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N3LO PDF fits

Why and how?

[ Inclusive Higgs production j

[o Why? PDF uncertainties are becoming a bottleneck for LHC precision measurements)

12 @Iat, Lazopoulos, Mistleberger [1802.00827]

10

—

« N3LO cross sections available for Higgs (ggF, VBF, VH) and DY (NC, CC)

— call for N3LO PDFs to reduce mismatch and PDF uncertainties

e PDF fits at N3LO: how?

o XFitter!
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e Projectin active development
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Nightly “master” branch validated vs several public results

Stable release 2.2.0 (“future freeze”)

Interfaces to ploughshare, hoppet, PineAPPL, CIJET, DYTurbo
N3LO FONLL for APFEL++

Parallel derivatives in CERES, parallel profiling, parallel
asymmetric Hessian uncertainties evaluation
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N3LO PDF fits

Ingredients for DIS PDF fits at N3LO

[- QCD inputs needed for N3LO DIS fits can be grouped in 3 Categoriesj

« N3LO (4-loop) DGLAP splitting functions for PDF evolution

df
Y _p

0’ 402 i ®f = Pilx, o) = (xSPl;O)(x) + aszP;.l)(x) + afPéz)(x) + aS4PZ§.3)(x) + ...

« N3LO matching conditions to change number of PDF flavours at heavy quark mass (m,) thresholds
+1
£ (x, 0% = [ALQYm) ® £1(0H](x)
e N3LO coefficient functions to determine DIS structure functions

F/(x,0) = ) IC), ® £1(x, 0%
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Analysis of HERA DIS data at N3LO

HERA DIS data

o XxFitter analysis based on HERAI+II inclusive [1506.06042] and charm+bottom data [1804.01019]

H1 and ZEUS
"c: 75 e HERANC ep04fb" . HERA ep collider: H1&ZEUS collected ~1/fb of data (Ep = 460/575/820/920GeV, E, = 27.5 GeV)
Ml B HERANCe'p0.5fb"
Z e = 000005 021 Vs =318 GeV - ~N
b"‘ 107 e "B;‘;‘i"(’,‘,’{,’é’{,;;é‘;zfgl_g . O Fixed Target do 271'612 i y y2 ]
ol Ty PORCEREL mmm HERAPDF2.0 e p NLO NC /7 _ V- /7 /7
1050 ".,:::"' 0000516 memm HERAPDF2.0 :*l; NLO € > = | F = - —F7  ye =12 (1Y)’
: :.rr“-""'..,"‘.",..:-n leaj = 0.0008, i=15 dx dQ xQ i Y+ Y+ |
Wi e S S
; Xy, = 0.0032, i= +
5 -W Bjx,,0=m(:.30205, i1=211 + _ 271-“2 dGNC _ vz — y_— viZ y_2 4
10301 '__W . = 0.008, =10 ONC,red = 4 Yy > — 1 )CF3 FL
? __,W Bj X, = 0.013, i=9 xQ dx dQ y+ y+
i '——W 3 .. I s P ) _
1025— N gapa—ss e erewresessteryt X, =0.032i=7 Q ) _ _
| e e Sy Fy~x ) eXq) +g(), xFy~x) 2ea,(qk) - Gx)
W—‘——.—.ﬂm Kpy — 990,
ol ] xg; = 0.13, i=4 - o
; Xy = 0.18,i=3
1 OO e 3 Xp; = 0.25, i=2 é )
ik S — gy = 040, <1 « At HERA dominant contribution photon exchange: u(x) best determined PDF
10 =
i i
10 '2;— . e o Sizeable charm e(x) at low x: up to 30% of F,
10'3:11 YT RS R TTTY BRI R REETTIT RS E T AT
1 10 10° 10° 10" 10° %) :
Q% GeV> « Gluon measured from < dependence of F, or from charm production
[Eur.Phys.J.C 75 (2015) 12, 580]
. Lower accuracy at high x, d,(x) and u,(x) separated using charged-current data

- _J
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Analysis of HERA DIS data at N3LO

Framework and model

« HERAPDF2.0 parametrization [1506.06042]

xu, (x, ug) = Ay, xBw (1 — x)w|1 + E, x?|
xdy, (x,u§) = Ag x W (1 — x)‘dv
xii(x, ud) = AgxBa(1 — x)%%[1 + Dyx]

xd(x,u3) = AzxBa(1 —x)%, xs(x,u?) = x5(x, u3) = ryxd(x, ud) with r, = 1’:}5 (f,=0.4)

Alternative gluon parametrisation [1902.11125] —  xg(x, u§) = Angg (1 —x)%[1 + F logx]

N3LO evolution as implemented in APFEL++ [1708.00911]

FONLL VENS implemented in xFitter, validated with fortran APFEL for N2LO
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~

e Model variations

. 05 =19%0.2GeV?

Q2. =35%1.0GeV?
m, = 1.47 £0.06 GeV

m, = 4.50 £ 0.25 GeV

£.=0.40 + 0.08

Exact |[DESY 24-037] and approximate N3LO flavor matching conditions implemented in APFEL++ [2404.15711]
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https://arxiv.org/abs/1708.00911
https://bib-pubdb1.desy.de/record/611705/files/2407.02006v1.pdf?subformat=pdfa
https://arxiv.org/abs/2404.15711

N3LO fits with xFitter

\Validation at N3LO

a )
e Fit HERA DIS data using exact N3LO matching conditions and validate against

approximate N3LO matching (aN3LO) based on MSHT20 prescription [2207.04739]

. _J
Preliminar

Dataset N3LO aN3LO & [ coiscey O R “ PR
5 | 44N3LO T . f #4N3LO
X 4 3N aN3LO * 03 aNaN3Lo

HERA1+2 NCep 820 66/70 68 /70 | H+aN3LO_aggHt g lil-a:gtg_agg:; c

HERA1+2 NCep 460 222/204  215/204 N 0 =

HERA1+2 CCep 48 / 39 48 / 39 7

HERA1+2 NCem 224 /159 223 /159

HERA1+2 CCem 59 /42 61 /42

HERA1+2 NCep 575 215/ 254 215 /254

HERA1+2 NCep 920 471/377 476 | 377 -

Correlated x* : 106 103 4 Preliminary Preliminary

Log penalty x +9.9 +14 0.2

Total x2 / dof 1422 /1131 | 1422/1131 e , 0t 100 10f 1071

X
« No sizeable difference in the fit quality « Exact N3LO fit shown with experimental + model uncertainty bands

o Large difference for exact N3LO gluon and charm at low x compared
to aN3LO, but within aN3LO uncertainty (aggH1, aggH2)
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https://arxiv.org/abs/2207.04739

N3LO fits with xFitter

\/alidation at N3LO: effect of exact matching conditions on charm

(- Evaluate xe(x) vs Q2 at different Bjorken-x values ]

« Compare results from fits using exact N3LO and approximate N3LO matching schemes (and N2LO fits)

1.0 [ —— approx N3LO, fit — approx N3LO, fit 0.200 -—— approx N3LO, fit
exact N3LO, no fit 0.5 h exact N3LO, no fit exact N3LO, no fit
0.8 [ exact N3LO, fit exact N3LO, fit 0.175 [ exact N3LO, fit
B TR N2LO, fit [ N2LO, fit e N2LO, fit
; 0.4 0.150 |
0.6 | : :
F c g T O 3 :‘- 0.125 iy c
o 04F 5l i o 0.100 |
> ‘ = e i i « Significant differences observed at low x
- 0.2 b
i : 0.075 |
0.2 F i :
. /i{relimina/y 0.1F //re/iminafy 0.050 |- /?,'re/iminary
MO : / 0.025F |
I (T — 0.0001) 0.0 - ( =0.001) a x=0.01
' [ - 2
1 T AN TP 0.000_111111111
0 10 20 0 10 20 0 10 20
0*[GeV?] 0*[GeV?] 0*[GeV?]
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xFitter PDFs at N3LO

PDFs at N3LO vs NNLO and NLO

(- xg, xZ and xc PDFs compared for N3LO, N2LO and NLO perturbative accuracy of the PDF fit)

Q*=1.9 GeV?
~4nilo
3¢ n2lo
4+ n3lo

xg(x,Q%)

N W & O,

A lll

Preliminary

Ll l

102

10

xZ(x,Q%)

0.5

0

Q% = 1.9 GeV?

Preliminary

A l Ll l L.l l

10*

103 102 10" 1

0.2f

=

Q2 =4.0 GeV2
- A4 nllo

| N n2lo
|+ n3lo

Preliminary

103

1074 10"° 1
X

« Fits with alternative gluon parametrisation consistent with HERAPDF style

« N3LO gluon (g) is hardest, also largest at small x

« General good agreement at x > 0.01
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Fit results at N3LO

\/s=920 GeV/ data

f

« Most precise HERA data: all fixed-order fits do not describe well data at lowest x / highest inelasticity y

e Slight low-x improvement at N3LO compared to N2LO

— need In(1/x)-resummation corrections — small-x resummation [1802.00064]

« Enhanced pre-fit normalisation: excess over data for N3LO at intermediate Q2 = 35 GeV? (absorbed post-fit)

J

— F;’/Z — y_—xF%’/Z _ y_Fz/Z — b§ 1.4-e'p — e*'X (NC) b§ of-e'p — e'X (NC)
Y+ Y+ 1.2 . = .
1 Preliminary 150 Preliminary
0.8 1=
0.6 :
0.5
04 . wERA1s2 DataQ*=3.5 - —— HERA1+2 Data Q° = 35
0.2 ¢ 5 uncorrelated — NILO O ¢ 3uncorrelated — N1LO
0 3 total — N2LO B o total — N2LO
- == Theory + shifts ~ —— N3LO ~0.5F = =~ Theory + shifts ~ — N3LO
- = _. aa s aaal A b aaaal A |
- w 1.05F
Q = :
- e &
o o] -
2 2 0.95F
- =

2 F

0.001 0.01 0.1
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https://arxiv.org/pdf/1802.00064

DIS coefficient functions at N3LO

Massive coefficient functions and related uncertainties

e Use approximation of N3LO DIS massive coefficient function of gluon in heavy quark production (and uncertainties) from [2401.12139]

(- Dominant uncertainty from NLL small-x approximation of exact coefficient function )

o Larger uncertainty compared to variations due to approximated and non-singlet splitting functions
5 3.5 o g —
'3:. Q’= 1.9 GeV? ?3 3'5; Q’=1.9 GeV’ % L Q’=1.9 GeV?
S 3f — central S 3F El massive T 16 Bl massive
x — massive_sx_up X F | pure-singlet ' pure-singlet
2.5 — massive_sx_dn 25

— [ non-singlet 1.4 M non-singlet

g

Preliminary

Preliminary ook Preliminary

lllll 'l Lol R 200
10_1 1 lllll L =BT l

X 1074 10°3 1072

111

1 Rl 141 I l
107* 10°3

-
I Op—-
10_2 wul Lo prp nianag L Lo aauul

107" 1 1074 10°3

1 lllll
1072

lllll 1 A L h il
107’ 1
X
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https://arxiv.org/abs/2401.12139

N3LO for charm data

Charm predictions from N2LO and N3LO fits

- N
« Compare ar‘; predictions from N2LO and N3LO fits to inclusive HERA data

. with charm data from H1 and ZEUS combined analysis [1804.01019]
_J

l

: i Preliminary
o= F3T = (yl — > 88 545 __ LR Gharm fitter Dataset N3LO NZLO
oo ] Preliminary HERA ¢ 41/ 47 50/ 47
o HERA b 15/ 26 20/ 26
0.25F. Correlated y? 43 61
i} Log penalty x> +8.6 -5.35
0.15F ~®-DataQ2=18 Total xy? /dof 108 /59 125/ 59
0AE ¥ SUmeomeEied o edkinainn
= Stotal — n2lolnclFit x> p-value 0.00 0.00
0.05F ... Theory + shifts  — n2loInclFitFF
2 1 2:'ul a2 aaaaal A d 2 aaaaal At s aaaasl A d a2 aaaasl
© e
% 1 @ (- Improved )(2 / dof for the N3LO fit)
goosg T
= 0.00001 0.0001 0.001  0.01 0.1

X
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https://arxiv.org/abs/1804.01019

Overview of N3LO xFitter PDFs

Complete PDF uncertainty budget

(- PDFs from N3LO fit to HERA inclusive + charm and bottom data)

e Model and theory uncertainties included

o Approximation of singlet and non-singlet 4-loop splitting

functions based on known Mellin moments

« NLL small-x approximation of exact DIS massive coefficients

« Leading model uncertainties from m,, m_. variations

( PDFs at the starting scale)
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Overview of N3LO xFitter PDFs

Complete PDF uncertainty budget

(- PDFs from N3LO fit to HERA inclusive + charm and bottom data)

e Model and theory uncertainties included

(. PDF relative uncertainties at 0 = M_ j

. Large uncertainties for xd, (x) and xu,,(x) at low x

o Significant theory uncertainty for xg(x) at x < 0.01

« xc(x) and xb(x) uncertainties driven by m_ and m_variations

J
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Overview of N3LO xFitter PDFs

Comparisons to existing aN3LO sets from global PDF fits

(- PDFs from N3LO xFitter fit to HERA inclusive + charm and bottom data in comparison with NNPDF40 _an3lo and MSHT20an3Io]

Nc,z 1-_ Qz =19 GeV2 g;f'/r{c’/ Nox.. 0_6:_ 02 =19 GeV2 g)_-’ftzer g 12 02 =1.9 GeV2 ,r:_f/iTEf hé: - Q2 =19 GeV2 g}-’/n’er
~g - A4 nnpdf = [ 44 nnpdf - 44 nnpdf ~ 2} 4% nnpdf
>=<’> - X xFitter f [ 3¢ xFitter =4 10 >« xFitter % - > xFitter
0_8_{-|-|»msht 0.5~ 4 msht H+ msht |+ msht
: . . 0.4 . o ° I . . 1.5 II
sl Preliminary “t Preliminary 6 Preliminary
: 0.3 il 1 3
0.4 g I
i 0.2 2 I
0.5
0.2} 03 0 P
: S -2 - Preliminary
0 r ol vl vl Lol 0= vl Ll vl 1111 L 3l L 1 1l vl L1 OI_ + 1 a0l AT ETIT | L el L
10 10° 102 10" o ! 107 10° 102 10 o ! 10°* 10° 1072 10 o 107 10° 102 10 .
G oaf 6‘02 = GeV? xfiter g | Q?=100 GeV? séiter
© L 7% Nnnp = - A4 nnpdf
< : ?éiXFi:ef e 0.8—:<‘xFi':ter
[ H+ msht -
0 Brefimi g . Good overall agreement for u,,
reiiminar 2
y eliminary 08 Preliminary
. XFitter d,, in disagreement with NNPDF40 and MSHT20
0.1 4 b
SSa— ool « MSHT20 outlier forg and ¢
 corenll o el emed o e T — « NNPDFA40 outlier for b
107 10°° 102 10" o 10 103 102 10~ o1
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XFitter N3LO PDF fit in action

Impact on LHC predictions

r N
« Put xFitter N3LO PDF fit in action: compute inclusive cross sections for gluon-fusion Higgs (ggH)
and neutral-current DY (Z) production with the n3loxs program [2209.06138] using xFitter PDFs

g y,
ﬂ $§ Scale and PDF 29 #§ Scale and PDF
1980 B PDF B PDF ~
1960 L i o« Compare predictions at NLO, N2LO and N3LO
. S0F using input PDFs from xFitter fits performed at
1040 F : .
Z HHO : E the same perturbative accuracy
= 1020 o |
o ; RO Y = e PDF uncertainties for N3LO predictions
( - ] . - -
100 ¢ : include theory uncertainties
wn i —
~ 1880 F S ' i
© ; s 40| o Better perturbative convergence for ggH
0 B Preliminary | Preliminary | |
i » e PDF uncertainty remains large for Z at N3LO
1840 ; X
: 35 F
1820 B . : : L : : . | £ [ : P L — R
NLO N2LO N*LO NLO N2LO N*LO
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https://arxiv.org/abs/2209.06138

Conclusion

Summary and outlook

~

-
e XxFitter DIS-only analysis with consistent N3LO modelling of evolution and coefficient functions
e First analysis including exact matching conditions
o Residual uncertainties originating from heavy flavour coefficient functions
o Visible impact on PDF (i.e. largest gluon at small-x) and predictions for the LHC
o Further studies including small-x resummation ongoing
g y

%H’Zz‘er
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Analysis of HERA DIS data at N3LO

HERA DIS data

NC: ep—e'X CC:ep—-v X
e' Ve
e ¢
Y/Z W
p —
ix P —1X
doy,. B 2o’ [ 1 ]2 [Yﬁ' B 2
— s = Py + 2+Y_xF;—yFL:|
dxdQ X Q0 2 Y, =1+(1-y)
do, G; My VETY xWE— VWE
dxdQ* ~ Armx [M§+Q2] Y, W5 Y xW = W |

F, o< ) (xq,+x4,) xF, o< ¥ (xq, — xq,) F, = @, - xg(x,0)
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Approximate N3LO

N3LO with approximate matching vs N2LO and NLO

[- Compare fits to HERA DIS data at NLO and N2LO with approximate N3LO (aN3LO) J

02 =1.9 GeV2
L —NLO

. — N2LO
. — aN3LO0

XFitter

Preliminary

103

1072

Preliminary
Dataset ‘ NLO ‘ N2L.O ‘ aN3LO
HERA1+2 NCep 820 68 /70 67 /70 68 /70
HERA1+2 NCep 460 217 /204 218 /204 215 /204
HERA1+2 CCep 43 / 39 44 / 39 48 / 39
HERA1+2 NCem 218 /159 216 /159 223 /159
HERA1+2 CCem 53 /42 56 /42 61 /42
HERALY? NCepa/o | 216 /254 220/ 254 215/ 254
HERA1+2 NCep 920 424 | 877 452 | 377 476 | 377
Correlated y? 77 98 103
Log penalty x? +7.7 +14 +14
Total 2 / dof 1325/1131 | 1385/1131 | 1422/1131

107" 1

o Approximate N3LO flavour matching conditions based on MSHT20 approximation [2207.04739]

(- aN3LO gluon is more negative at low x at the starting scale) — Worst y2 / dof

Studies of N3LO Fits to DIS Data Using xFitter | F. Dattola
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https://arxiv.org/abs/2207.04739

Approximate N3LO

N3LO with approximate matching vs N2LO and NLO

~ )
o Prescription based on MSHT20 allows variations of approximated transition matrix elements

accounting for missing corrections

N y
. lnz
o Aéi’])H = A In*(1 —x) + Ay In(1 — ) + A3 2° + Ay Inz + As 2+ age e + — —2000 < a,, y < =700
) I €T : ’

. —2000 < a,, ; < — 700 induces large effect on gluon/charm at low x (aggh1, aggh2)
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