN4LL+N3LO
3. 0] dp% e w10 g o= el
Q, i
310"’;— = O'n' | | ||||||| T
S SLLUBDLIE Y e by i | 2RSS0 120 | = 50 HDOY 2008 8500
5 10-6 LNNPDF4.0 (NNLO)
: E13 TeV, pp = Z/~*(—= ¢T27)+ X +10
10~ 7 Esymmetric cuts © _1 é)
E ©
- uncertainties with ugr, g, Q, matching variations l ©
1.10 | R =S
N ‘ | | | o MY 555 3
- Z +1% q?” 0.81 GeV ??,,,' O
s 1.05 A, — o ; _ k"’%‘.ﬁ:ﬁf/f% O
s 7 N / 7 -
e 4“&////////”//"'”"”‘ X \ LI :1; :f ;///' f =
00 oy o e NN 17 7 75 @
9 i e X\\\\\ 7 wa/;’ -
’ 7/ / : () | 1 1 1111 l I 1 (N ' 1 1 111
0.90 ' /f//// Z/’“‘ m7 1 2 5 10 20 50 100 200 500
0 10 20 30 100 200 200 1000 It
a [GeV] qr [GeV]

XC, Gehrmann, Glover, Huss, Monni, Re, Rottoli, Torrielli
’ ’ N bell Phys.Rev.D 107 (2023) 1
Phys.Rev.Lett. 128 (2022) 25 eumann and Campbell Phys.Rev.D 107 (2023)
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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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»Numerical error during template generation

Plan B: grid with all D.O.F.:

do

dmy, dprdy

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

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

» Once A.(ps, y, my;, ) available, no new calculation is needed for different fiducial cuts

Z+J @ NNLO v
Ao(P1> )
[yl <1
Inclusive in m,
Smallest bin @ 10 GeV ;
Gauld, Gehrmann-De Ridder, §
Gehrmann, Glover, Huss "17 E

Xuan Chen (SDU)

1
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14
1.2

0.8
0.6

NNLOJET
, .

pp— Z+X, ly | €[0.0,1.0]
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- —4— CMS data
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Q
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o
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§ .I— —— NNLO + NLO EW (def)
< T T T T
— L NSNS Sa N0 +'NLO B ENNLD
W+J@NNLO [T
|
g 0.1 _\—\_‘
A2(pT) IS =
5 00- ' . f 1
Inclusive iny, m;, _0.1_;--_: |
Smallest bin ~ 20 GeV » °**
. 00257 T :
ol Sy |
Pellen, Poncelet, Popescu, 2z ** _P_l_l' __aa i
& —0.025 +
VItOS 22 1c,f-o.oso-
B —0.0751
o = NNLO + NLO EW (def) === NNLO + NLO EW (exp)
100 200 300 400 500 600 700
pr(W™) [GeV]
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1=0

ResBos2 approach for
N3LL+NNLO

Coefficient A, for W~ (inclusive rapidity)
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CONCLUSION AND OUTLOOK

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

» Theoretical uncertainties at 0.1% level 1s required to achieve 10 MeV accuracy in my,
» Theoretical uncertainties at 1% level is required to reach £0.001 accuracy in «;
» 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.

» Both CDFII my, and recent ATALS a, measurement could be improved with more
precise theory tools and more suitable error estimation.

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

Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 35
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CONCLUSION AND OUTLOOK

» The determination of my, and o, requires delicate treatment and thorough
understanding of experiment and theory uncertainties.

» Theoretical uncertainties at 0.1% level 1s required to achieve 10 MeV accuracy in myy,
» Theoretical uncertainties at 1% level is required to reach £0.001 accuracy in «;
» 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 egrorsgt % level.

» Both CDFII my; and recent ATALS a; measurement could be impro
precise theory tools and more suitable error estimation.

) 11101C
\

» Require collective ettforts to turn controversial results to convin€ipg
the controversial approximations are expected to be replaced during

Thank You for Your Attention
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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 [ | - s -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
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pr [GeV]

pr [GeV]
Berge, Nadolsky, Olness "05
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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, g
» Binned maximum-likelihood fit: §
(Poisson distribution cross bins) §
—InZ,(my) = — Z (nbln(Adb(mW)) — Aab(mw))
n,: observed Zvent, Ao, (my,): predicted
> The best linear unbiased estimator to -
combine each observable: 3
> y*/dof = 7.4/5 — p-value = 20% z
> Weight distribution: .

my~64.2%,p§~25.4%,p;~ 10.4 %

Xuan Chen (SDU)

W MASS IN CDFIl MEASUREMENT
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CDFII: Best fitted results for m}v : p}

Muon Channel

x10°
Ff T xadof=50/48
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_ KH Y l
7 -
O I . | 1 R 1 1 1 i T ;\\"A‘M
60 70 80 90 100
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x10°
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sz - 4 °/o
40~ P.s=89%
20 |- l
PR P | " PR Ty 1 JEey oanao o |
%o 35 40 45 50 55
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Events/ 0.5 GeV

Events / 0.25 GeV

Electron Channel

x10>
ol
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PRECISION PREDICTIONS IN RESB0S2
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»ResBos — ResBos2 » Alternative tools on the market
»NNLO+N3LL accuracy for W/Z production

[saacson, Fu, Yuan 23

»Upgrade CSS formalism to N3LL

»NNLO QCD

» D YNNILO Catani, Cieri, Ferrera, Florian Grazzini ~09

»Rescale NLO to NNLO from MCFM.:

) 8 5 o Y
Campbell, Ellis and Giele 15 FEWZ. Gavin, Li, Petriello, Quackenbush 13

dG]f\l/LO i, ddjéz"LO »MATRIX Grazzini, Kallweit, Wiesemann ~ 17
A RO Kuo(Pr- Q) dpdydQ
E ! »MCEFM Boughezal et. al. > 16 Campbell, Neumann " 19
»Dependence of angular coefficients recently
, , : do »(Cross check Alekhin, Kardos, Moch, Trocsany1 21
included with more rescaling:
dcosgdg »NNLO + PS
= Ly(1 + cos?0) + A,(1 — 3cos?d) + A;sin20cos¢
+A,5in°0cos2¢ + A;sinfcosg + A,cosd »MINNLOp¢ in POWHEG-BOX
+A55in293in2§b + AgSIN20sing + A;sinfsing Monni, Nason, Re, Wiesemann, Zanderighi “20

[saacson, Fu and Yuan 22 23
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 39
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-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
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 40

»Fit g2, a, in NLO+NNLL p% to pseudo data


https://inspirehep.net/literature/2077581
https://inspirehep.net/literature/2723200
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 1 0.5 mT pT(E) pT(V)
NLO 1.2 = 0.5 PDF Set | NNLO | NLO NNLO NLO NNLO NLO
CT18 0RO 1..3 [Nl 80 —= 8150 O 152 F1ESEEN - 5 CIaNtete ey -l OIS A=)
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
) . NNPDF3 1[I ER0SS (2. 1 S50 dam2: 1  -SRURSRINEES | = 410 | HHEER3 7 00 =1 4.9
Observable| Smearing 1 Smearing 2

CTEQ6M N/A 2.8 + 0.9 N/A 19.0 4+ 10.4 N/A 20. "5 O

mr 0. 2o =71 T8 1 OE =2 Sl )
pr(£) D) gy T B L e e a1 e
pr(v) [3.0x34+22 3.8+4+27

Mass Shift [MeV]

mr pr(£) pr (V)

Scale | RESB0S2 |4 Detector Effect4+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 1 2.1 9.4 s 2.6 - ].2 OO - 21 48 1 34 i 19
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https://inspirehep.net/literature/2077581
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Xuan Chen (SDU)

g resummation dgr

e expand to fixed order

e 0O} ingredients:

hard function H_,
[Gehrmann, Glover, Hu%er, IKizlerli, Studerus '10]

soft function S(b))
[Li, Zhu '16]

beam function B (b,)
[Luo, Yang, Zhu, Zhu '19] [Ebert, Mistlberger, Vita '20]

V+ijet - NNLO
=
oy q £ < Ep?ﬁéo
. >
P =

recoil

i NS q%ut

> 41

v v 5 v [Catani, Grazzini '07]
doysr o = dogs o + dogs o
gr<qt" qr>gf"
_ % 1% V-+jctuns V.CT cut n
= X oo ®daly + [dog i —dalir L, o + O ((g7/0)")
Competing interests: ¢ as small as possible gt as large as possible

< Suppress power corrections

< numerical stability & efficiency

Fixed-order predictions for Drell-Yan production
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» Ditferential N3LO predictions for neutral current order

production with fiducial cuts

» Resum all order contributions at N3LL using RadISH

and matched to N3LO

NNPDF4.0 NNLO, 13 TeV, pp — Z/~"(— £t£7) + X

20

15

10

Ao [pb]
o]

- 10

2.0

1.5

1.0

0.5

0.0

XC, Gehrmann, Glover, Huss,
Monni, Rottoli, Re, Torrielli 22

Ao [pb]

-0.5
-1.0
-1.6

-2.0

Xuan Chen (SDU)

™7 |
Symmetric :buts 99
— v v ? ! ! T & e ® o o ° =
: S " s g e, ¢
i " L
O A e ® .
WM
- - L - S
1 . "
< & 4 *—@ *—0—0—0—06 00200 —0—0—0—0 0
= ¢ NLO _
With powez‘; corrections ¢ NNLO
Without power corrections . N?LO
i 1 l 1 l
10" 10!

Pt [GeV]

NNPDF4.0 NNLO, 13 TeV, pp — Z/~v*(— £t¢7) + X

L] l I Ll

Symmetric cuts

I

aq

s

¢ NLO
“With power corrections § NNLO-
Without powen corrections b N*LO
o |
10° 10!

cut

pr [GeV]

Ao [pb]

Ac [pb]

o [pb] Symmetric cuts

o [pb] Product cuts

k NFLO N*LO+N*LL N*LO N*LO+N*LL
+12.2% —— +12.2% o
0 ARt 721167155
+2.7% +3.1% +2.7% +2.7%
1 742.80(1)_3.9% 748.58(3)_10.2% 832.22(1)_4.5% 831.91(2)_10.4%
+0.42% +1.15% +0.59% +0.74%
2 741.59(8)_0'71% 740.75(5)_2.66% 831.32(3)_0.96% 830.98(4)_2_73%
+0.68% +1.07% +0.45% +0.87%
3 722.9(11)T%%% 09 726.2(1.1)1197%  816.8(1.1)10%5% + 0.8 816.6(1.1)1087%
NNPDF4.0 NNLO, 13 TeV, pp = Z/~v"(— €+f—) + X NNPDF4.0 NNLO, 13 TeV, pp — Z/~v"(— £+£_) + X
10 I ) 1 l | | L] 1 I L | 1 1 | ' 20 L] I ! | ' L 1 1 L} 1 I 1 1 ]
Symmetric :cuts qg A _Symmetric :buts 99 |
ol i
' p WE
: 0 -10 .
: § SN — : 4
W LI R SO I e e e s S S S
-20 - ' - —-20 + : . !
: b :
E 9 o E
—-30 - E 4 W | : . X
o - S .E o s ......000".... 40 - = p El B ‘_&_‘_.‘..O......
5 = ! _
-a0 | 3 ¢ NLO i ¢ NLO
With power corrections ¢ NNLO —50 "'With power corrections ¢ NNLO-
Without power corrections ¢ N3LO Without power corrections ¢ N°LO
_50 " 1 l 1 ] L 1 1 ] 1 1 l —60 \ 1 l A 1 1 1 | 1 1 1 1
10" 10! 10" 10!
p;."‘ [GeV] pfrf“ [GeV]
NNPDF4.0 NNL 13 T Z [/~ ete X
e ? v i . 2 & AN ]/7‘ (_’ = )+ NNPDF4.0 NNLO, 13 TeV, pp — Z/~*(— £+£-) + X
: 200 Ll L] L] ] L] L L] Ll ] L L] ) L ]
Symmetric cuts qq ) ' l _
: Symmetric cuts qq
2r o 150 R
100 = | | -
,3. o ° TS TS TS H—O—H—o—o—vﬂﬁ—;.—..;—:
L
50 | -
o)
< @ . . S . T 00—V
0 ° B . = e o o o o 000 0 0 o o o 00y
—2 = | — _50 L ’ NLO |
With power; corrections ¢ N‘.I:IL.O With power corrections ¢ NSNLO
Without p():'wurl corrections .1 N"LO Without IH'W.T] corrections .1 N*LO
_3 N — ! 1 1 | | I - 100 1 1 i TR T | 1 1 1 1 1 [ |
10° 10* 10" 10°

Pt [GeV]

cut

Py
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» 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 1 I | II | ] I | | I 1 1 1 1 I
: 2 | AP ‘
» Dynamical scale up, = up = \/ m;; + Product cuts
/ HF HR I pT 30 [ = - o—— 9o oo 9o o 0 0 0 0 & & & 0004
> my, € [66,116] GeV, ' | < 2.5 20 |- | -
>» Symmetric cuts: | p;\ > 27 GeV = 10 - 4l
. | o 1
Introduce power correction at O(gs"'/my) f' FOERTNE el L WSS W e il
> Solution: 3 —10
» Apply Lorentz Boost below q%”t =i — -
Buonocore, Rottoli, Kallweit, Wiesemann 21 : E;go( X1/4)
Camarda, Cieri, Ferrera "21 S _&ht? p‘zwer: S s T 4 N°LO E
> Product cuts: \/ T e G V Vithout po:rwe,ll corrections |
> e _40 1 1 | | ] | 1 | | 1 1 1 1 1
i 10° 10>
Salam, Slade "21 min{p%""p%_} > 20 GeV p;ut [GGV]

vV .V XC, Gehrmann, Glover, Huss, Monni, Rottoli, Re, Torrielli *22

» Typical fiducial cuts for m;, p; in DY production

» Large log terms appear in p% ~ my /2, m}/ ~ 2 X min[p}], p}/ ~
Xuan Chen (SDU) Fixed-order predictions for Drell-Yan production 44
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2 — 1 @ N3LO (+ N3LL) QCD

NNPDF3.1 NNLO, 13 TeV, pp — Z/v*(—= £747) + X

60 T I I T ] I I ! I T 2 2 I I l
Symmetric cuts
40 — i - a . e © o o O° © 0 00000000(
T —> =4 GeV
) :
B 0 = ) - - , e o © © 00000000008
. ' .
T = : $ ; -
40 ¢ NLO |
With power corrections ¢ NNLO
Without power corrections ! $ N°3LO
_60 | | | | | | I
100 101
pt [GeV]

XC, T. Gehrmann, N. Glover, et. al. PRL 128, 252001 (2022)

DYTurbo result with fiducial power correction

Order N3LO
gr subtr. (¢¥" =4GeV) 747.1£0.7pb
recoil qr subtr. 745.7 + 0.7 pb

S. Camarda, L. Cieri, G. Ferrera Eur.Phys.].C 82 (2022) 6

Xuan Chen (SDU)

» Solid horizontal lines: NLO, NNLO at 1 GeV, N3LO at 4 GeV with MC error.
» N3LO shows no plateau in 1905.05171

> Pale dots are values used by DYTurbo in 2103.04974 and 2303.12781 (taken
from 1905.05171).

» Fiducial power corrections are not included.

> Leads to 30% difference of N3LO coefficients at g5 = 4 GeV.

» Solid dots are corrected values with fiducial power correction.

» Central value shifts 2 pb starting from NLO (the dominant error).
cut

» +2.1 pb uncertainty from MC and g;* (estimated from [3,5] GeV region).

» Not consistent with DYTurbo update result of £0.7 pb uncertainty.

DYTurbo result without fiducial power correction cited in ATLAS «, fitting

Order NLO NNLO N3LO
olpp — Z/~v* —1717) [pb] 766.3+1 757.4 £+ 2 746.1 £ 2.5
Order NLL+NLO NNLL+NNLO NSLL+N3LO

olpp = Z/v*—1T17) [pb] T773.7+1 759.8 £+ 2 749.6 +2.5

S. Camarda, L. Cieri, G. Ferrera Phys. Rev. D 104, L111503 (2021)
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