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Outline
• Open charm baryon

• Hidden charm baryon
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Discovery of the charmed heavy baryon
• Not exclusively clear about the first observation
• A number of experiments which published evidence for the 

charmed baryons beginning in 1975 
ü Hint of c-ed baryon Σ!""→ Λ!"𝜋" from neutrino in BNL PRL34, 1125 (1975)
ü First evidence of Λ!" at Fermi Lab  PRL37, 882 (1976)

• The first well established state is the Λ!" at MarkII PRL44, 10 (1980)

吕晓睿
BNL
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The charmed baryon family
• Singly charmed baryons

ü Established ground states:
𝛬!", Σ! , Ξ!

($), Ω!
ü Excited states are being explored

• No observations of doubly or triply charmed
baryons, except Ξ!!"" in 2017 by LHCb

Ø 𝛬!": decay only weakly, many recent
experimental progress since 2014

Ø Σ! : B Σ! → 𝛬!"𝜋 ~100%;
B Σ! → 𝛬!"𝛾 ?

Ø Ξ! : decay	only	weakly;	first
absolute BF measurement while
large errors; most BFs were
measured relative to Ξ#𝜋"(𝜋")

Ø Ω! : decay	only	weakly; no absolute
BF measured
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Spectroscopy is well 
described by the 
quark-diquark model
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Why Λc+ is interesting
• An important intermediate particle:

– corner stone of the charmed baryon spectra
– many b-baryon decays to Λc

• Its decays reveal information of strong-
and weak-interactions in charm region,
complementary to D/Ds
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2015年之前的粲重子衰变信息
𝜩𝒄": relative to the decay of 𝜩&𝟐𝝅"

𝛀𝒄𝟎

𝚲𝒄"
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In 2014, BESIII took (only!) 35 days to run at 4.6GeV
and collected 567/pb data.

Energy(GeV) lum.(1/pb)
4.575 47.67
4.580 8.54
4.590 8.16
4.600 566.93

First time to systematically study charmed baryon at threshold!

Measurement using the threshold pair-productions via e+e-

annihilations is unique: the most simple and straightforward

Near threshold production at BESIII

4.6GeV
by Giuilo

Corresponds to 0.1M Lc pairs
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The 𝜦𝒄" decays 
Hadronic decay

𝚲𝐜" → 𝒑𝑲#𝝅" + 11 CF modes PRL 116, 052001 (2016)

𝜦𝒄"→pK+K-, pπ+π- PRL 117, 232002 (2016)

𝜦𝒄"→nKsπ+ PRL 118, 12001 (2017)

𝜦𝒄"→pη, pπ0 PRD 95, 111102(R) (2017)

𝜦𝒄"→ 𝜮#π+π+π0 PLB 772, 388 (2017) 

𝜦𝒄" → 𝜩𝟎(∗)𝑲" PLB783, 200 (2018)

𝜦𝒄" → 𝚲𝜼𝝅" PRD99, 032010 (2019)

𝜦𝒄" → 𝚺"𝜼, 𝚺"𝜼′ CPC43, 083002 (2019)

𝜦𝒄" → BP decay asymmetries PRD100, 072004 (2019)

𝜦𝒄" → 𝑝K)𝜼 arXiv: 2012.11106

Semi-leptonic decay

𝜦𝒄"→𝜦e+𝝂𝒆 PRL 115, 221805(2015)

𝜦𝒄"→𝜦μ+𝝂𝝁 PLB 767, 42 (2017)

Inclusive decay

𝜦𝒄"→𝜦X PRL121, 062003 (2018)

𝜦𝒄"→𝒆"X PRL 121 251801(2018) 

𝜦𝒄"→𝑲𝒔𝟎X EPJC 80, 935 (2020)

Production

𝜦𝒄"𝜦𝒄# cross section PRL 120,132001(2018)

2014：0.567 fb-1 at 4.6 GeV16 publications (7 PRL)



Absolute BFs of Λc+ hadronic decays

• The absolute BF can be obtained by the ratio 
of double tag yields to single tag yields.

• a global least square fit to 12 hadronic
modes

ü First direct measurement on Ʌc BFs at threshold
ü 𝑩 𝒑𝑲&𝝅" : BESIII precision comparable with Belle’s
ü Improved precisions of the other 11 modes significantly

[Chinese Phys. C37(2013)106201]

• Absolute BF of Λc+  decays are still not well determined since its 
discovery 30 years ago. PDG2014: δB/B ~25%; BELLE2014: δB/B ~4.7%

• Tagging technique @BESIII will provide the most simple and 
straightforward measurement PRL 116, 052001 (2016) 

567/pb @ 4.6 GeV
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Semi-Leptonic mode

ST mode

BF for Lc
+àLe+ne

The tagging method and missing-
mass technique at threshold.

11 hadronic single tag modes are used
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Ø First absolute measurement of the semi-leptonic decay
Ø Statistics limited
Ø Best precision to date: twofold improvement
Ø We also measure the muonic mode: stay tuned

PRL 115, 221805 (2015) 

567/pb @ 4.6 GeV
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The first Lattice calculation on Lc
+ SL decays
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Lc decay asymmetries

sin Δ𝝓=−0.28± 0.13± 0.03

• 4(6)-fold angular analysis of the cascade decays of
Λ! → 𝑝𝐾', Λ𝜋", Σ"𝜋( and Σ(𝜋" based on 567/pb data

• Best precisions on the hadronic weak decay asymmetries
• The transverse polarization is firstly studied and found to be

non-zero with 2.1𝜎

PRD100, 072004 (2019)single tag method



吕晓睿 BEPCII升级暨BESIII物理联合研讨会 13

Impacts on 𝚲𝒄 decay data
CLEOc
dominants  the 
Ds Branching 
Fraction 
measurements. 
(Sys. Err. 
Dominates CF 
modes. Many 
SCS&DCS 
modes 
observed.)
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Yet unknowns
• Many of the following modes are not measured (~40%)

– most of the semileptonic (SL) modes 
– the singly Cabibbo-Suppressed (CS) and doubly CS hadronic modes
– the neutron- and KL-involved channels

• Amplitude analysis of the three- and four-body decays
– important to study the excited hyperons

– to study the decay types of 𝐵 (
)

"
𝑉 and 𝐵(*

)

"
)𝑃

– not much have been done yet

• Accessible information via the energy-dependence production of 𝛬12
– cross section, form factor
– polarization
– decay asymmetry, CPV search
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BEPCII upgrade
• Increase of beam energy 2.30à2.35(2018)à2.45 GeV(2020’)

• è 2.35 GeV in 2018 summer (done)
• è 2.45 GeV in 2020 summer (done, è 2.475 GeV)

change ISPB (Interaction region SePtum Bending) magnet
• Top-up injection (done)

• Data taking efficiency increases by 20~30%
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Data samples

Available data for charmed baryon
ü 0.567 fb-1 at 4.6 GeV (35 days in 2014)
ü 3.8 fb-1 scan at 4.61, 4.63, 4.64, 4.66, 4.68, 4.7 GeV (186 days

in 2020)
ü 2 fb-1 scan at 4.74, 4.78, 4.84, 4.91, 4.95 GeV (99 days in 2021)

~ 10x Λ1 data that those at 4.6 GeV

year of 2020Belle data for 𝚲𝒄%𝚲𝒄
PRL 101, 172001 (2008) 
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BESIII Physics

Chin. Phys. C 44, 040001 (2020)
doi:10.1088/1674-1137/44/4/040001
[arXiv:1912.05983 [hep-ex]].

Int. J. Mod. Phys. A 24, S1-794 (2009) 
[arXiv:0809.1869 [hep-ex]].

2009年: ������
���	 2020年: ������ 
���	
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Future data taking proposals
a reference table (need to be modified according to future
machine status, especially for Ξ! and Ω! stuides)

Belle data for 𝚲𝒄%𝚲𝒄
PRL 101, 172001 (2008) 

in total 18 /fb: now we have 6.3 /fb (days)

𝛀𝒄%𝛀𝒄



BEPC3 vs BEPCII
3 倍
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Proposal of the BEPC3
• Planning the next generation of BEPC3: the optimized energy is 2.35 GeV with

luminosity 3 times higher than BEPCII.
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Heavier charmed baryons

Energy thresholds
ü Λ!"5Σ!& 4.74 GeV
ü Λ!"5Σ! 𝜋 4.88 GeV
ü Σ! 5Σ! 4.91 GeV
ü Ξ! 5Ξ! 4.95 GeV
ü Ω!$%Ω!$ 5.4 GeV

Ω!"
!

s					"
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Prospects on the Λ! results

first
measurement
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Precision study of the c-ed baryon decay

Precision study of the charmed baryon (Λ1, Ξ1 and Ω1) decays to
help developing more reliable QCD-derived models in charm
sector

p Hadronic decays: 
to explore as-yet-unmeasured channels and understand full 
picture of intermediate structures in Bc decays, esp., those with 
neutron/Σ/Ξ particles

p Semi-leptonic decays:
to test LQCD calculations and LFU

p CPV in charmed baryon: BP and BV two-body decay asymmetry,
charge-dependent rate of SCS

p Charmed Baryons Spectroscopy : (63 P-wave states from QM, less
than 20 are observed!)

p Rare decays: LFV, BNV, FCNC
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Lineshape of the 𝚲𝒄 pairs and it's form factor

by Giuilo
Belle + BESIII data

• Some tension between BELLE and BESIII data
• BESIII data above 4.6 GeV will follow a sharp rise of the

Y(4660) or a flat cross section near threshold
• Accessible to the form factor and polarization of the Λ1 at

higher 𝑄8



吕晓睿 BEPCII升级暨BESIII物理联合研讨会 24

Studies on the Σ!

(MeV)

(keV)

n Precise determination of Γ Σ!" → Λ!"𝜋( can be used for for 
testing heavy quark symmetry and chiral symmetry

n Search for radiative decay Σ!" → Λ!"𝛾
Wise; Yan et al.; Burdman, Donoghue (’92)

• Production via 𝑒"𝑒& → Λ!"5Σ! 𝜋 above 4.88 GeV (or Σ! 5Σ! above 4.91 GeV)
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Cross sections for 𝒆/𝒆0 → 𝚲𝒄/$𝚺𝒄0 and 𝚺𝒄 $𝚺𝒄

• 𝒆2𝒆; → 𝚺𝒄 )𝚺𝒄 above 4.91 GeV:
ü Cross section comparison with that of 𝑒"𝑒# → Λ!"SΛ!#

è good diquark v.s. bad diquark
ü Study the polarizations and form factors in 𝑒"𝑒# → Σ!(TΣ!(

and Σ!"TΣ!#

• 𝒆2𝒆; → 𝚲𝒄2)𝚺𝒄; above 4.74 GeV: An interesting isospin
violating process to understand the QCD dynamics at charm sector
ü A cross section scan around 4.74 GeV will be useful for comparison

with that of 𝑒"𝑒& → Λ!"%Λ!& and Σ!"5Σ!&
ü 𝜎(Λ!"5Σ!&)/𝜎 Λ!"%Λ!& v.s. 𝜎(Λ5Σ)/𝜎 Λ%Λ

è vaccum pol. to 𝑐 ̅𝑐 v.s. 𝑠�̅�
ü If observed, study the polarizations and form factors
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ΞU (usc/dsc)：decay information is limited
• No absolute BFs have been measured/calculated until 2019
• Belle measured abs. BFs in 2019, but uncertainties are large: 𝛿𝐵~30%

𝜩𝒄𝟎𝜩𝒄": relative to the decay of 𝜩&𝟐𝝅"

Very limited knowledge on their decays
We have opportunity to systematic study more decays
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Studies on the Ω!#



BFs of CF decays

RQM      Pole       Pole     RQM     Pole      Pole (in units of %)

Studies on most of the 𝜩𝒄 /𝛀𝒄 weak 
decays are missing in experiment (I)
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Decay asymmetry a for CF decays

Longitudinal pol. of daughter baryon from unpol. parent baryon

⇒ information on the relative sign between s- and p-waves
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Studies on most of the 𝜩𝒄 /𝛀𝒄𝟎weak 
decays are missing in experiment (II)



[ALICE, PoS ICHEP 2020, 524(2021)]

Charm-flavor-conserving weak decays

Br(Xc0®Lc+p-)  = 2.9´10-4

Br(Xc+®Lc+p0) = 6.7´10-4

These can be further tested at BESIII

Ø Light quarks undergo weak transitions, while c quark behaves as a 
“spectator”   e.g.  Xc® Lcp (s → 𝑾&𝒖).  Can be studied using HHChPT. 

Cheng, Cheung, Lin, Lin, Yan, Yu (’92)

Semileptonic decays
|→         NRQM ¬| RQM LFQM QSR                QSR

in units of 1010 s-1
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Studies on most of the 𝜩𝒄 /𝛀𝒄𝟎 weak 
decays are missing in experiment (III)

[Belle, arXiv:2103.06496]

[LHCb, PRD 102, 071101 (2020)]
Larger than
theoretical
predictions

https://arxiv.org/abs/2103.06496
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arXiv: 2103.07064

The first Lattice calculation on 𝜩𝒄 SL decays
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Weak radiative decay
l Charm-flavor-changing

Lc+→S+g,     Xc0→X0g

l Charm-flavor-conserving

Xc→Lcg,      Wc→Xcg

i) e.m. penguin c®ug,  very suppressed

ii) g emission from external quark in W-exchange

g emission from W boson in W-exchange

0.86         ,106.3)(
0.86         ,109.4)(

500

5

-=´=X®X

-=´=S®L
-

-++

ag

ag

c

c

Br
Br

Cheng, Cheung, Lin, Lin, Yan, Yu (’95)
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Charmed baryon spectroscopy

2S  1/2+

1D  3/2+

1D  5/2+

2S ½+

3/2-
3/2-
3/2-

(in units of  MeV)
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Hidden charm baryon

!
"

"!̅
!
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Observation of pentaquark at LHCb

• BEPC3 could reach the mass of 𝑃1 up to 4.6 GeV in 𝑒2𝑒; → �̅�𝑃1,
and that of 𝑃1E up to 4.5 GeV in 𝑒2𝑒; → )Λ(0Σ)𝑃1E

PRL 122 (2019) 222001
PRL 115 (2015) 072001

PRL 117 (2016) 082003
arXiv: 2012.10380 

𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝝅&𝜦𝒃𝟎 → 𝑱/𝝍𝒑𝑲&
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Pentaquark states 
in 𝒆2𝒆; annihilations and b-hadron decays

𝒁𝒄(𝒔) from 𝒆"𝒆& annihilations and 𝒁𝒄(𝒔) from B decays
• Zcs(3985) vs Zcs(4000): masses are close, but widths are different. 

Same state or not?
• Zc(3900) vs Zc(4200) : much more different
How about pentaquark states?

[PRL122, 152002 (2019)]

𝑩𝟎 → 𝑱/𝝍𝑲"𝝅!

PRL126, 102001 (2021)

arXiv:2103.01803 𝑩" → 𝑱/𝝍𝑲"𝝓

LHCb
Belle
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Threshold for pentaquark states

arXiv:2101.01021

However, we don’t know the production …
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Summary
• BESIII has been playing significant role in

renaissance of Λ6 decays
• BEPCII energy upgrade during 2020-2021 has

improved the BESIII capability in 𝛬6 physics by
accumulating more statistics at different energy points

• Proposal BEPC3 (3x luminosity and energy up to 5.6
GeV) will greatly extend the physics opportunities in
baryon sector
ü systematic studies on decays of ground charmed
baryons: Λ!, Σ!, Ξ!, Ω!

ü spectroscopy of charmed baryons
ü pentaquark states



Backup
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Competition from Belle & BelleII
Belle, PRL113, 042002 (2014)

Signal tags:
36447±432
@ 978/fb

• Belle tags ~36K Λ!", while BESIII now tags 15K Λ!" (567/pb@4.6GeV)
• By middle of 2019, BELLEII will have 5/ab data, 5x of BELLE data;

è 180K tagged Λ!";
• We will have 150K tagged Λ!", however, BESIII is very clean
• Many precise measurements at BESIII will reach to the level of

systematic dominated
è BESIII has advantages on backgrounds and systematics
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World campaign on the charmed baryon

BESIII Belle(-II) LHCb
total yields ⭑⭑⭑ ⭑⭑⭑⭑ ⭑⭑⭑⭑⭑
S/B ratio ⭑⭑⭑⭑⭑ ⭑⭑ ⭑⭑

Systematic error ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑⭑
Systematic research ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑
Semi-leptonic mode ⭑⭑⭑⭑⭑ ⭑⭑⭑ ⭑

n/KL-involved mode ⭑⭑⭑⭑⭑ ⭑⭑ ✩

Photon final state ⭑⭑⭑⭑⭑ ⭑⭑⭑⭑ ✩

Absolute measurement ⭑⭑⭑⭑⭑ ⭑⭑⭑ ✩

• The threshold data at BESIII have systematic
advantage over Belle(-II) and LHCb



吕晓睿 BEPCII升级暨BESIII物理联合研讨会 42

arXiv: 1802.03421
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A theoretical Framework for Charmed Hadrons

• Topological diagrams + Symmetries + Experimental inputs 
Þ to understand the decaying dynamics, predicting 
double-charm baryon decays, CPV, etc. (predictive power)
– 𝜦𝒄" branching fractions used for global analysis  
Þ 𝜩𝒄𝒄"" → 𝜦𝒄"𝑲&𝝅"𝝅" and 𝜩𝒄"𝝅" are large enough for observation. 

𝑩𝒓(𝜦𝒄2 → 𝒑𝝓)/|𝑽𝒖𝒔|𝟐 = 2 % 𝑩𝒓 𝜩𝒄𝒄22 → 𝜮𝒄225𝑲∗𝟎 = O(%)

𝜩𝒄𝒄22 → 𝜦𝒄2𝝅2𝑲8𝝅2

Large enough for observation

𝚲𝒄" BFs from BESIII è Stronger predictive power

[PRL 117, 232002 (2016)]
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Contributions to 𝚵𝒄𝒄,,observation

• LHCb observed 𝜩𝒄𝒄// from 𝜩𝒄𝒄// →
𝜦𝒄/𝑲0𝝅/𝝅/ and 𝜩𝒄/𝝅/ decays

• Credits from theorists
– 𝝉(𝜩𝒄𝒄"") ≈ 𝟑 𝝉(𝜩𝒄𝒄" ) (Chang, Li, 

Wang, Karliner, et al.)
– “Discovery channels of 
𝜩𝒄𝒄// → 𝜦𝒄/𝑲0𝝅/𝝅/ and 𝜩𝒄/𝝅/
was predicted benefited from 
BESIII 𝜦𝒄/ measurements ”            
(Fu-Sheng Yu, et al, ’17)

PRL 119, 112001 (2017)

PRL 121, 162002 (2018)
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arXiv:2009.01404

of the 𝚺"

well described by pQCD motivated model
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Ξ! tagging efficiencies

𝑒"𝑒& → Ξ!" &Ξ!&/Ξ!$ &Ξ!$ at 4.946 GeV
Signal MC simulations
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Charmed baryons productions

In the charmed baryon system, the light quarks are more 

like di-quarks

The spin-0 diquarks:  "good" diquarks

The spin-1 one :  "bad" diquarks. 

The bad diquarks are heavier. So if the hadronization
from the initial (ccbar) proceeds in one step, by attaching 

diquarks, it will provide a simple and natural explanation for 

the fact that the 𝚲𝐜 cross section is much bigger than that of 𝚺𝐜.

Then how about the behaves at the threshold, and to test it at BESIII will be 
very interesting!  

Belle, arXiv:1706.06791

from Marek Karliner

吕晓睿
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First Measurements of absolute BFs for Ξ6

• Large errors
• Belle II will improve these to ~10%
• BESIII has potential to improve them

Belle, Phys.Rev.Lett. 122, 082001 (2019)
Belle, Phys. Rev. D 100, 031101 (2019)
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GlueX results

Model-dependent upper limits 
at 90% C.L.  from JPAC model 
[PRD 94 (2016) 034002]

“First measurement of near-threshold J/ψ exclusive photoproduction off the proton” 
GlueX Collaboration, May 26, 2019, PRL 123 (2019) 072001

“GlueX Physics” on 18/8 
(Sun.) at S1 by M. SHEPHERD

A less model-dependent limit at 90% C.L.: 
!!"# "# → %$% ×ℬ %$% → (/*# < 4.6, 1.8, 3.9 nb for %$ 4312 %, %$ 4440 %, %$ 4457 %, respectively.

at the resonance maximum


