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LHC as a SM precision machine. PDFs are becoming more and more a limiting factor...
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Groups/Collaborations active on “Global”
PDFs analyses

Many groups active since the mid 80’s in the DGLAP analyses. The “modern era” of PDF fitting started

at the beginning of the 90s (CTEQ1, MRS).
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Kinematic regions and observables:

Kinematic coverage
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Kinematic regions and observables:

Dataset Raf. Nyat King King [GeV] Theary
CDF Z differential [46] 29 {29,/29) 0.0 < yyp = 2.9 < mygp < 116 Sherpa+Vrap
D0 Z differential [47] 28 (28/28) 0.0 < yer = 2.8 66 < myer < 116 Sherpat+Vrap
[D0 W electron asymmetry| [48] 13 (13/8) 0.0 ye < 2.9 O = my MCFM+FEWZ
D0 W muon asymmetry [449] 10 (10,/9) 0.0 = g = 1.9 = mu MCFM+FEWZ
ATLAS low-mass DY T TeV [54] 6 (4/8) e = 2.1 14 = mye < 56 MCFM+FEWZ
ATLAS high-mass DY 7 TeV [54] 13 {5/5) |me] = 2.1 116 < mgp < 1500  MCFM+FEWZ
ATLAS W, 2 7 TeV (£ = 35 pb™1) [61] 30 {30,/30) |ne,yz| < 3.2 Q= mw.mz MCFM+FEWZ
ATLAS W, 2 7 TeV (£ = 4.6 i1 (*) [52] 61 (53/61) |ne,pz| < 2.5, 3.6 Q = mw,mz MCFM+FEWZ
CMS W electron asymmetry 7 TelV' [64] 11 {11/11) Ine| = 24 = mw MCFM+FEWZ
CMS W muon asymmetry 7 TeV [646] 11 {11/11) || < 2.4 ) = mw MCFM+FEWZ
CMS DY 2D 7 TeV [67] 132 (88/110) e | < 2.2 20.0 < mgp < MM MCFM+FEWZ
LHCh Z — ee T TeV [59] 9 (9,/9) 20 < <45 Q =mz MCFM+FEWZ
LHCh W, Z —+ u T TeV [60] 33 (20/20) 20 < g < AS Q = mw MCFM+FEWZ
[ATLAS W 8 TeV] (*) [74] 22— f22) || < 2.4 Q= my MCFM+DYNNLO
ATLAS low-mass DY 20 8 TeV (*) [T8] 84 (47/B0) |yee| < 2.4 46 < mp < 200 HCFMADYNNLO
ATLAS high-mass DY 2D & TeV (*) [T7] 48 (48/48) wge] < 2.4 116 < mge < 1500 MCFM+FEWZ
CMS W rapidity 8 TeV [B4] 22 (22/22) |ie] < 2.3 Q = mw MCFM+FEWZ
LHCh Z — ee & TeV [61] 17 {17/17) 2.00 < e | = 4.25 Q=mgz MCFM+FEWZ
LHCh W, 2 — p & TeV [62] A (29030) 2,00 < [pu| < 4.25 0 =mg MCFM+FEWZ
[LHCh W — e 8 TeV] (*) [80] 8 (—/8) 200 < |1pe| = 4.25 = my MCFM+FEWZ
ATLAS aﬁfl‘z L3 TeV (*) [81] 5 (8/3) Q= my.mg MCFM+FEWZ
LHCbh Z — ee 13 TeV (*) [82] 17 {15/14) 200 < |yz| < 4.26 Q=mg MCFM+FEWZ
LHCh Z — pp 13 TaV (%) [82] 18 (16/16)  2.00 < |yz| < 4.50 Q=mg MCFM+FEWZ

Dataset Ref. Nias King King [GeV] Theory
ATLAS WH 4 ¢ 7 TeV (*) [83] 22 (22/) |me| = 2.5 Q= mw MCFM
CMS W 407 TeV [76] 10 (10/—) [me] = 21 Q= mw MCFM
CMS W 4013 TeV (%) [84] 6 (6/) || < 2.4 Q = mw MCFM
ATLAS W fjet 8 TeV (*) [a3] 32 (30,40) 0= pl¥ < 500 GeV Q =mw MCFM+N 0
ATLAS Z pr 8 TeV (pr, mu) ik 64 (40/44) 12 < my < 150 GeV 80 < pd < 000 HEFM+H oy
ATLAS Z pr 8 TeV (pr,yz) 6] 120 (18, 48) luz| < 2.4 30 £ pf £ 150 HCFM+Hjqee
CMS Z pr 8 TeV 64 50 {28/28)) lyz| < 1.6 a0 < pf <170 MCFM#Hjaei
CMS ol 5 TeV (*) [88] 1(1/1) ) = my MCFM+top++
ATLAS o}{* 7, 8 TeV [65] 2 (2/2) Q= mq MCFM#+top++
CMS alft 7, 8 TeV [148] 2 (2/2) Q= my MCFMs+top++
ATLAS #1213 TeV (£=139 fb~ 1) (*) [134] 1(1/1) Q= m MCFM#+top++
CMS alf* 13 TeV [69] 1(1/1) Q=my MCFM+top++
[ATLAS tf i+jets & TeV (1/odo/dpl.)]| [67] B (—/8) 0 < pl. < 500 GeV Q=my Sherpa+NNLO
ATLAS tf £4jets & TeV (1/ads/dy,} [67] B (4/4) || < 2.5 Q=my Sherpa+NHNLO
ATLAS t #4jets & TeV (1 /ads /dy,;) [67] 5 [4/4) g < 2.5 Q=my Sherpa+NNLO
[ATLAS # f4jets 8 TeV (1/ade/dm,)] [67] T(—/7) 345 < my; < 1600 GeV Q=my Sherpa+NNLO
ATLAS tf 26 & TeV (1 ods /dy,) (*) |59 5 (5/5) tyr| = 2.8 Q@ =my mg5_aMC+NNLO
CMS ¢ £4jets 8 TeV (1/oda/dy,;) [70] 10 (9/9) —25 <y <25 Q= my Sherpa+NNLO
CMS £ 2D 26 8 TeV {1/ ode fdydm,g) (*) [a0] 16 (16,/16) 1] = 2.5 340 < my < 1500 mgS5_aMC+NNLO
CMS t £4jet 13 TeV (do/dy) (*) [91] 10 (10/10) [me] = 2.5 Q@ =my mg5_aMC+NNLO
CMS #F 26 13 TeV (do fdy,) (*) [92) 11 (11/11) || < 2.5 Q=my =g5_aMC+HNLO
[ATLAS incl. jets 7 TeV, R=0.6] (73] 90 (—/90) || < 3.0 100 < gt < 1992 NNLOjet
[CMS incl. jets 7 TeV] [147] 133 (—/133) [wiet| < 2.5 100 < g < 2000 NNLOjet
ATLAS incl. jets 8 TeV, R=0.6 (*) [#6) 171 (171/171) |l < 3.0 70 < plft < 2500 NNLOjet
CMS inel. jets 8 TeV (*) [87] 185 (185/185) 1i*t| < 3.0 74 < pift < 2500 NNLOjet
ATLAS dijets 7 TeV, R=0.6 (*) [148] 90 (9,/90) 00yt < 3.0 260 < my; < 4270 NNLOjet
CMS dijets T TeV (*) [74] 54 (54/54) | Wenax| < 2.5 200 < 1y = 00 NNLOjet
[CMS 3D dijets 8 TeV] (*) [148] 122 (122/122) 0.0 < gy, v < 30 133 < proavg < LT8D NNLOjet
[ATLAS isolated - prod. & TeV] (*) [100] 49 (—/—) | = 2.37 Ef < 1500 MCFM+NNLD
ATLAS isolated ~ prod. 13 TeV (*) [101] 53 (53/53) [ty < 2.37 E} < 1500 MCFH+NNLD
ATLAS single t Ry T TeV (*) [24] 1(1/1) Q=my =S aMC+NNLO
CMS single t oy + op T TeV (*) [95] 1(1/1) 0 = my mg5_aMC+NNLO
ATLAS single £ By 8 Tel' (*) [06] 1(1/1) Q=my =g5_aMC+NNLO
CMS single t R, 8 TeV (*) [97] 1(1/1) Q=my =g5_aMC+HNLO
ATLAS single ¢ Ry 13 TeV (*) [0&] 1(1/1) Q@ =my mg5_aMC+NNLO
CMS single ¢ By 13 TeV (*) a3 1(1/1) Q= my =5 aMC+NNLD
ATLAS single ¢ 7T TeV (1/oda/dy) (*) [94] 4 (3/3) || = 3.0 @ =my mgS5_aMC+NNLO
ATLAS single t 7 TeV (1/ada /dys) (*) [24] 4 (3/3) |og| < 3.0 Q=my =5 _aMC+NNLO
ATLAS single ¢t 8 TeV (1/ada/dye) (*) |96] 4 (3/3) |are] = 2.2 Q= mi mg5-aMC+NNLO
ATLAS single ¢ 8 TeV (1/ads/dyz) (*) |96)] 4(3/3) || < 2.2 0 = my mg5-aMC+NNLO




pp — jet+ X £g.q8.9q — 2j g.q 0.001 =x=<05 Ref. Nt Kin King [GeV] Theory
pp = (W* = £v)+ X ud —» W*,dia - W~ wd i,dg x=107° Tev mw HCEM
pp— (Z > )+ X GG — Z 9.3.8 xZ 107 - W+c, W/Z +jet o o
iy
+ ' - - -
pp—=(Z->{¢{)+X, py 2q(q) — Zq(q) £.4.q x 2 0.01 TeV mw NCFMHjerr;
pp— (¥ =)+ X, Lowmass gg— 9y q.4,8 x = 10 V (pr, pZ < 900 MEFMA, oy
— - - - ' , * Z « 150 MOFM+H e
LHC pp— (' = €'€)+ X, Highmass 43—’ a x201 o DY: Z2pT A s
P = HHjerei
pp — WYe,We sg > Whe,5g > WE 5,5 x ~0.01
~ _ ) [#8] 1(1/1) Q=m MCFMstops+
pp— i+ X gg— 1t g x = 0.01 Al [65] 2 (2/2) Q=m MCFMstop++
— s — — 146 D2y = MCFM
pp — D,B+X gg — &, bb g =10 ﬁ! 10 5 [148] 2/2) Q= mq +Lop+
_ ~ 6 5 W (£=139 fb 1) (*) [134] 1(1/1) Q) = mt MCFM#+top++
pp = Jiw, T+ pp Y (gg) — cc, bb g x = 107,10 . MCFM+top++
pp—y+X 29(@ — v4(g) g x > 0.005 TeV ( t-tbar production | Sherpa+lLO
TeV ( | Sherpa+NNLO
——DaTEEET oL Mot T, Tolllg e v TRy ATLAS £ 4 jots & TeV (1) | Sherpa+HNLO
CDF Z differential [46] 29 (29/29) 0.0 < ypr £ 28 66 < mge £ 116 Sherpa+Vrap [ATLAS ¢ £+jets 8 TeV (1/ode/dm,q)] [67) Ti/T) 35 < myp < 1600 GeV Q= my Sherpa+HALO
= . b 5 . —
D0 Z differential [47] 28 (28/28) 0.0 < e < 2.8 Bf < mge < 116 Sherpa+Vrap ATLAS ¢t 2 8 TeV (1/ads /dyy) (%) (89 5 (5/5) loer| < 2.8 Q=m =g5-alC+ANLD
CMS tf f+jets & TeV (1/oda/dy,;) [70) 10 (9/9) —2.5 < gy < 2.5 Q=m Sherpa+NNLO
[D0 W electron asymmetry| [48] 13 (13/8) 0.0 < ye =< 2.9 0 = my MCFM+FEWZ _ o
) CMS # 2D 26 8 TeV (1/ode/dy,dm,g) (*)  [90] 16 (16,16) |t < 2.5 340 < my < 1600 mgh aMC+HNLO
D0 W muon asymmetry [449] 10 {10,/9) 0.0 = g = 1.9 Q= mw MCFM+FEWZ CMS # £-+iet 15 TeV' (dor/due) (*) 91 10 (10/10) | < 2.5 Q=m, g5 _aMC+HNLO
ATLAS low-mass DY T TeV [53] 6 (4,/6) el = 2.1 14 < my; < 56 MCFM4+FEWE CMS ¢t 26 13 TeV (do/dy) (*) [a2] 11 {11/11) ] < 2.5 Q = my g5 _aMC+NNLO
ATLAS high-mass DY 7 TeV [54] 13 (5/5) el = 2.1 116 £ myp < 1500  HCFM+FEWZ [ATLAS incl. jets 7 TeV, R=0.8] [73] 90 (— f90) ifet| < 3.0 100 < i < 1992 NNLOjet
ATLAS W, 2 7 TeV (£ = 35 pb™1) [61] A0 (3030) |ne.pz| < 3.2 Q=mw.mz MCFM+FEWZ [CMS incl. jets 7 TeV] [147] 133 (—/133) [yl®t] < 2.5 100 < p’.';fb < 2000 HNLOjet
ATLAS W, 2 7 TeV (£ = 4.6 i1 (*) [52] &1 {53/61) |me, vz| = 2.5, 3.6 0 =mw.mz MCFM+FEWZ ATLAS incl. jets 8 AR = 2500 NHLOjet
CMS W electron asymmetry 7 TeV (58] 11 (11/11) el < 2.4 Q= mw MCFM+FEWZ CMS incl. jets B TeV |nC| usive Jet, d 1) et Pr < 2500 HNLOjet
CMS W muon asymmetry 7 TeV [646] 11 {11/11) | < 24 ) = mw MCFM+FEWZ ATLAS dijets 7 TeV, mj; < 4270 NNLOjet
liets 7 T&V (% e
CMS DY 2D T TeV [57] 132 {8&/110) lnee| < 2.2 0.0 < mgg < 20 MCFM+FEWZ CMS dijets 7 TeV ( T il i = mj; < 5000 NNLOp et
[CMS 3D dijets 8 TeV] (*) [148) 122 (122/122) 0.0 < yp,u* < 3.0 L4 S P avg = 1THD NNLOjet
LHChH £ — ee T TeV 0 =mg MCFM+FEWZ
weewz o pr1d DY W, Z (rapidity,asymmetries) Q=mw  Momrmiz  PPAS Rmeln prel { Prompt ] el wemen
[ATLAS W s TE‘I.'rl ': * ) p y’ y Q = my MCFM+DYNNLO ATLAS isolated v prod. 1 p y E-]i-\ = 1500 MCFM+NNLD
ATLAS low-mass DY T8 Tev (7) 78] BT (47, 00] Tier] = 2.4 46 < mygp < 200 MCFM+DYNNLO ATLAS single t Ry 7 TeV (*) [a4] 1(1/1) Q= my mgS_aMC+NNLO
ATLAS high-mass DY 2D & TeV (*) T7] 48 {48/48) e | < 2.4 116 < myp < 1500  MCFM+FEWZ CMS single t o¢ + o7 T TeV (%) [95] 101/1) Q=my =g5-aMC+HNLO
CMS W rapidity 8 TeV [64) 22 (22/22) re] = 2.3 Q = mw MCFM+FEWZ ATLAS singla ¢ R, 8 = m mgS_alC+HNLO
LHCh Z — ce & TaV [61] 17 (17/17)  2.00 < |ne| < 4.25 Q=mz MCFM+FENZ O single £ 8, & Te} Sj I =my =g5_aMCHNNLO
ATLAS single ¢ R, 13 Ingie tOp = m, 2g5_aMC+NNLO
LHCh W, Z — pu & TeV [62] 34 (29/30) 200 < |qu] < 4.25 Q=mz MCFM+FEWZ )
) oo ] ) CMS single t R 13 Te = 1 mg5_aMC+HNLO
[LHCh W — e 8 TeV] {*) [80] & {—/8) 2.00 < || < 4.25 Q= mw Lt ATLAS single ¢ 7 TeV (1/ada/dy) (*) [94] 4 (373) | < 3.0 0 = m, nES_aMC+NNLO
ATLAS ait, 13 TeV (*) [81] F(3/3) Q =mw.mz HCFM+FEWZ ATLAS single t T TeV (1/ada/dys) (*) [94] 1 (3/3) |ug| < 8.0 Q = my nES_aMC+HNLO
LHCh £ — ee 13 TeV (*) [82] 17 {15/18) 200 < |yz| < 4.25 Q=mg HCFM+FEWZ ATLAS single t 8 TeV (1/ada/dy) (*) [96] 4(3/3) || < 2.2 Q = mu ngS_aMC+NNLO
LHCb Z — pp 13 TV (*) [82] 18 (16/16) 200 < |yz| = 4.50 Q=mg MCFM+FEWZ ATLAS single ¢ 8 TeV [1/ada/dys) (*) 9] 4 (3/3) o] < 2.2 Q=my =g5-aMC+NNLD




LHC: SM Production cross sections

Standard Model Production Cross Section Measurements Status: February 2022
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LHC: Inclusive jet production
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CMS 33.5fb" (13 TeV)
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Impact of LHC data:
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NNPDF timeline: from NNPDF4.0 ...

Courtesy T. Giani

09/2021 NNPDF4.0 09/2022
(code and paper) @ o/ 2022 @ PDFs and new physics @ 11/2023 (PDF4LHC25)
[arXiv:2109.02653] Intrinsic charm (Afb asymmetry) IC asymmetry
[arXiv:2109.02671] [arXiv:2208.08372] [arXiv:2209.08115] [arXiv:2311.00743]
@ 01/2024 @ 01/2024 @ 02/2024 @ 06/2024
NNPDF4.0 QED NNEDF4.0 MHOU NNPDF4.0 aN3LO NNPDF4.0 QED+aN3LO
[arXiv:2401.08749] [arXiv:2401.10319] [arXiv:2402.18635] [arXiv:2406.01779]
@ 06/2024 11/2024 11/2024
NNPDF4.0 ] Ensemble-based V] aN3LO combination |01/2|'025' f NNPDF4.0
for MC hyperoptimization (W/ MSHT) 9 fg‘:‘leﬁgtlonS 2 :
[arXiv:2406.12961] [arXiv:2410.16248] [arXiv:2411.05373] (arXiv:2501.10359]
o 03/2025 Q 06/2025
Inconsistent closure tests o (mz) at aN3LO (174 NLOQED
[arXiv:2503.17447]

[arXiv:2506.13871] I&' " () NNPDF4.1
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zf(z,Q?)

MSTH20 aN3LO

MSHT20NNLO, Q2 =10 GeV?2
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Note the strong change on
the gluon at low-x (and also
on charm)
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2411.05373
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MSHT20 and NNPDF4.0 @ aN3LO (combined!
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DGLAP Fits challenges

Differences between the PDF sets persist...

Highly non-trivial inversion problem:

Data = PDF ® oy
/ t \

measure fit predict

- LHC datasets increasingly systematics dominated. Many nuisance parameters!
- “Tensions” among datasets

- Proper treatment of uncertainty correlations (not always precisely known)

- Quantifications of theoretical uncertainties

- Parametrizations and model assumptions

- Closer tests

Clear understanding and/treatment of uncertainties and comparison of methodologies essential
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Final Remarks

Impressive progress in the last few years:
precise/high-energy LHC data matched by
state-of-the-art theoretical predictions
(@N3LO + QED +EW)

Large impact of LHC data on new generations of PDFs

Combination of CMS, ATLAS and LHCb measurements
may increase the potential of the LHC (Run 1,2 and 3)
Data even further (if fully pursued).

It is an easy guess that these trends will continue in
the years to come...
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