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e LHCb is the only dedicated
detector (at LHC) fully
instrumented in forward

region

* Unique kinematic coverage

2<n<5

* A high precision device,
down to very low-p,
excellent particle ID,

precise vertex and track

The LHCb detector

Calorimeters
energy measurement

RICH detectors e/vy identification

K/m/p separation AE/E=1% ®10 %/VE (GeV)

e(K—=K) ~ 95 %,
mis-ID e(m—K) ~5 %

Vertex Detector
reconstruct vertices

decay time resolution: 45 fs
Impact Parameter
resolution: 20 um

Dipole Magnet . Muon system
reconstruction. bending power: 4 Tm Tracking system u identification
momentum resolution s(p.—>p) ~97 %,
[ JINST 3 (2008) S08005 ] Ap/p =0.5%-1.0% mis-ID e(r—p) ~ 1-3 %
[ IMPA 30 (2015) 1530022 ] (5GeV/c-100 GeV/c)
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, Z boson as probe to nuclear/nucleon
Stru Ctu res at LI— Cb Phys. Rev. D 93 (2016) 074008 Eur. thsJC(2017)7716;»3 -
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* EW Z boson with leptonic decay: once created, do o/ Ml LHCb LHCb 110 GeV
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the initial-state information. 10°} ALICE Muon
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* Two recent results: 3 0
» 7+ cjets production (prL 128 (2022) 08200): probe intrinsic S 10°
(valence-like) charm contents in protons
. .. 10
e Zin pPb collisions (arxiv:2205.10213 [hep-ex]): Probe cold
nuclear matter effects in initial states 101l
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= Probe intrinsic charm

* Intrinsic-charm vs. extrinsic-charm.

e / + c-jets production:

Leading-order Feynman diagrams for gc — Zc¢

 Valence-like intrinsic charm contents in proton
PDFs can enhance c-jet production especially
at high Bjorken-x

xc(x)
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Intrinsic-charm:
Non-perturbative
valence-quark-like

long time scale

Extrinsic-charm:
Perturbative
short time scale
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Probe intrinsic charm

* First study of Z + c-jets in the forward

, _ o _ PRL 128 (2022) 08200
region, with optimized c-tagging.
~~ UL i
. > 0.14 Central Region <
* Measure ratio: N | < 2.4
_ ] \g 0.12 pr (1) > 25 GeV
o(Z + cjets)/o(Z + all jets) < pr(j) > 30GeV
< 0.18
* Percent-level intrinsic-charm contribution N -
. g . \b/ 0.08 —
would significantly enhance the ratio at -
high y(Z). 006 p
* Models allowing intrinsic-charm are (.04 - 5 IC allowed
largely unconstrained at high y(Z). 0.02F  — LFQCD (ahic=1%
* Jet-related systematic uncertainties can 00_ — i — 2 —

largely cancel in the ratio.
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= Forward Region

2.0 < n(p) < 4.5
pr(p) > 20 GeV
2.2 < n(j) < 4.2
pT(7) > 20GeV
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Z + C-j ets PRL 128 (2022) 08200

Fiducial region/event selection

Z bosons pr(u) > 20 GeV, 2.0 < n(u) < 4.5,
e LHCb Run2 (2015 —2018) pp collisions at 13 TeV, 60 < m(utp~) < 120 GeV
-1 : +,,— . Jets 20 < pr(j) < 100 GeV, 2.2 < 5(j) < 4.2
about 6 fb™", using Z - u™u” events: Charm jets pr(chadron) > 5 GeV, AR(j, chadron) < 0.5
Events AR(u, j) > 0.5

B N(Z + cjets)
J N(Z + alljets)e(c — tag) Systematic uncertainties

* C-jetis tagged using method based on displaced-
vertex (DV, or secondary vertex)

* Leading systematic uncertainty due to c-tagging calibration
LHCb-DP-2021-006

* Other systematic uncertainties almost cancelled in the ratio.

jet
Source Relative uncertainty
. c tagging 690—7%
et DV-fit templates 3%—4%
vertex) Jet reconstruction 1%
PV Jet py scale and resolution 1%
Total 8%
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PRL 128 (2022) 08200

Clear enhancement in highest y bin.
Inconsistent with No-Intrinsic-Charm theory at >30.

More consistent with intrinsic-charm-allowed
predictions, such as the BHPS model based on light
front QCD.

High rapidity results should strongly constrain the
large-x charm PDF.

o(Zc)fo(Z])

Current results are statistically limited, Run3 dataset
will allow for finer binning.
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"Probe nuclear modification with Z boson

e Z bosons are unmodified by the hot and dense

medium created in heavy ion collisions,

* Their leptonic decays pass through the medium
without being affected by the strong interaction.

e “conserved” the initial conditions of the collisions.

Ideal probe of cold nuclear matter effects at
Bjorken-xin 107* <x <103 and 1071 < x < 1,

with 02~104GeV? .

1E{tjr. Phys. J. C (2017) 77 :163,
Lfeepsie T T T

& L3

& 1.2 antishadowing maximum

Forward
{ backward
107 - : : ~
8.16 TeV pPb Other Collision Systems
o M LHCh LHCb 110 GeV
10 ATLAS/CMS Bl HERA
B ALICE

10°F XY ALICE Muon

A calibration channel for probing the nuclear ”glo"
modification using other processes such as heavy % 10°
qguark production. 0
10!
1070 107 10~ 1077 102 10T 10
T
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/ production in pPb collisions . u220s.10013 repee

Forward: 268 events Backward: 167 events
T T | — T — ] S T T T T T T —
* LHCb pPb dataset at 8.16 TeV about 30 nb™. 120 LHCb ~®- Data E 80F LHCb o Duta E
% 100 F pPb sy = 8.16 TeV B % TO0E  pPb \[syy =8.16 TeV ¥ =
¢  Fiducial volume: O F Forward — Simulation 1 O goE Backward — Simulation E
L g0l J * : 3
py > 20 GeV, 2.0 <1, < 4.5, ~ O f ]~ S0F E
2 60F 4 & 4a0fF 3
60 < my, <120 GeV ks - (a) B (b) E
. 1 40 ™ 7 o= :_ _:
« Cross-section: - 1 b + E
o _Ncand'p'fFSR O 20 4 © 10§_ —|¢L'\ _§
Z-up L€ 06 . g . . ] 0 = ; . . . - _-E
] 60 80 100 120 60 80 100 120
* Forward-backward ratio: m,,. [GeV] m,.. [GeV]
0(1.53<y},<4.03)
Rpp = — ) - kg
(—4.97<yp<-247) * The cross-section, Rpg and R,p}, are measured as a function of y, p#%, and
e Nuclear modification factors: by = tan(¢acop/2) / cos(an/2) (@an angular variable equivalent to p#% w/o uncertainty from
R, 1 O(pPb, 1.53<y;<4.03) I momentum calibration).
Pb — ) * Kppb
P 208 0 (pp, 2.0<y;,<4.5) P o

krg and kppb are the corresponding muon rapidity acceptance correction factors.

* pp reference cross-section at 8.16 TeV is interpolated from LHCb 7, 8 and 13 TeV
results.
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ﬁiﬁd?
= Z production in pPb collisions . .s10 mepe

50 |
* Total fiducial cross-section: - CTEQ6.1 LHCDH i
B CT144+EPPS16 7
O0z-up, fwd. B Pb /sxy = 8.16 TeV .
_ : | CTEQ6.14+nCTEQ15 P D == 155 ]
- 269 + 1.6(stat.) + 0.9(syst.) + 0.7(tumiJnb 40 C 4+ Dai P :
Z-up, bwd. .—Q - EBackward — 18-6nb_1 -
= 13.4 + 1.0(stat.) + 0.5(syst.) + 0.3(lumi.) nb =, 20 & b
* Compatible with theoretical calculations using < F + -
POWHEG v2: +3. B Forward: 1.5 < y; < 4.0 N
| — Backward: —4.0 <y, < —2.5 —
for both Eg 20 - 7 -
+ CT14 (PDF) for p and EPPS16 (nPDF) for Ph S - ¢ .
« CTEQ61 (PDF) for p and nCTEQ15 (nPDF) for Pb 10 —
* Forward (small Bjorken-x) results show strong E E
constraining power on the nPDFs. 0 '
Backward Forward
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/ production in pPb collisions . u220s.10013 repee

* Differential cross-section as a

function of y7 and ¢, :

* In good agreement with
theoretical predictions.

* Forward: smaller uncertainty
than prediction, constraints on
nPDFs.

* Backward: larger uncertainty

than predictions.

Forward

+

L l L | L I LN B I I LI . |

CTEQS.1 LHCb

CT14+EPPS16 pPb /snx = 8.16 TeV
CTEQ6.1+nCTEQ15  Forward
4 Data L5 <yl < 4.0

(a)
e

L1 l | I I | I T I 0 | I )

backward
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|
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vt
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E - |
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- — " Forward 3
—— E
—— E
—— o
CTEQ6.1
CTI4+EPPSI16 (a) 3
CTEQ6.1+nCTEQI5 ]
4 Data R =
15 < yy < 4.0 E
g
l il |
0.00 0.01 0.10 1.00 10.00
¢*

SQM 2022, 13 — 17 June 2022 Busan, Republic of Korea

T
CTEQ6.1

CT14+EPPS16

T T T T
LHCb

pPb /snn = 8.16 TeV

CTEQ6.1+nCTEQ15 Backward

-+ data

—-4.0<yy; <-25

—3.0

T

dagl—m‘/l‘/dd)* [Hb]

T 'lT"Tl[ T TI"ITI'[ T T

.
3 ——

CTEQ6.1

CT14+EPPS16

——

LR
LHCb

pPb {/snn = 8.16 TeV

Backward

e
——

CTEQ6.1+nCTEQ15

4 Data

-40<y; <-25




ch

/ production in pPb collisions  env220s.10213 hep-en

Forward

= L w1 = LHGh
H H H ¢ E b /Snn = 8.16TeV 3 e b /Snx = 8.16 TeV 3
e Differential cross-section as a G POVERSRRTY 3 g PP VERZSITA
i Z = 10 3 3 = Y — _El
function of p7 : 7 % | oo L T s T ]
. . . S 0k CTL+EPPSI6 —— 4 3 CTU+EPPSI6 —— 3
* Compatible with theoretical pT I T e (a) 3 L0 f T CIEesLecTEQLS (b) 3
predictions. Ebiu)?.j— St 3 Ebilog o —F_
* Smaller uncertainty than NS (N 1 T e N
.« L. 1 10 100 1 10 100
prediction for forward p7 [GeV] p7 [GeV]
collisions, showing constraints .
[T T T T I T T T T I T T T T l T T ] . [ T T T T I T T T T l T T T T I
on nPDFs. > 30 CTEQ6.1 LHCD ] > X CTEQ6.1 LHCDb ]
é . CT14+EPPS16 pPb /snn = 8.16TeV 8 20 F CT14+EPPS16 pPb \/sxy =8.16TeV ]
. CTEQ6.1+nCTEQIL5  Forward ’ CTEQ6.14+nCTEQL5  Backward
. Low-p% results are given, useful VA + Dara S f 4w 0<i<2s ]
- ook N _15F -
for TMD (transverse- Low=PT e 20 I + :
= f ++ 1 = .0 :
momentum-dependent PDFs) N + (€)1 ;10 % (d)
. 510 F + * = O .
studies. =00 + ' 1 zdosE ++ .
o) - —m [« L l ]
'B 00 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 i 'B 00: 1 1 1 1 1 1 l_+l_l 1 1 1 I 1 1 1 :
0 5 10 15 0 5 10 15
5 [GeV] pf [GeV]
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~Z production in pPb collisions . ...zs10015 repeen

| T ] e T L
cTROS1 LHCb ] : — LHCb ]
20 S CTEQo 1 mCTEa1s gt ] 20 R CTRGRINCTEQL o 122t
* Forward-backward ratio measured in B U b (N S U
. - . @i Backi:d?iioyi;;f —2.5 _: o i B(':C‘;:ar’d: .:()yi}z;*ﬁ _:
common rapidity window 2.5 < |y;| < & | | @ 1 = | [b) -
1.0 — OF —
4.0: : . : s :
0.5 F . 05 F T N
¢ Total RFB - 0 78 i O 10 C . i ]
. 0.0 : ' ] 0.0————ta ]
* As a function of y}, p%, and ¢y, , see plots 2.5 B 10 2.5 3.0 » 35 1.0
Yy Yz
* A general suppression below unity. » y
, , , . b oo, LHOD b o, LHCH :
i Compatlb|e W|th theoretlca| pred|Ct|OnS. 2.5 F CT14+EPPS16 pPb \/5RN = 8.16 TeV 2.5 F CT14+EPPSI6 pPb /oxw = 8.16TeV
- CTEQ6.14nCTEQLS  , o . - CTEQG.14nCTEQL5  Lroma = 12.20b" ]
. L. . . 2.0 + Data P 1'8 ot 2.0 F 4+ Data Cpuias = 186007
* Higher precision in total Rgg and certain = [ byepopecie I S L (@)
. . Ln15:_ : h“l.5:— Backward: —4.0 < y3 < —2.5 _:
bins as a function yz, p7, and ¢, can = + + 1 7 5
. 1.0 . . .
constrain the nPDFs. e 1 . —k++++ ;
- 11 ) 100 0'(()).00 N 001 T 10 100 10,00
pT (GeV] ¢
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Inclusive nuclear modification factors:

Compatible with theoretical predictions.

Suppression in the forward and enhancement in the

fw.
RIW: = 0.94 + 0.07

bw.
Rpfv,‘{) =1.214+0.11

are visible.

Forward (small Bjorken-x) results show strong

constraining power on the nPDFs.
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=/ production in pPb collisions  ..u.x510015 mepen

ch

§ CT14+EPPS16 LHCh -
i CTEQ6.14+nCTEQ15 ]
-— - DataQ o ) pPb /sxn = 8.16 TeV b
B 'CForward =12.2 Ilb_l -
N - ; -
i Forward: 2.0 <y} < 4.0 LBackwara = 18.6nb -
[ Backward: —4.0 <y, < —-2.5 ]
)_ —t
i ¢ =

Backward
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* Nuclear modification
factors as a function of

¥z, Pf, and @5,

* Compatible with
theoretical predictions.

* Constraints on nPDFs are
visible in certain bins in
case of forward
collisions.

Hengne Li, 15 June 2022
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by

* The fraction of Z boson production associated with charm jets is measured
in the forward region at LHCb using pp collisions at 13 TeV
* Considerable enhancement observed at the large Z boson rapidity.

Souy, RITY [ )
- N\\\\\ O I . C u S | O I I

* Consistent with predictions assuming existence of intrinsic (valence-like) charm
contents.
e A Z boson production measurement in pPb collisions at 8.16 TeV

* The differential cross-section, Rgg and R,p}, as a function of y, p4, and ¢y are
measured in the forward region at LHCb.

* The new results are compatible with nCTEQ15 or EPPS16 nPDFs calculations.
e Forward (small Bjorken-x) results show strong constraining power on the nPDFs.
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2022-009

https://lhcbproject.web.cern.ch/Publications/p/LHCb-PAPER-2022-009.html

Concerning the difference between the fourth data point (19 <
pPZ T < 34GeV) and the corresponding theoretical prediction in
the differential fiducial cross-section measurement as a
function of Z boson pT, a detailed study has been performed.

This study excludes possible bugs from data quality, efficiency
estimation, beam crossing angle, geometry acceptance, track
reconstruction quality, and possible contributions from missing
backgrounds such as standard model ZZ.

Therefore, it is concluded as a statistical fluctuation.

The p-value and the corresponding local significance of
differences between the measurements and the PowhegBox
predictions are shown in Fig. 1. The p-value of the fourth data
point corresponds to about a 3-o significance.
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