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What are we aiming to achieve?
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Fact II:

The SM cannot be the ultimate theory!

7. anomalous magnetic moment of the muon shows a ~ 4 o discrepancy

Sven Heinemeyer, ICHEP 2022, Bologna, 12.07.2022 [adapted] 4

the puzzle evolves

Gavin Salam ICHEP 2022
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g,-2: largest theory uncertainty is “"HVP"
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R-ratio method: re-interpret s-channel ete— — hadrons data

Davier-Hoecker-Malaescu-Zhang, 2019
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https://agenda.infn.it/event/28874/contributions/168989/attachments/94380/129125/C%C3%A8_ICHEP2022.pdf

2022 news: lattice & R-ratio results in time/energy windows

Covering whole region at high precision is challenging for lattice calculations
— but individual time/energy regions are more accessible
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Intermediate window: 2 new lattice results (ETMC-22 & CLS/Mainz-22)
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adapted from Frezzotti » Highest precision lattice results mutually

e ETMC-22 consistent (more to come soon)

» Difference in this window alone (~7) not
T BMWc-20 enough to explain g,-2 (~25), but
enhances credibility of full BMWc-20
result

CLS/Mainz-22

(informal)
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average » Tension between lattice & ete- data
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adapted from Frezzotti@ICHEP

a,"'" window observables: SM (lattice) vs. experiment (R")

SM predictions from lattice QCD + QED (col. 2,3,4) against R" data driven results (col. 5, 6)
latt. “aver.” <> our average of the “independent” results from ETMC-22, CLS-22 and BMW-20
WP-proc.('22) +» 2205.12963 (Colangelo et al.) with merging procedure of 2006.04822 (WP)
KNT('19-22) < Keshavarzi, Nomura, Teubner: 1911.00367 + private communication (2022)

obs.(HVP-LO) ETMC-22 BMW-20 latt. “aver.” | WP-proc.('22) | KNT('19-22)
a) ap 10 69.33(29) — — 68.4(5) 68.44(48)
b) aY 107 235.0(1.1) | 236.7(1.4) | 236.08(74) 229.4(1.4) 229.51(87)
c) avP1010 — 707.5(5.5) - 693.0(3.9) 692.78(2.42)

stop press: 2207.04765 Fermilab Lattice/HPQCD/MILC also consistent with ETMC-22 SD+W


https://agenda.infn.it/event/28874/contributions/169032/attachments/93919/129127/talkRF_v10.pdf

oM papers

BSM papers

Refs to CDF W-mass paper, as of 2022-07-11
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Amy of 100 MeV — 0.5 — 2/ change In spectrum

transverse mass spectrum impact of Amw=100 MeV
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» naively that would translate to
50-200 MeV on mw

» instead actual experimental
analyses exploit (assumptions
about?) similarity between W & Z
distributions

» requires deep understanding of
small differences between W & Z-
boson production

cf. also talk by Ferrera@ICHEP

Best ACD predictions (N3LL + N3LO0) for W/Z processes reach ~ 17
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https://agenda.infn.it/event/28874/contributions/168978/

Best ACD predictions (N3LL + N3LO0) for W/Z processes reach ~ 17

» naively that would translate to
50-200 MeV on mw

» instead actual experimental
analyses exploit (assumptions
about?) similarity between W & Z
distributions

» requires deep understanding of
small differences between W & Z-
boson production

Gavin Salam
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Studies specific to CDF analysis: no signs of obvious big trouble

oMy, in MeV |sta. NNPDF3.1 CT18 MMHT14 NNPDF4.0 MSHT20

(M7)(LO) | - 0Tgs  —1.07%°, —3.3705 +7.8T)7 —=3.177
C fit (LO) [80  0%pg  —1.0%3 =3, 3r§é -—S.Orgg 3, otig
(M7)(NLO) | - 072 42705, —5.0075  +6.97¢5 T 6+6 7

it (NLO) [80 0712 —dgryl, —5.17 i 47171 78]
CDF 9.2 07337 - ~ _ -

Impact of PDFs: Gao, Liu & Xie, 2205.03942

70. The CDF experiment used an older version of the RESBOS code that was only accurate at
NNLL+NLO, while the RESB0S2 code is able to make predictions at N°LL+NNLO accuracy. We
determme that the data-driven techniques used by CDF capture most of the higher order corrections,
and fusing hlgher order Correctlons Would result 1r1 a decrease 1r1 the Value reported by CDF by at4

\most 1() MeV y ‘

Impact of Resbos — Resbos2: Isaacson, Fu & Yuan, 2205.02788



Modelling W and Z production for M, determination
Theoretical prediction QED corrections in differential

events.
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Giancarlo Ferrera — Milan University & INFN
Drell-Yan production at N3LL+N3LO in QCD

TMD-PDFs & non-perturbative effects in pT distributions:
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p% [GeV]

Z production at the LHC [LHCb Coll. (’22)]. LHCb data and Z g7 distribution for
the different candidate models compared with LHCb data.

Bozzi@ICHEP, Hautmann@ICHEP (cf plot),

Keersmakers @ICHEP

Coefficient A; for W~ (inclusive rapidity)

angular coeffs at p:>0
NNLO QCD+NLO EW
Pellen et al, 2204.12394 —.__
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https://agenda.infn.it/event/28874/contributions/168978/
https://agenda.infn.it/event/28874/contributions/168987/attachments/94639/129651/Bozzi_20220709.pdf
https://agenda.infn.it/event/28874/contributions/168992/attachments/94746/129835/tk_ichep22_july9.pdf
https://agenda.infn.it/event/28874/contributions/169931/attachments/94534/129427/ICHEP2022LissaKeersmaekers.pdf

: : : Behring et al, 2103.02671
impact of mixed QCD-EW corrections: agw x 05 e alo differntial QED: Eerrera @ICHEP

........................................................................................................................ high-mass: talk by Signorile-Signorile
& Armadillo et al, 2201.01754

» full study of fit to distribution not easy at fixed order

» instead study mass determination from mean lepton p:, inclusive or fiducial
(here just the production corrections; decay corrections should factorise)

oMz omw difference
(scaled by mw/mz)

inclusive <{py,y @ aew —32 MeV ~32 MeV 0.3 MeV

Inclusive {py,) @ dew 0s +62 MeV +55 MeV -7 MeV
fiducial <{py) @ aegwas |ATLAS cuts] -17+2 MeV

» relevant for both Z-calibrated methods (impact may be moderated by tuned
fiducial cuts) & standalone W methods. Needs more study (e.g. differential)
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Gavin Salam ICHEP 2022 16
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Parton Shower accuracy

» standard parton showers are

Leading Logarithmic (LL),

increasingly a limitation

only dipole showers
(Sherpa/Dire/Pythia/Herwig)

get right nested large-angle
emission pattern

(e.g. affects lepton isolation eff.)

» several groups producing
new generation of showers

aiming for NLL

| Nagy&Soper, PanScales, Holguin-
Forshaw-Platzer, Herren-Hoche-Krauss-
Reichelt-Schonherr]

1
1
A 1
A []
A 1
' 1
\‘ '
. 1
N 1
‘ |
' 1
1} 1
1} 1
A} []
A ]
\‘ '
s !
!
W 1
N
m ‘ E M

only angular-ordered showers (e.g. Herwig)
get right pattern of W/Z recoil & associated radiation



lim ZPS(AI aS)/ZNLL(Ar as)

as—0
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van Beekveld, Ferrario Ravasio, GPS, Soyez, Soto Ontoso, Soyez, Verheyen, 2205.02237

New PanScales NLL hadron-collider showers
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NLL test for pyz, extrapolation as—0

Ipp—>Z, \/E/mz=l5, yz=0

H --=- Dipole-k¢(local)
Dipole-k¢(global) -
B —— PanGlobal(Bps=0)
PanGlobal(Bps=0.5)
PanLocal(Bps=0.5, antenna)
PanLocal(Bps=0.5, dipole)
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A =asInpz/m;
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idem + Hamilton to appear, Ferrario Ravasio @ ICHEP

(scalar) p: In a fixed rapidity slice

expected (pp—-2)
shower (pp—-2)

expected (pp—H) .
shower (pp—H)

i PanGlobal(Bps = 0)

i NLL for large-angle

radiation

\/E/mx = 5; Vx = 0, CF = CA/Z =4/3
|Y| <1, as= 10_9, Nmax, gen = 13

—0.2 —0.1

—0.4 —0.3 0.0

—0.3 —0.2 —0.1

A= as In(kt, ince/mX)
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https://arxiv.org/abs/2205.02237
https://agenda.infn.it/event/28874/contributions/169021/attachments/93781/128113/slides_ferrario.pdf

van Beekveld, Ferrario Ravasio, GPS, Soyez, Soto Ontoso, Soyez, Verheyen, 2205.02237

New PanScales NLL hadron_coulder ShOWB rS idem + Hamilton to appear, Ferrario Ravasio @ ICHEP

NLL test for p:», extrapolation a;—0 and much more, e.g.

1.05 — |
pp=Z, Vsimz=5, yz=0 » conceptually, practically simple soft spin

1.00 F~pdd——p PP correlations

~ 0.95} i (Hamilton, Karlberg, GPS, Scyboz,

S Verheyen 2111.01161)
= 0.90 -

= » calculations for steps beyond NLL
N 0.85F -

I » collinear splitting: Dasgupta, El

- 0.80F | - Menoufi@ICHEP 2109.07496;
< H --=- Dipole-k¢(local)

8 0.75 H = =« Dipole-k(global) _ > subleading non—global logs: Banfi,
ce |/ — PanGlobal(Bee=0) Dreyer, Monni, 2111.02413; NNDL
=5 0.70/ ®  PanGlobal(Bpe=0.5) - > multiplicity at NNDL: Medves @ICHEP

065 1{’ b PanLocal(Bps=0.5, antenna) _ Soto-Ontoso, SOYGZ, 2111.02413

’ [ PanLocal(Bps=0.5, dipole) » phenomenological use (a year or two
0.60 | | | |

-0.4 —0.3 —0.2 -0.1 0.0 away)

A =asInpz/m;


https://arxiv.org/abs/2111.01161
https://agenda.infn.it/event/28874/contributions/169012/attachments/94394/129148/ICHEP2022.pdf
https://arxiv.org/abs/2109.07496
https://arxiv.org/abs/2111.02413
https://agenda.infn.it/event/28874/contributions/169030/attachments/94149/128664/lund-multiplicity-ICHEP-medves.pdf
https://arxiv.org/abs/2111.02413
https://arxiv.org/abs/2205.02237
https://agenda.infn.it/event/28874/contributions/169021/attachments/93781/128113/slides_ferrario.pdf
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the master formula

= Z [dxldxz fi/p(xl) ]j-/p(xz) O(XX5S8) X [1 + O(AN/M )p]

Ly



PDFs

MH Cross Section ~ TH Gaussian “
(GeV) (pb) % ”

125.00 4.858E+01 +3.9
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Several major updates in past two years

» PDF4L.HC21: 2203.05506 (based on CT18, MSHT20, NNPDF31)
» NNPDF40: 2109.02653

» MSHT20QED: 2111.05357

» MSHT20: 2012.04684

® o o

Gavin Salam ICHEP 2022
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https://arxiv.org/abs/2203.05506
https://arxiv.org/abs/2109.02653
https://arxiv.org/abs/2111.05357
https://arxiv.org/abs/2012.04684

Comparing modern PDF sets

1.10

- —— (CT18

108 MsHT20

1.06 f —— NNPDF40
1.04 b
1.02 b

1.00 |

0.98 }

gg-lumi / gg-lumi(NNPDF40)

0.96 |

gg partonic luminosity (Vs = 13TeV)

a;(mz)=0.118

104

Mgy [GeV]
NNPDF40 presented @ICHEP by Stegeman
NB: PDF4LHC21 uses CT18/MSHT20/NNPDF31

103

gg-lumi, ratio to PDF4LHC15 @ mH

\

PDF4LHC21 0.9930 = 0.0155
CT18 0.9914 += 0.0180 X3
MSHT20 0.9930 = 0.0108
NNPDF40 0.9986 = 0.0058

Amazing that MSHT20 & NNPDF40 are
reaching %-level precision

Differences include

» methodology (replicas & NN fits,
tolerance factors, etc.)

» data inputs

» treatment of charm

At this level, QED eftects probably no
longer optional (MSHT20QED: 0.9870)



NNPDF40 has many checks: e.J. removing DIS data (and associated worries about sizeableA2/02 corrections)

1.15 - g at 100 Gev g (NNLO) PDF at Q2 = 1.9 GeV?
IIIIIII| I IIIIIII| | IIIIIII| | IIIIIII| | T T T
/! NNPDF4.0 (68 c.l.+10) 250 | MSHT20 NNI;O ag (M) =0.118 ——— -
| 7777 NNPDF4.0 (collider only) (68 c.l.4+10) MSHT20 NNLO a, (mz®) = 0.118 no HERA ———
1.10 200 L
Sr- 150 |-
é 105 B 100
4 \
= 0.50 —
)
.9 \ _050 (LR
E 0.95 - A N
oc “ -1.00 —
ih
0.90 - \ 150 g
\ 200 Q2-19Gev2
0.85 ——r : : ——r : : S : : S : : .!. - | | IIII| | IIIIII| | | IIIIII| | | IIIIII| | | L 111
10~ 1073 1072 1071 10° 1072 104 108 107 1071
X

Reassuring indications that results are not (substantially) affected by A*/Q?
corrections from low-Q? DIS part of fit

Gavin Salam ICHEP 2022



Courtoy et al, 2205.10444

NNPDF40 query: samplmg quallty using NNPDF public code

Oz [Pb] | . .
795 j Construct new replicas as linear
A, c [-35,0] combinations of NNPDF replicas
790 X, [-35,0] vrvv )
~ NNPDF4.0 (nominal) .o Some of them (cyan points) have
| v
785 lower y* than NNPDF central PDF
S 760 Many of those lie well outside
nominal NNPDF40 68%cl region
775
70 nominal ATLAS 13TeV
NNPDFlnll 68/ cl
85 460 465 470 5 480 485

OH [pb]


https://nnpdf.mi.infn.it/nnpdf-open-source-code/

Courtoy et al, 2205.10444

NNPDF40 query: samplmg quallty using NNPDF public code

oz [pb]

795 Construct new replicas as linear
- Ax, 1350 combinations of NNPDF replicas
790 A, ,°c [-35,0] vrvv |
~ NNPDF4.0 (nominal) .o Some of them (cyan points) have
| v
785 lower y* than NNPDF central PDF
S 760 Many of those lie well outside
nominal NNPDF40 68%cl region
775
I uat 1.65 GeV
70 nominal ATLAS 13TeV - -
NNPDFI;U 68 el | "| NNPDF40 (Stegeman @ICHEP)
5 L e wre ars aso ass %1 note that new replicas lie within
°21 set of existing ones.
OH [Pb] fexisting
01 More study needed

1072 10~ 103 1072 1071 100
Y


https://nnpdf.mi.infn.it/nnpdf-open-source-code/
https://agenda.infn.it/event/28874/contributions/169013/attachments/93896/128368/Stegeman-ICHEP22.pdf

sto . | 3 o |
fl rSt approx N3L0 PDFS Approximate N°LO Parton Distribution Functions

with Theoretical Uncertainties:

MSHT20aN’LO PDFs

99— H (p=mu/2) arXiv:2207.04739v1
. [adapted], all Wlth N:))LO o J. McGowan®, T. Cridge?®, L. A. Harland-Lang®, and R.S. Thorne®
; . .
> _
§ NNLO PDFs iinclude;1 approx1mat;ons & data
45 - , riven I N3L
§  aN’LO (H, + K;,)' PDFs __{_f ven fits to parts of N3LO
~ L1 currently unknown
$ aN’LO H/ ! PDFs
40 - » 7.6% decrease in Higgs cross
2 Light: PDF + Scale uncertainty section (w. N3LO o)
"“'b"' Dark: PDF uncertainty
» PDF part of uncertainty goes up
o order PDF order o (pb) + Ao, — Ao (%) by x2.5-3
PDF uncertainties
aN®LO (no theory unc.) 44.164 + 3.03% - 3.13% » fairly surprising; starting point for
NSLO aNBLO (HZ] + K’LJ) 44.164 + 334% - 315% f . . .
aN3LO (H.) 44.164 + 3.43% - 3.07% many ruture investigations
NNLO 47.817 + 1.17% - 1.22%




the perturbative part

my Cross Section | uuiA
(GeV) (pb) | |

125.00 4.858E+01

o= ), | dxidx fi, () fip )@ Cps)x 1+ OA/MY|

L Standard QCD+EW perturbation theory

28



[adapted from Alexander Huss @ Higgs 2021
GLUON FUSION - THE ERROR BUDGET see his slides & Tancredi@ICHEP for more]

[Czakon, Harlander, Klappert, Niggetiedt ’20] Sources OF Uncertainties:
Remove one source of uncertainty! - 1E
Future: 10 - 12
light-quark mass effects «++----.oco.... 2 g R 13
large logs to resum? el x =
:é "6 . N 1/mt) 7 g
S - ‘ 13
S | e S(EW) I
4 QCD theory 12
[Becchetti, Bonciani, Del Duca, Hirschi, Moriello, Schweitzer '20] i uncertainties o(PDF-TH) ]
2 - : _
Reduce uncertainty: ~ 1% — 0.6 % : b(scale) _
O L ! ! ! | : ! ! | ! ! ! | ! ! ! | ! ! ! [ ]
Future: 0 20 40 60 80 100
Collider Energy / TeV
quark-induced EW contributions
large p%l? o(PDF + «a) more data & accurate determinations

m, dependence in QCD amplitude? 6(PDF — TH) — missing N3LO PDFs

4-1oop splitting (low moments): Moch, Rujil, Ueda, Vermaseren & Vogt ‘21
Drell-Yan @ N3LO: Duhr, Dulat & Mistlberger, ’'20, ‘21
still to be incorporated into PDF fits


https://indico.cern.ch/event/1030068/contributions/4408795/attachments/2330670/3971655/Higgs2021_Huss.pdf
https://agenda.infn.it/event/28874/contributions/172620/

N3LO

NNLO

NLO

LO
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QCD fixed-order as of 2022 .
recent

el g

most procs. known
(some w. public code)

some procs. known
/ no public code

some Inputs known
(no full calcn)
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B N N N

split.

te 271 292 293 2904 295




Wbb @ NNLO

crucial background to

> pp — WH( — bb)

> single top, pp — bt(—= bW)
Done with massless b-quarks

First 2—3 NNLO calculations with
massive final-state particle (i.e. W)

Bayu Hartanto @ ICHEPB, with Poncelet,
Popescu, Zoia, 2205.01687
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https://agenda.infn.it/event/28874/contributions/169930/attachments/93980/128473/Bayu_ICHEP_2022.pdf

3-loop amplitudes for 2— 2 processes (crucial part of N3L0 2— 2)

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000

oo " Bargiela @ ICHEP

Towards 3-loop revolution

3-loop amplitude milestones

1—1 QCD [Tarasov et al. PRLB 1980]
Yy 2—1 QCD [Moch et al. arXiv:0508055]
2—2 SYM [Henn, Mistlberger arXiv:1608.00850]

first 3-loop 2—2 QCD results

qq — 7YY [Caola, Manteuffel, Tancredi arXiv:2011.13946]

qq — qQq [Caola, Chakraborty, Gambuti, Manteuffel, Tancredi arXiw:2108.00055]
Ly gqg — Yy [PB, Caola, Manteuffel, Tancredi arXiv:2111.13595]
gg — gg [Caola, Chakraborty, Gambuti, Manteuffel, Tancredi arXiv:2112.11097]

challenge = complexity

# diagrams OL 1L 2L 3L

qQq — Yy 2 10 143 2922
qq9 — qq 1 9 158 3584
gg — vy 0 6 138 3299
99 — 99 1 81 1771 48723

Piotr Bargieta University of Oxford

Three-loop four-particle QCD amplitudes 5/12



3-loop amplitudes for 2— 2 processes (crucial part of N3L0 2— 2)

coe Bargiela @ ICHEP

Towards 3-loop revolution compact result even for the most complicated helicity configuration

3-loop amp

——++
1—1 QCD Tarasov et al. |
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Three-loop four-particle QCD amplitudes




the non-perturbative part at
hadron colliders

0= Z [dx 1dxy fir, (X)) [ () 6(x1x8) X |1 +




What is value of pin (A/Q)’? [\ ~ 1 GeV]

> Jet physics at LHC is dirty because p = 1 (hadronisation & MPI)

» LEP event-shape (C-parameter, thrust) a, fit troubles are complex about because
p=1A~05GeV - (A/20GeV) ~ 2.5 %

» Hadron-collider inclusive and rapidity-difterential Drell-Yan cross sections are

believed to have p = 2 (Higgs hopetully also), so leptonic / photonic decays should
be clean, aside from isolation.

A ~0.5GeV — (A/125GeV)* ~ 0.002 %
[Beneke & Braun, hep-ph/9506452; Dasgupta, hep-ph/9911391]

» But at LHC, we’re also interested in Z, W and Higgs production with non-zero p;
Nobody knew if we have (A/p;)” with p = 1 (a disaster) or p = 2 (all is fine)

Gavin Salam ICHEP 2022

34



What is value of pin (/A/(Q)”? — answer appears to be 2

Limatola @ ICHEP

o We consider the process (see also Ozcelik @ ICHEP)
d(p1)y(p2) = Z(p3)d(pa) to
work in the Large-ny limit and ——@=— > -y =
to preserve the azimuthal color f“é | critical for
asymmetry (Ecar = 300 GeV) “ viability of LHC
precision
::Z H;EE:‘%%; We (Ferrario Ravasio, GL, Nason ('20)) found programme,

especially

highest-
precision

No numeric evidence of a IR linear renormalon | .
for the transverse momentum of the Z boson! \ eptonic

measurements

[ p$=40GeV,0<y,<0.6

| | |
0 0.5 1 2 3 4 5

Ferraro Ravasio, Limatola & Nason, 2011.14114
+ analytic demonstration in Caola, Ferrario Ravasio, Limatola, Melnikov & Nason, 2108.08897 , idem+ Ozcelik 2204.02247



https://arxiv.org/abs/2108.08897
https://arxiv.org/abs/2204.02247
https://agenda.infn.it/event/28874/contributions/168977/attachments/93949/128351/ichep22_limatola.pdf
https://agenda.infn.it/event/28874/contributions/169026/attachments/94074/128549/ICHEP_OZCELIK.pdf

outlook



Concluding remarks

» impact of strong interactions stretches from 0.1 GeV to highest energy scales we can
probe

» understanding QCD (& EW) corrections is crucial for drawing conclusions from
precision measurements and direct searches for new physics

» as we approach high-precision, we should expect to be confronted by conceptual
problems that we could, so far, ignore

» diversity of approaches likely to be crucial to make sense of next decades’ data
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running to Z pole — results and comparison

Marco Ce (AEC & ITP, Universitat Bern)
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the hadronic running of the electroweak couplingsfrom lattice QCD

0.0290

CLS/Mainz results
show consistency
of QED coupling

running to
Z pole with R-data &
EW precision results

08/07/2022 10/14



arX1v:2207.04765v1

Windows on the hadronic vacuum polarisation contribution to the muon anomalous magnetic
moment -~
= 0.04- (au(expt) — au(R))/au(R)
C. T. H. Davies,! * C. DeTar,” A. X. El-Khadra,>* Steven Gottlieb,” D. Hatton,! A. S. Kronfeld,® S. Lahert,’ S@i --------------------------------------------------
G. P Lepage,7’T C. McNeile,® E. T. Neil,” C. T. Peterson,’ G. S. Ray,8 R. S. Van de Water,® and A. Vaquelro2 ~— 0.03 -
(Fermilab Lattice, HPQCD, and MILC Collaborations)* 5 .
5= 0.02 - + ¢
S ® o
| 1
1T t—t1\ = 0017 4 t1=1.0fm t;=1.5fm
O(t,t1,At) = = |1 — tanh . (3) = t;=0.5fm f
2 At SX ()0 Frrrrrrrrasrn it
B B = O
The contribution to a,, from this window is then o0l
oo 0O 10 20 30 40 50 60 70 80 90 100
w 2% w % HVP in window
ay(t, A = (2) [ dtGrp(OKED), @
0
with a modified kernel, FIG. 11. Fractional difference between determinations of a, from
the lattice and from R_+_.- with one-sided windows for different
K g (t) = K¢ (t)@(t7 t1, At). (5) values of ¢1. The differences are plotted versus the fraction of the

total HVP included in the window. We have insufficient statistics to
give reliable results for ¢; > 21m (grey shading). For comparison,
the current difference between the experimental average for a,, and
the SM a,, using the data-driven HVP contribution divided by the
SM a,, 1s 0.036(9) (blue band).



The muon g-2 anomaly confronts new
physics in ¢e= and y~ final states scattering

Luc Darmé,*® Giovanni Grilli di Cortona,” and Enrico Nardi®

“Institut de Physique des 2 Infinis de Lyon (IP2I), UMR5822, CNRS/IN2P3, F-69622
Villeurbanne Cedex, France

b Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di Frascati, C.P. 13, 0004/
Frascati, Italy

E-mail: 1.darme@ip2i.in2p3.fr, grillidc@lnf.infn.it,
Enrico.Nardi@lnf.infn.1it

arX1v:2112.09139v2 [hep-ph] 21 Feb 2022

ABSTRACT: The 4.20 discrepancy between the standard model prediction for the
muon anomalous magnetic moment a, and the experimental result is accompanied

by other anomalies. A crucial input for the prediction is the hadronic vacuum po-

HVP
0

most accurate determinations of oy,q from KLOE and BaBar disagree by almost

larization a inferred from oy,q = o(ete” — hadrons) data. However, the two

3 0. Additionally, the combined data-driven result disagrees with the most precise

HVP
7

be accounted for by a new boson produced resonantly around the KLOE centre of

lattice determination of a by 2.1 0. We show that all these discrepancies could
mass energy and decaying promptly yielding eTe™ and pp~ pairs in the final states.
This gives rise to three different effects: (i) the additional e™e™ events will affect
the KLOE luminosity determination based on measurements of the Bhabha cross
section, and in turn the inferred value of oy,.q; (ii) the additional pu*u~ events will
affect the determination of oy,q via the (luminosity independent) measurement of
the ratio of 7" 7w~ versus put =7y events; (iii) loops involving the new boson would
contribute directly to the prediction for a,. We discuss in detail this possibility, and
we present a simple model that can reconcile the KLOE and BaBar results for oy,q,
the data-driven and the lattice determinations of aEVP, the predicted and measured
values of a,, while complying with all phenomenological constraints.



Removing LHC data

Ratio to NNPDF4.0

Gavin Salam
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» LHC data appears to be
dominant in constraining
the gluon

» One clear question is how
to interpret gg-lumi

< 1 % when

all input cross sections at
hadron colliders have

uncertainties

larger theory uncertainties.
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NN (PDFs), cross validation & uncertainty biases? Hunt-Smith et al, 2206.10782

1.20F
1.2F
100k 5
A O .0 .. .O O. .. O. .0 O. .O
& 075_ p i A 4 0 AL L
~ o 1.0 <
b o pum|
050_ ,lg “.
;.. parametrised (~ true law) %/~
U207 0.8 with “data resampling” D
(~ Hessian)
0.00 . . . VA
0.2 0.4 0.6 0.8
L

NNPDF closure tests are designed to reveal any bias of this kind in full fit (none seen).
But this toy-model test raises question of interplay between priors (parametrisation) & result



2207.02122 LH Wishlist

N*LOgep + NYLOgepsew

) =V NYILO
process known desired e N*LOgw
NLOgw
3 NLOQCD
NNLO NLO
N LOHTL 4 . pp— VV’ qcp oW (gg channel, w/ massive loops)
" N LOHTL (1n€1.) +NLOgcp (99 channel) (L.1)
pp — H NNLOYL, N L0gepey
QC (b,C) pp—V+J NNLOgep + NLOgw hadronic decays
(1,1)1 ~(HTL) NNLOgep Q
N ) LOQCD@EW o V42 NLOgep + NLOgyw (QCD component) NNLOgan
NLOgep + NLOgw (EW component)
H ) pp = VV' +1j NLOqep + NLOgw NNLOgep
pp — —1_ .] NLOQCD NNLOHTL ® NLOQCD + NLOEW NLOgcp (QCD component)

pp — VV' 425 Full NLOgcp + NLOgyw
NLOqcp +NLOgw (EW component)

N(l’l)LOQCD@)EW

pp— W W' +2j  Full NLOGcp + NLOgy

W W™ +2j NLO NLOgw (EW componen
NLOgTr, ® LOgcp " o acn * XH0gy (B component)
3 (VBF") NNLOHTL & NLOQCD + NLOEW pp =W Z+2j  NLOgcp+NLOgw (EW component)
N°LO incl. . pp — 27 +2j Full NLOqcp + NLOgw
H 495 QCD 31+ ~A(VBF")
pp — H + 2) VBF* N LOQCD SV NEOqep NLOgep + NLO
NNLO( ) P NLOgy (w/o decays) qop + AEO8w .
QCD (VBF) Ew (W/0 decays process known desired
BF NNLOQCD pp — WiW+W_ NLOQCD + NLOEW N3LO
NLO(V ) 3 aep N*LOgep + NOYLO
EW pp — Y NNLOQCD + NLOgw N LOQCD p—V N(l’l)LOQCD(@EW QCD QCD®EW
2
p — H + 3j HTL NLO L NLO s ] NNLOgqcp + NLOgw NLO
(VBF) QCD EW + NLOgep (99 channel) , NNLOqep + NLOgyw aeb '
NLOQCD pp—>VV (99 channel, w/ massive loops)
pp — Yy NNLOQCD NNLOQCD + NLOEW + NLOQCD (gg Cha‘nnel) N(Ll)LO
. . . . YR QCD®EW
Table 3: Precision wish list: vector boson final states. V =W, Z and V', V" = W, Z,~. Full
pp N V H NNLOQCD + NLOEW leptonic decays are understood if not stated otherwise. pp—V +3 NNLOgcp + NLOgw hadronic decays
(t,) NLOgap + NLOgw (QCD ¢
NLOgg—)HZ pp — V + 25 aep ew (QCD component) NNLOgep
NLOgep + NLOgyw (EW component)
VH 4 NNLOQCD pp— V + b NLOgcp NNLOqep + NLOgw
pp — T NNLOQCD + NLOgw pp— VV' +1j NLOqep + NLOgw NNLOgep
, . NLOgep (QCD component)
pp — HH N°LOgrr, ® NLOgcp  NLOgw qep +NLOzw (EW component)
_ pp = W W' +2j  Full NLOgcp + NLOgw
VBF . )
N3LO§QCD ) (lnCI.) pp— WW™ +2j5 NLOgep + NLOgw (EW component)
. * pp— W' Z+2j NLOqcp + NLO (EW component)
pp — HH + 2j NNLO(VBF ) | QCD EW
QCD pp — ZZ +2j Full NLOqep + NLOgyw
(VBF) NLO
NLOpw pp— VV'V" aep NLOGcp + NLOgy
NLOgw (w/o decays)
pp — HHH NNLOqr, pp— W WHYW™  NLOgep + NLOgy
pp — VY NNLOQCD + NLOEW N3LOQCD
NLOgep + NLOgyw . :
r +
. NNLO +NLO
NNLOqcp (of-diag.) PP =YY+ wep o
+NLOgqcp (99 channel)
H ot/ NNLOQCD PP~ VY NNLOqcp NNLOgcp + NLOgy
pp — + / NLOQCD Table 3: Precision wish list: vector boson final states. V = W, Z and V',V" = W, Z,~. Full
NLOQCD —|— NLOEW leptonic decays are understood if not stated otherwise.

Table 1: Precision wish list: Higgs boson final states. NxLOgCBg ) means a calculation using

the structure function approximation. V =W, Z.



modifications to these slides since original talk

» slide 23: fixed typo (the NNPDF input to PDF4LHC21 is NNPDF31, not NNPDF40)

» slide 35: fixed missing author in ref
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