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The QEE group at %

* Quantum chromodynamics
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* Aim to experimentally probe each stage of jet formation
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Jet fragmentation functions

N
<
« Measurement for inclusive Z°+jets (light quark enri?hed) Biet

low < pjTet » high Di

20 < p* <30 GeV

10° _._‘_.._.
& e
10 3 e
-f ry, l#. “’-
3 i R
O y ‘:f."/ K
— 1 » _%,’,“.‘..
LHCb “‘.
10 b s=13TeV, 1.64 fb” z
pp — Z+tjet :‘:
ZO
0.35 " .
03 "“\.I'
0.25 ¥s
o
=02 “’/I |
é 0' 1 5 \’ ' ' ?-‘—*-+ _) = d
0.1 ¢ & 4+ ot * D;
0.05 . i- _L ;= jet " Hi
0 e N Ik
1072 107! |Pjet|
4
25 Oct 2024 PhVS. Rev. D 108 (2023) 1031103 17

E.D. Lesser


https://doi.org/10.1103/PhysRevD.108.L031103

~

Jet fragmentation functions - = SR

~> @

0 5\*&? \‘0
* Measurement for inclusive Z" +jets (light quark enriched) Biet
ot _ S
low < p%e » high Di
jet jet jet
102 - 20 <pT <30 GeV - *30 <pT <50 GeV _‘_;-0-"'"-.._.' 50<p” <100 GeV
rod - 7 N g
e e,
& * £, q;_-_ 0*
10 &~ iy, \\\\\““l!l ’ * '
'f S\\ Ly > —*—W[ *0-‘,_ * 491 !'; 'Q'
_ S +¢}-'4' =itry, :ﬂiﬁ' e “Eﬂ;’l .
\l\']/ 1 ~. = ¢— “’._ *—'& L 2
- ' Data '&'r‘ ‘. Pythia 8 ‘o &
LHCb —— ﬂ-i -i- % EEE ]Z'i -4' “‘
10—1 E:13 TCV, 1.64 ﬂ)_l +I<i i Ki
pp — Z+jet —‘—1)i mIm Zj)i o
P | 1 I | P | N Z
0.35 ,‘ ‘s Data Pythia 8
o —— p*/ 7t ‘ - T pwr_ ™ j{*
.S 02 \'{ 1m — T1
ch 0.15 \'\'—‘- -_i_$|_++ "'\‘ *t*- 2 ¢, H-41 + - -
0.1 * :*: ¢ _'* -*- pjet " Di
0.05 ‘a4 = 7 =
0 . . . .
107 107! 1072 107 10 0™ | Djet |

E.D. Lesser 25 Oct 2024 PhVS.ZRev. D 108 (2023) L031103 18



https://doi.org/10.1103/PhysRevD.108.L031103

B

/
/

~

Jet fragmentation functions

S‘i”g‘

[ [} [ ] ° o§\‘
 Measurement for inclusive Z°+jets (light quark enriched)
low < p]Tet
) 30 < p)' <50 GeV
? '.“‘-.'-' -.-‘****"-0-.-
10 -t,; Vi, 5‘:;.%%’
o R
= . Data
LHCb + ﬂ'i - EEE
01| F=13Tev. 164 v K i At * | Access to lower
pp — ZHjet —— p- mim
YO T o LLZ 3t higher py
2 02 7, —— pi/ e i - plimt H :
g N e = 2 o 2 - ; ﬂr‘ +
ez 0.15 Ng _.-—-+ ot * A L =t - —>
0.1 '! :?:C*- A=k +¢ ,~_'-__..4‘ .*. .. -H:*’l Djet * Di
0.05 A ’ 7 =
0 R . : . . . L2
107 107! 1072 107 10 0™ | Djet |

N Phys. Rev. D 108 (2023) L031103 1



https://doi.org/10.1103/PhysRevD.108.L031103

Jet fragmentation functions

%
<
[ ] [ ] [ [} .5\
 Measurement for inclusive Z°+jets (light quark enriched)
low < p]Tet » high
102 o J20 <P <30Gev JE. 30 < p)' <50 GeV 50<pj;t< 100 GeV ]
ey ¥
. ¥ [| PYTHIA overpredicts
¥ _,“ {  production of
O N {| heavier hadrons at
LHCb 24 low pr and at high z |} ...
o B Tev. Lo W > gluon effects? |+ 1 < | Access to lower
T ~—Frms LLZat higher py
8 SIS o E T :
R S A T ST o —
0.05 '\_Q.Z}f'l' ‘T M , — Diet " P
0 . . . . . N 2
107 1072 107 10 0™ | Djet |

N Phys. Rev. D 108 (2023) L031103



https://doi.org/10.1103/PhysRevD.108.L031103

Jet fragmentation functions
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* Both prompt and
non-prompt (feed-
down) contributions

* Charmonium from b
decays only carries

~50% of jet energy
—> surrounded by b-
jet fragmentation

particle momentum fraction
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Heavy quarkonium in jets )

* How are heavy qq pairs (e.g. //Y) produced according to QCD?
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Heavy quarkonium in jets w

* How are heavy qq pairs (e.g. //Y) produced according to QCD?
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This same result also observed by:
CMS: PLB 825 (2021) 136842

ATLAS: JHEP 12 (2021) 131
ALICE: preliminary
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Production of heavy quark
| pairs is underestimated in the
the parton shower?

o Phys. Rev. Lett. 118 (2017) 192001
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Higher mass states e

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?
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* What about heavier charmonium such as ¥ (2S5) (less feed-down)?
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Higher mass states O

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?
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Higher mass states

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?

1/0 do( z )/dz

E.D. Lesser

0.35_ [ T | | T [ I | T T I [ T T I [ T [ I
- LHCb Preliminary Displaced component|
o3 Pp Vs=13TeV (non-prompt) -
- Anti-k; R =0.5, n.=25-4 -
0.25(— p_(jet): 20 — 25 GeV/c I, ]
" p_(w(2S)) > 2 GeVic BRCN -
02 E W —
- -eData ]
- o Pythia 8.309 Hé] -
0.15( R
- > ]
0.1 —— -
B =3 i
0.05— —
- o
= — — S -
O__|_|_(ﬂ l vvew -y | | I | | | I | | | I | | ‘I‘:
0 0.2 0.4 0.6 0.8 1
p(W(2S))/p_(jet)

LHCb-PAPER-2024-021 (in preparation)

1/c do( z )/dz

25 Oct 2024

()

P(25)

0.25 | [ [ | | [ [ | | [ [ [ [ [ [ [ [ [ I
" LHCb Preliminary ~ |Prompt component| |
- pp Vs=13TeV :
0-2_— Anti-k; R =0.5, njet= 2.5-4 8
- p,(jet): 20 - 25 GeVic )
o 1sf P(W(28))> 2 GeVie -
| -e-Data m:
- Pythia 8.309 —+— .
0 1__ E 1
+ ¢
- —— + " -
0.05/— _
i | —— il
| I#. = —

oL——1 1. RPN~ T TR M T AN TR SO N A S
0 0.2 0.4 0.6 0.8 1
p.(W(28))ip, (et


https://cds.cern.ch/record/2909727/

Higher mass states O

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?
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Higher mass states e

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?
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Higher mass states

@ P(25)

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?

* Hard jets with mostly softer 1) (25)
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Higher mass states O

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?
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Higher mass states )

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?
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Higher mass states

* What about heavier charmonium such as ¥ (2S5) (less feed-down)?
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Even) Higher mass states Xcl

* How is tetraquark / DD* molecule candidate y.;(3872) produced?
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LHCD

(Even) Higher mass states

* How is tetraquark / DD* molecule candidate y.;(3872) produced?
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(Even) Higher mass states

* How is tetraquark / DD* molecule candidate y.;(3872) produced?
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(Even) Higher mass states

LHCD

* How is tetraquark / DD* molecule candidate y.;(3872) produced?
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EW-tagged heavy flavor production
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EW-tagged heavy flavor production
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EW- tagged heavy flavor production

LHCD

In| < 2.4
pT(pn) > 25GeV
pT(j) > 30 GeV

Central Reglon &= Forward Reglon

2.0 < n(p) <4.5
pr(p) > 20GeV
2.2 < n(j) < 4.2
pr(7) > 20 GeV

Unique access
at LHCb!

—— [C allowed
g C 0.02 —— BHPS (2)1c =1%
. 0 . L L y ] | 2 y L
e Search for intrinsic charm 0 1 2

E.D. Lesser 25 Oct 2024

Phys. Rev. Lett. 128 (2022) 082001



https://doi.org/10.1103/PhysRevLett.128.082001

EW-tagged heavy flavor productlon %

E —~ 0.1 .
c _ 7 N L LH Cb = stat ]
- ~ ol [ ] stat@syst
jet ~I_ © 0.08 /5 =13TeV Y _
% N o :
g C 7 Nb 0. 06_— ; + 3
C Z i jet i }
// g 0.04— ? —]
, : - NLO SM -
> \ A — e PDF4LHC15-No IC [ _
0.02~ . NNPDF 3.0-1C allowed B
g C - 4 CT14+BHPS (z)1c = 1% .
. 0 AN AR TR TR AN TR TR S S N SN S S S NN S S S S S S S
e Search for intrinsic charm 2 2.5 3 3.5 4 4.5
y(Z)

E.D. Lesser 25 Oct 2024 PhVS Rev. Lett 128 (2022) 082001 49



https://doi.org/10.1103/PhysRevLett.128.082001

EW-tagged heavy flavor production %
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* Inclusive/HF jet and hadron cross sections
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Exciting QCD prospects for Run 3 ﬁ%

* Studies of hadronic structure (e.g. intrinsic charm)

* Inclusive/HF jet and hadron cross sections
* Also an important QCD background to constrain for searches

* High-precision measurements of jet substructure

e Jet mass & angularities, energy-energy correlators, Lund jet
plane, N-subjettiness, ...
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The QEE group at %

* Quantum chromodynamics
e Jet substructure, hadronic production, ...
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The QEE group at %

* Electroweak physics, Higgs, & top
e Wt /79 decays, precision measurements, cross sections, ...
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Precision Z° boson cross section ﬁ%

* Differential in +/s, rapidity y ot
(@)= .
JHEP 2402 (2024) 070

JHEP 2207 (2022) 026

[S—
(8]

1.2

—
[a—
1
1 o
I I T LS ]

Tt

0.9

m [~ T | T T T T | T T T T | T | m [ | I I | I 1 1 I | I 1 1 I |
ofd — _ =) 1.8 F - . —
© 125 - o _ = C O Statistical Uncertainty LHCbH ]
(o - Statistical Uncertainty LLHCb - o B Total Uncertainty 100 pb™! =
~ E Total Uncertainty 51 fh! 3 > [ I Resbos+CTIS,NNLO |is5=5.02TeV] b
r - ResBos+CT18 I {s=13 TeV I - 2‘ L § POWHEG+CTI8 NNLO -
O | sp D0 FEWZvCTI4 E © [ I POWHEG+MSHT20,NNLO -
_0:-’ E A FEWZ+NNPDF3.0 ] _‘G:J 14 I MCFM+CTI8,NNLO I_
- E vV FEWZ+MMHT14 = - - ] .
x  FEWZ+ABM12 - }H} -
i |
}
1 R —

g 0.8

2 25 3 35 4 45 0.6 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1

yZ
E.D. Lesser 25 Oct 2024 60


http://dx.doi.org/10.1007/JHEP07(2022)026
http://dx.doi.org/10.1007/JHEP02(2024)070

Precision Z° boson cross section ﬁ%

* Differential in +/s, rapidity y, transverse momentum p @ ot
070

\ #_
JHEP 2207 (2022) 026 JHEP 2402 (2024)
m 1.7 : L) | | | L) L L L] I 1 ] ] ] 1 rri I 1 : m I 1 I LI I 1 T 1 T T LI I_
'E - 3 E 1.6 B Statistical Uncertainty LHCb
16 — e . - ) 1
() = Statistical Uncertainty LHCb - o Total Uncertainty 100 pb
> "F Total Uncertainty 5.1 fh- E ; 4 T ResBos+CTIS8,NNLO Lo =202 TeV] -
-y 1.4 T ResBos+CTIS |\(§ =13 TeVl = S "L I POWHEG + CT18, NNLO
8 . = O - T POWHEG + MSHT20, NNLO
c 1.3 — c B
= = = = 12 —
12 3 Pt | i l } i
- . |
TRy 1
Cypo b byl ; : 5 gimenin :
E i 0.8 ’ [ f ]
0.8 - = [ ]
- 1 L by g gl L L R | J - -
7 10 10° 0.6 E— ]

E.D. Lesser p%‘ [GGV/C]ZS Oct 2024 p? [GeV/c] 61


http://dx.doi.org/10.1007/JHEP07(2022)026
http://dx.doi.org/10.1007/JHEP02(2024)070

Precision Z° boson cross section ﬁ%

e Differential in /s, rapidity y, transverse momentum pr, @ . ut

“idealized” variable ¢, (similar physics as pr)
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Exciting prospects with Run 3 data
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e Enhanced Run 3
statistics offer
unprecedented
opportunity for
future EW
measurements!
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Studying elusive Higgs decays %1?]

» How well does the SM predict H — bb, c¢ ?
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Studying elusive Higgs decays %

» How well does the SM predict H — bb, c¢ ?
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Studying elusive Higgs decays

» How well does the SM predict H — bb, c¢ ?
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Many more exatmg EW results!
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Many more exutmg EW results!

rLaHCHD
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The QEE group at %

* Electroweak physics, Higgs, & top
e Wt /79 decays, precision measurements, cross sections, ...
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The QEE group at %

* Exotica
e Rare decays, beyond the SM searches, ...
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LHCD

Search:

* How well do calculations within the QCD factorization formalism
describe the rare radiative decays of W* and Z° bosons?
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Search: rare EW radiative decays %

* How well do calculations within the QCD factorization formalism
describe the rare radiative decays of W* and Z° bosons?
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Search: rare EW radiative decays %

* How well do calculations within the QCD factorization formalism
describe the rare radiative decays of W* and Z° bosons?
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Search: rare EW radiative decays %

* How well do calculations within the QCD factorization formalism
describe the rare radiative decays of W* and Z° bosons?
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Search:
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. rHCH
Search: THCH

* |s there a heavy neutral lepton (HNL) to explain small neutrino masses?
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Search: heavy neutrinos in W= decays

* |s there a heavy neutral lepton (HNL) to explain small neutrino masses?
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LHCD

Search: heavy neutrinos in W= decays

* |s there a heavy neutral lepton (HNL) to explain small neutrino masses?

Heavy neutrino mixing

E.D. Lesser 25 Oct 2024

91



E.D. Lesser

LHCD

Search: heavy neutrinos in W= decays

* |s there a heavy neutral lepton (HNL) to explain small neutrino masses?

<\

Search for case ut, u*
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Search: heavy neutrinos in W< decays

* |s there a heavy neutral lepton (HNL) to explain small neutrino masses?
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Search: heavy neutrinos in W< decays

* |s there a heavy neutral lepton (HNL) to explain small neutrino masses?

— - T T T T T ] — - T T T T ]
&;\ 6 - LHCb + Data ] &;\ 300 - LHCb % ) + Data N
T~ C W — v 7] T~ C X m W — uv ]
% 5 n n b — X — % 250 — b — X —
- 2 — pp . - W 2 — pp .
o0 4 ﬂ + ‘Ll 54 Total pred. unc. T 200 [ 54 Total pred. unc.
™~ - o N = p+jet S ~ - o N = p+jet S
B - (15 GeV/c?) . 5 - (15 GeV/c?) .
g 3 — same-sign ] g 150 — > opposite-sign ]
= - 1 - - +
= 2f 4 2 100[ 4 |H T
@, - ] o - ]
iy : ” :_ _:
0] = - 0 ' -
,E::D (2) b SRR xx:,*_{ + * +‘ | &D 28 ) SR 00K N
aa 5 | g | an 20 JOLLe o0 %% % |
o) L ! ! | L L L | L L L l L ! L o)
= 0 20 40 60 80 = 80
- -

m(piet) [GeV/e?

E.D. Lesser 25 Oct 2024 EP.IC 81 (2021) 248 94



https://doi.org/10.1140/epjc/s10052-021-08973-5

LHCD

* |s there a heavy neutral lepton (HNL) to explain small neutrino masses?

Search: heavy neutrinos in W< decays
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Search for other neutral particles

222222222



E.D. Lesser

Search for other neutral particles %

e Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?
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Search for other neutral particles %l?]

e Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

Direct Pair Production (DPP)
q LLP

q LLP
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Search for other neutral particles %%

e Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

Direct Pair Production (DPP)

q LLP
g LLP
>§ }h<
_ g LLP
q LLP

gg fusion — Higgs decay
(HIG)
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Search for other neutral particles

LHCD

e Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

Direct Pair Production (DPP)

q LLP
g LLP
>§ j}h<
_ g LLP
q LLP

gg fusion — Higgs decay
(HIG)
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Charged current (CC)
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Search for other neutral particles

LHCD

e Are there Long Lived Particles (LLPs) coming from beyond the Standard Model?

New limits as a function of LLP lifetime tp for different mass assumptions
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LHCD

Many more exotica results...

e ... & exciting possibilities coming in future searches soon!

ALPs coupled to gluons (BC11)

Excluded LHCb potential to discover long-lived new physics particles
with lifetimes above 100 ps
oumsroame s f p EPIC 84 (2024) 608
- - - Downstreamagg g, _
- - - FASER2 Dark scalars (BC4)
' 107°
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2 5

- - - Downstreamyg, 1 FASER — MATHUSLA
—— SHiPg, 1020 por --- FASER2  — CODEX-b
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ms [GeV]

E.D. Lesser 25 Oct 2024 102


https://doi.org/10.1140/epjc/s10052-024-12906-3

Many more exotica results... %@

e ... & exciting possibilities coming in future searches soon!

ALPs coupled to gluons (BC11)

Excluded LHCb potential to discover long-lived new physics particles
' with lifetimes above 100 ps
oumsroame s f p EPIC 84 (2024) 608
- - - Downstreamagg g, _
- - - FASER2 Dark scalars (BC4)
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See talk by Felicia Volle: SO vt
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Searches for exotic particles
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HCD

Lots of new measurements!
A

¢ ... & more soon!
* LHCb papers are available from this link

* QEE working group is the most diverse on LHCb, encompassing the entire
Standard Model and searches beyond

* Feel free to contact us for discussion or collaboration!
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New hadrons discovered at the LHC rmch
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https://indico.cern.ch/event/1339555/contributions/6040880/

The ¢, observable ()=, ﬁl?]

* Proposed as a high-precision angular observable for cross

. ° : O
section measurements, encoding the same physics as ’p% A Banfi et al.

EPJC71 (2011) 1600

¢y = tan|(w — ApH*)/2]sin(6;)

where: ApH* is azimuthal angle between
utand u”, and:

cos(6;) = tanh[(n* — n*")/2]
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A,: three mass reglons : - ILi ‘I;ICb
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A,: three mass reglons : - ILI ‘I;ICb
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