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Starting point !

Seems to be

QCD

Quantum Chromodynamics



Science 2008

Ab Initio Determination of Light Hadron Masses

g. Ii)/u:l'r Z. Fodor, J. Frison, C. Hoelbling, R. Hoffmann, S. D. Katz, S. Krieg, T. Kurth, L. Lellouch, T. Lippert, K. K. Szabo and
. Vulvert

Science 322 (5905), 1224-1227.
DOI: 10.1126/science.1163233
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Science

Ab initio calculation of the neutron-proton mass difference

2015

Sz. Borsanyi, S. Durr, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, L. Lellouch, T. Lippert, A. Portelli, K. K. Szabo and B. C.

Toth

Science 347 (6229), 1452-1455.
DOI: 10.1126/science.1257050
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Computation of the masses
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Computation of the masses

h(x): hadron interpolating field, e.g. 7™ (z) = u(x)vs5d(x)

f [DW;A,J h(x)h(a: T) @_fd4517 Lqcp

(W(z)h(z +T)) =

[ [DypA,] e/t Lacn




Great, Impressive ...



Great, Impressive ...

BUT, how precisely those numbers

come out from

the QCD Lagrangian !



Trace anomaly

— — ot — " = \aH
Take mqg =0 & mg = s 1

q(zr) = ¢ (x) = N*?q(\z) Au(z) = Al (z) = XA, ()

Socp = / d*z X\* Locp(Ar) = / d*z’' Locp(2') = Sqep

Classical action is invariant



Hadron masses
|h) : hadron state mp = (h|T} (x)|h)

From classical Lagrangian:

05qeD — —/d4:1:Tlf(a?) =0

O\




Quantum theory

1
Tu L Qﬁ(as) 1Ga Ga;w .
u(x) — Qe Z uu(x) (:l?)—
= G (2)G (z)
3272 e

y
3272

mp =

hlg*GS, G |h)

1 o, LV 23( e
Z/d‘la:GW(:c)G’ g (:1:)) = ( )SQCD OA

Xg

1 a apyr
~3 boors GW(:I:)G’ W (z)

— this is the trace anomaly
— no scale invariance
— trace of 7" is nonzero

The entire mass
comes from gluons



Contribution from quark masses

B (g
mp = - (@) G, ()G (x) + (h|gmg q|h)

200,

small



Why is this interesting !

Because

(hlg” G, G |h)

contributes to threshold
quarkonium-nucleon scattering



Quarkonium-nucleon

Quarkonium: ¢(s3s), n.(ce), J/¥(cc), ny(bb), T (bb)



Quarkonium-nucleon scattering
o = ¢(s5), n.(ce), J/¥(ce), mny(bb), Y(bb)

Forward amplitude

Aon = za, (N| (B)” |N)

—

o, : color polarizability

(property of the quarkonium)



Ay = 305 (NI (sE)" V)

Measure scattering length:

Bound from trace anomaly:

T < (V1 (4E)” IN)

(VI [(9B)’ - (sB)’] IN) = —5 (NIg*G, G N) =




Renewed interest in
quarkonium-nucleon

Events/(15 MeV)

© CERN / LHCb Collaboration



Why quarkonium in nuclei?

— scattering amplitude is enhanced
— new exotic nuclear state

— adds a new flavor axis in the
nuclear e.o.s.



Scales in nuclei

p~ pg=0.16 fm " baryon density (center nucleus)
—1
day ~ P /3~ 1.8 tm internucleon distance
3 k2 -
(TN) ~ = ~ 20MeV < Aqcep  nucleon kinetic energy
5 ZmN
Recall that:
rN ~ 4/ (r3) ~ 0.88 fm ~ A(SéD nucleon (charge) radius in free space

rﬁ?{}d_cor@ ~ 0.21m hard-core NN force



Scales in nuclei

dyv ~ 27N + hard-core NN force

v

Little (or no) superposition of nucleons in nuclei

— Independent-particle model

+ Pauli principle — > — Mean-field model

(among nucleons)
— Nuclear shell model

Gomes, Walecka & Weisskopf






Low-momentum quarkonium in a nucleus

— Quarkonium interacts with light quarks in nucleons
by exchanging gluons with wavelengths

)\NT‘N

— Size of quarkonium

TJ/\I; ~ 0.351m

Quarkonium behaves as

A > 2 Ty :{> a small color dipole

immersed in a uniform gluon field
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Embbeding quakonium-nucleon into a
Nonrelativistic nuclear many-body problem

H=Hy+ HL,ON

1

2m¢

Ho = | df”w*(tﬂ(— v?-) olt, )

+ / Brd®r' N(t, 7)ot (t, 7)) Won (F — 7') o(t, 7 )N (t, 7)

|

quarkonium-nucleon

G.K., AW. Thomas & K.Tsushima,
PPNP 100, 161 (2018)



Hartree-Fock equation

— for quarkonium in a nucleus

Woa(T) = /d3r’ Won (T —7") pa(T) quarkonium-nucleus potential

pa(7) = (A|NT(F)N(7)|A) = Z N*(F)Nn(7)  nuclear density functional

Neglecting back reaction of quarkonium on nucleons,
take density from experiment, no need for a nuclear model



Need quarkonium-nucleon potential
Woa(7) = [ d*' Won (7= 7) pa(7)
From the forward amplitude:

4 872
— aon §(F) = ——5-mna 8(F)

‘/VE)OI —
\,ufv (7:') 2/_11991\7

47 872

QpN PA(":) — —TmNC% pA('_'). 5

. 1 1
k cotand(k) = —— + §,-(,_1.-2 4.
a




J/¥ in nuclei

— nuclear potentials

J/W nuclear potentials [MeV]

Figure 8: .J/W¥ nuclear potentials W'_‘,)/O\}, 4(7) (solid line) for a polarizability a ;g = 1 GeV™> and W l,‘;t\f,A (7)
(dashed line) from a fit to the lattice data with a cutoff rygw = 0.5 fm.



Quarkonium in nuclei

— use scattering length only

Table 7: Predictions for J/W single-particle energies in several nuclei obtained with the polarization
potential W }’7\}, A(7), defined in Eq. (105).

*}/\I,IIe 112/\1,(3 3%,0 ‘}%,Ca ‘ﬁ\pCa S}(}\I,Zr 3%,1)1)

gy = 1 GeV™? <— a/J/\IJN = —0.18 fm
Is n -336 -441 -6.77 -6.84 -791 -8.38
Ip n n -039 347 -3.95 571 -7.05
2s n n n -026 -0.59 -270 -5.01
2p n n n n n -021 -294
3s n n n n n n -0.70
gy = 2 GeV™3 <— aJ/\IjN — —0.36 fm
Is -449 -10.76 -12.62 -16.41 -16.16 -17.70 -17.27
Ip n -398 -6.54 -11.95 -12.44 -14.95 -16.30
2s n n -054 -6.74 -7.50 -11.07 -13.95
2p n n n -1.62 -252 -733 -11.41

3s n n n n n -2.71 -8.28




Lattice™
— quenched, mn = 640 MeV

V(r) [MeV]

lattice data —+—
Yukawa fit ——
Model potential- - - -

Yukawa fit

05 1 1.5 2
r [fm]

2.5

T. Kawanay & S. Sasaki, PRD 82,091501 (2010)



Pion mass dependence

— quenched x unquenched

10 ; 10
of 0r Jau 2
,_-93' =
-10 } 10 b _.-:i'c"'
= = =
< © i
s 0 s -0 !
-40 J 40 |
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Figure 2: The quark-mass dependence of the 1).-N potential (left) and a comparison between quenched and
dynamical simulations (right)

T. Kawanay & S. Sasaki, Pos (Lattice) 2010, 156 (2010)



Scattering length & effective range
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Figure 5: The scattering length ap (left) and effective range ro (right) as a function of M;Z. The squared
(diamond) symbols have been moved slightly in the plus (minus) x-direction.

T. Kawanay & S. Sasaki, Pos (Lattice) 2010, 156 (2010)



Fit to lattice results

Reproduce scattering length,
leave effective range free

W (r) = =Wo [1 — f(r,rvaw)] + Voi'n (7) f(r, rvaw)




Fit to lattice results

((LJ/\I;N)SAV ~ 0.35 fm > Apn. N ™~ 0.25 fm

r. ~ 1.0 fm

neN J/UN
rvaw  Wo  Te Wo e
0.3 252 14 288 1.2

0.5 74 1.7 95 14




J/¥ in nuclei

— nuclear potentials

J/W nuclear potentials [MeV]

Figure 8: .J/W¥ nuclear potentials W'_‘,)/O\}, 4(7) (solid line) for a polarizability a ;g = 1 GeV™> and W l,‘;t\f,A (7)
(dashed line) from a fit to the lattice data with a cutoff rygw = 0.5 fm.



Quarkonium in nuclei
— use of lattice potential

Table 8: Single-particle energies of 7. and J/V in selected nuclei. The n.N and J/W¥N potentials fit the
lattice scattering lengths and incorporate the Yuakwa tail from the fit from lattice data.

16 40 90 200 16 40 . 90 200
,kO ncCa ,er . Pb J/q,O J/q,Ca JNZr J/\,,Pb

'vdw = 0.3 fm

Is -292 -515 -6.32 -6.88 -3.62 -592 -7.10 -7.62
Ip n -2.06 -4.17 -5.55 n -274 -493 -6.29
28 n n -1.40 -3.53 n n -206 -4.29
2p n n n -1.50 n n n -2.30
'vdW = 0.5 fm
Is -3.62 -5.99 -7.23 -7.79 -5.23 795 -924 -9.74
Ip n -2.72 -4.99 -641 -0.87 -441 -6.90 -8.33
2s n n -2.04 -4.33 n -082 371 -6.20

2p n n n -2.28 n n -092 -4.03




PHYSICAL REVIEW D 91, 114503 (2015)
Quarkonium-nucleus bound states from lattice QCD

S.R. Beane,' E. Chang,"* S.D. Cohen,” W. Detmold,” H.-W. Lin," K. Orginos,*” A. Parrefio.® and M. J. Savage”
(NPLQCD Collaboration)

lDepartment of Physics, University of Washington, Seattle, Washington 98195-1560, USA
*Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195-1560, USA
Center for Theoretical Physics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA
*Department of Physics, College of William and Mary, Williamsburg, Virginia 23187-8795, USA
5.Ieﬁ"erson Laboratory, 12000 Jefferson Avenue, Newport News, Virginia 23606, USA
6Departament d'Estructura i Constituents de la Matéria and Institut de Ciéncies del Cosmos, Universitat

de Barcelona, Marti i Franqués 1, Barcelona, 08028, Spain
(Received 9 November 2014; published 11 June 2015)

Quarkonium-nucleus systems are composed of two interacting hadronic states without common valence
quarks, which interact primarily through multigluon exchanges, realizing a color van der Waals force. We
present lattice QCD calculations of the interactions of strange and charm quarkonia with light nuclei. Both
the strangeonium-nucleus and charmonium-nucleus systems are found to be relatively deeply bound when
the masses of the three light quarks are set equal to that of the physical strange quark. Extrapolation of these

pruits-te-the-physieq] light-quark masses suggests that the binding energy of charmonium to nuclear matter

DOIL: 10.1103/PhysRevD.91.114503 PACS numbers: 11.15.Ha, 12.38.Gc, 13.40.Gp



M d I TABLE L Estimates for the binding energies of charmonium to
odels light nuclei and nuclear matter (in MeV) from selected models. A

indicates the system is predicted to be unbound, while entries
W1th center dots indicate that the system.was. not.addressed.........

Binding energy (MeV) Binding energy (MeV)
Ref. 3Hen, “*Hen, NMuy, | *HeJ/y  NMJ/y
[1] 19 140 * |
[2] 0.8 5 27 §
[3] 10 §
[5] * * 9 "
[6] !
— (7]
8]

TABLE V. The binding energies (in MeV) of charmonium-
nucleus systems calculated on the L = 24 and 32 ensembles. The
rightmost column shows the infinite-volume estimate, which,
without results on the L = 48 ensemble, is taken to be the binding
calculated on the L = 32 ensemble. The first and second sets of
parentheses shows the statistical and quadrature-combined stat-
istical plus systematic uncertainties, respectively.

N PLQC D System 243 x 64 323 x 64 L =oco }

N7, 17.90.4)1.5)  19.80.7)2.6) | 19.8(2.6) |

dn. 39.3(1.3)(4.8) 42.4(1.1%(7.9) | 42.4(7.9)
PP, 37.8(1.1)(4.5) 41.5(1.0)(7.5) | 41.5(7.6) §
*Hen, 57.2(1.3)(8.3) 56.7(2.0)9.4) ¢
*Hen, 70(02)(13) 56(06)(17) ¢ 56(18)

— ‘Hel/y  75.7(1.9)9.4) S307)18) | 53(19) |



Can one do better?



N. Brambilla, GK, J. Tarrus-Castella, A.Vairo, PRD 93,054002 (2016)



Chromopolarizability &

color van der Waals forces
— an EFT perspective

Interactions between color neutral objects:

Via creation of instantaneous color dipole moments &

gluon transitions in virtual color-octet intermediate state

— Polarizability—



EFT approach

— Chromopolarizability of IS bottomonium;
use pPNRQC (potential Nonrelativistic QCD)

— van der Waals force between two bottomonia;
use QCD trace anomaly to match pNRQC to a chiral EFT

QCD — NRQCD — pNRQCD

|

sWEFT — XEFT ——WEFT

Polarizability van der Waals



Scales

77, :bottom mass, U :relative velocity

m > mu > mu” > Aqep |

QCD — NRQCD — pNRQCD — gWEFT

g Mg : mass bottomonium, ree ~ 1/m: relative distance

f k?b¢/m¢ = mi/mqb < My ,

sWEFT — XEFT — WEFT



PNRQCD*

— obtain e.g. bound states

$,0: singlet, octet Q6 states

LNrQeD =  Liight + / d?’?“ Ir [SJ' (i8p — hs) S + O (iDy — hy) O}

+gVa(r) Te [OF(7- E)S +Si(7- E)O| + ng(r) Tr [0f(7- E)O + O0(7- E)]}

2 2 - as(r)
heo— Y f - Vi(r) Velr) = =Cr—]
2 2
ho _ V 4DR I VO(T) VA(T) =1
e e Vp(r)=1

Cyr=N,=3,Cr=(N2—1)/(2N,) and T = 1/2

* A. Pineda and . Soto, Nucl. Phys. B, Proc. Suppl. 64, 428 (1998)
N. Brambilla, A. Pineda, J. Soto, and A.Vairo, Nucl. Phys. B 566,275 (2000)



eWEFT

— hadronization, chromopolarizability

ONRQCD —— gWEFT

. VL o1 ,
EgWEFT — Llight + @T(t, R) (Z@O — E + 475 + 2a¢92E2 + - ) W(t, R)

Chromopolarizability

o2y, . 1
3N, (Pl E@_horww

Qy =



Results: polarizability

~ (Crag)* 1 B average of
Bo = —mo—1—— =~ m, = 9.4454GeV M & Ty(LS)

m=>5 GeV
a,(1 GeV) ~ 0.5

a,(1.5 GeV) ~ 0.35 a,, = 0.507)3% GeV ™

a,(2 GeV) ~ 0.3
T(25) = Y(1S)nmm

RBT—T’ = 0.66 GeV—3

M.B. Voloshin, Mod. Phys. Lett A 19, 665 (2004)



van der Waals force

sWEFT — XEFT

Nonperturbative matching

e QCD trace

RS anomaly

8
g* (™ (p1)7 (p2) | EZ|0) = 37 ((p1 + p2)*K1 + miks)

11 2
K-1=1—9K,/4, K.z—]_ 9;{/2 =?Nc—§Nf

k=0.186+0.003£0.006 <+«— ¢ = J/brtn~




Matching  gwerT — XEFT

. \%
Loppr = ¢! (230 - m) ¢

0 +
U=ebF — o2 &= 7 V2
V2~ —n°

XEFT = ((@U&‘UT) + (x'U + XUT>)
Yy =2Bml1 F =F;=92419MeV

. F? '
‘C'i)EFT = ¢T¢T (cao{@UU") + cai(QUIUT) + cn(X'U + xUT))
A% A%, 1270y

Cdo — — D K1 Cdi — — b K2 Cm — b



van der Waals force

Tog ~ 1/ M ks /Mg = Mz /mg < My

Relative motion at energies lower than pion mass

— integrate out the pion

XEFT — WEFT



Matching

XEFT — WEFT
;;;.._—i; > >

v?

my

Ly, = /d3R (pT(t,R’) (iao + ) (2, R)

1 4 3 5 5 & :
-2 / d’RA°R' ' (t, R)p'(t, R') Wyu (R, R') ¢(t, R )p(t, R)



vdWV potential

/V[V/(kQ) = contact terms
—g (k2cdz~ -+ 2m72r (Cdi — Cm))2 5 [m?ﬂ _kQ}
_g (cdo — cdi) (kQCdz' + 2m72r (Cai — Cm)) C1 [m%, _kQ}
3

2 (cao — cai)” Ca [m2, =K’






B [m?2 ,—k*| = +1—
[mﬁ, 2} !
62 A+ 1—log 7%
o ﬁjL\/lJFZLkgT
5 log




_ yo i,
1 2 A2 \/1—|— ~ — 1
B[mi,—kﬂ:lGQ )\+1—logm—;+\/1—|— l@”log i

™ v -

31k* + 280k?m2 + 705m2 N 1
1920072 128072

_ y— _
2 4 2\ /2 \/1‘|‘ 27_1
x()\—logmw>+k4 (1—|— m”) log k2

U2 k2

Co [m?r — kQ} = < (k4 + 10k*m?2 + SOmi)




B[m}, k] = = )\+1—logy—;+\/1—|— 5+ log <

31k* + 280k?m?2 + 705m?

02 77172T . k2 _ mw —|_ m7r 1 4

[ } 102002 + 19802 (k -+ 1Ok2m72T + SOmi)
m2 4 o\ 5/2 _\/1_|_ 4m2 _1_
< )\ o TT 4 m7r k2
( log 2 ) + k (1 + 12 ) log —
> o Bk?+24m? 1 2
Cr[ms ~K] = = s ((k2 + 6m?2) ()\—log %)




vdWV potential

1 [ =
Wir) = 53, Lm dp e P Im {W(e — z,u)}
3mB%m? 2 3 9 2
= — s [(4 (K2 + 3)7 (mar)” + (357 + 43k5 + 14K K2) mﬁr) Ky (2myr)
-

+2 (2 (K2 + 3) (k1 + 5kz) (mar)? + (367 + 4363 + 14k152) ) Kz (2mar)]

asymptoftic

3(3 + Ky)2m3/232 mY/?
152 7572 ©

—2myT

W(r) = —

Completed the calculation of
H. Fujii and D. Kharzeev, PRD 60, 114039 (1999)



Numerical result
— vdWV potential

FIG. 9. Comparison of the van der Waals potential (40) (blue
line) with its long-range expansion (41) (red line) for f =
0.92 GeV~ and other parameters like in Fig. 8.



Are there 7y 1)y bound-states!?

— It is likely, but depends somewhat
on the medium- and short-range pieces



Quarkonium-nucleon™

Lattice

D

Chiral EFT

J.T. Castella, GK
arXiv: 1803.05412



Degrees of freedom & Scales & Power counting
DOF: nucleons, quarkonia, pions
Scales: By, Ey ~ m, < A, ~ 1GeV

Power counting: terms of the effective
~Wei f . .
(hembereer™N - Lagrangian organized

. X
in powers of

Loops: dimensional regularization



Quarkonium-nucleon EFT
— ONEFT

Nucleon-pion

: D* .,
LN = NT (z‘DO I )N — %“‘Mu-aN

2M N

Uy, =1 {uT u} DN =090,N+T,N F/, % [ﬂ d/, u]



Quarkonium-nucleon EFT
— QNEFT

Quarkonium-Nucleon
LN = —NIN¢'Gp — d,,(x s )NTNG'¢p —diV (NTN) -V (¢70)
< i} _oa
_ d, (N* D \) - (@TV’@)) — d.DN' - DN6'6

— dUNTNV ' - Vo

X+ = UTXUT - UXTU X = 286ml My = Mg =M



Low-energy quarkonium-nucleon
dynamics

Quarkonium-nucleon dynamics,
e.g bound to nucleus occurs at energies

Integrate out the pion



Low-energy quarkonium-nucleon
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Low-energy quarkonium-nucleon
dynamics

3 k2
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~ 20MeV < AQCD
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Integrate out the pion



Quarkonium-nucleon potential
— pQNEFT

Integrate out the pion

i \vE | i v2\
LPINEEL — NT (509, - N+ ¢ idy + - ¢
2mp 2my

_ C.‘OA‘TTA’T@T(‘;’") — 1V (A"TTA'T) -V ((‘j)f(‘f))

_ D, (A»*TVN) . ((;ﬁ?gﬁ) _ DsVN' . VN6'6 — D.NTNVS - Vo

- / dErNTN(t, z1)V (21 — x2)d o(t, T2)



Matching

AN AN A
{%

renormalization of couplings + van der Waals



Renormalized couplings

9g2 m2 Co m?2 2 392 m>
O = 4mid,, + 24T " [Jog —% + = | + 24 T (5.,
0 ‘o A 6472 2 (Og 2 T3 ) T Gapre O
2
gaMn
! Lt e (23Cdi = Bm)

Dj — dj for ] — 2,3&Hd4

— 3¢m)



Long-distance part of QN potential
— vdWV force

3g4m:

Vi(r) = 19872276 © e~ Legi [6 + mar (2 + mar) (6 + mgr(2 + mgr))]

+cmir® (1 4+ m, 7)2}

No free parameters here:
— trace anomaly
— chiral physics

First, model-independent derivation of a

quarkonium-nucleon van der Waals force



FOI" r >

2M

3g5ms (cai + cm) €727
Vi) = =g p r2

To extrapolate lattice data to
physical quark masses, need:

2.3
2 ggAmw

T 32nF?

my = my —4citm

2

me = Mg — F2c,m2



Unknown contact couplings

— get them from lattice QCD /\

Reference Channel ag [fm] co [GeV~2 dp [GeV~2
De —0.70(66) —31(29)
PSF
J /1 —0.71(48) —31(21)
23] Quenched
Ne —0.39(14) —17(6)
LLE
J/ —0.39(14) —17(6)
e —0.25(5) —8(2)
25] Quenched
J /1 —0.35(6) —12(3)
- Ne —0.18(9) ~9.7(1.2) 14.7(4.8)
24
J /1 —0.40(80) —12(18) —100(80)
B [GeV~?)
2 —0.37 —16.5
[16]
0.24 —0.05 —2.0




Comparing long distance part
with HAL lattice potential
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Lattice:

T. Kawanay & S. Sasaki, Pos (Lattice) 2010, 156 (2010)
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Fits of the polarizabilites

cdo [GeV_3] Cdi [GeV_B] Cm [GeV_3]
Bp. = 0.17 GeV~? —0.83 —1.71 —2.24
By = 0.24 GeV~—? ~1.17 —2.42 —3.16

Table II. Values of the pion-quarkonium couplings according to the expressions in Eq. (5) for the
values of the polarizabilities, in Eq. (29), obtained from the fit of the potential to the lattice data

of Ref. Kawanai:2010ev.



Are there quarkonium-nucleon
bound states at this order in pQNEFT?

Scattering amplitude (s-wave)

2T 1 2T 1
’A: t5 T 1 1 2
poN PCOtd —ip N —== + Srop? + ...

0 2 2 2 2 3 2
ag = HoN [co + 4(1mm72T + JAM R0 (log m—; + —) + JA mo (5cqi — 3cm)
v

27 6472 2 3 64rF?2 T
ST gi
— d d ~(23cg; — Dy,
' LN CE [( 1+ da) 56T EF2 (23¢a ¢ )]

No quarkonium-nucleon bound states within
the applicability of the present calculation:



Are there quarkonium-nucleus
bound states at this order in pQNEFT?

YES, for sufficiently large nuclei



Experiments
— JLab

J/ photoproduction at (G LUEX ~
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ATHENNAX* collaboration JLab @ 12 GeV

Hall A — E12-12-006
K. Hafidi, Z.-E. Meziani, N. Sparveris, Z.W. Zhao

*A J/¥ THreshold Electroproduction on the Nucleon and Nuclei Analysis

Hall C — E-12-16-007 (Pentaquarks)

Z.-E. Meziani, S. Joosten, et al.



How About coalescence

at the LHC?

— Chances of a charmed hadron meeting one or two nucleons

not smaller than of two antinucleons and one antihyperon

meeting to form an antihypernucleus

Obagervation of an Antimatter Hypernucleus
The STAR Collaboration
Sclence 328, 58 (2010);
DOI: 10.1126/science. 1183980 Pb-

Pb, 2011 run, {5 =2.76 TeV negative particles

1000g

L2 v
5 1) .
L . ] L]
s [ P * ALICE
1 =Y ':’HB‘\ {? PEAFORMANCE
L | ¥ 5 L o
4 \ 1 . .
L '
L 1)
‘l 4 l\ l. .
] !
B |. ' \' 10
! !

153353354

: ‘\ n . &\t
'\ ! (Gav ')

the decay products

Need to detect in coincidence
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