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Systems with two heavy quarks: physical scales and physical significance

consider QQbar (quarkonium) but things are similar for QQ, QQQ etc
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Quarkonium with EFT

QCD
11
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----------------------- [ Caswell, Lepage 86,
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Pineda, Soto 97, N.B. et al, 29,00,
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Labelle 98, Grinstein Rothstein 98
Kniehl, Penin 99, Griesshammer 00,

W
PpNRQCD Manohar Stewart 00, Luke et al 00,
Hoang et al 01, 03->

established in a series of papers:
Pineda, Soto 97, N.B., Pineda, Soto, Vairo 99
N.B. Vairo, etal. 00-021
N.B., Pineda, Soto, Vairo Review of Modern Physis 77(2005) 1423
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The form of and of the ultrasoft modes depends on the low energy dynamics.
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A potential picture arises at the level of pNRQCD:
+ the potential is perturbative if mv = Agen
+ the potential is non-perturbative If mv ~ Agon
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It is obtained by with p or E scaling like m, muv.

The d.o.f. are QQ pairs (sometimes cast in color singlet .S and color octet O)

and ultrasoft modes (e.g. light quarks, low-energy gluons):

The Lagrangian is organized as an expansion in and .

The form of and of the ultrasoft modes depends on the low energy dynamics.

* The leading picture is Schoedinger eq.,the

potentials appear once all scales above the energy have been
been integrated out

* non potential effects appear
as correction to the leading picture and are nonperturbative

* Any prediction of pPNRQCD is a prediction of
QCD at the given order of expansion

 Effects at the nonperturbative scale are carried
by gauge Iinvariant purely glue dependent
correlators to be calculated on
the lattice or in QCD vacuum models

V H|'|"| )
(e

2

In QCD another
scale is relevant Aqcp

AQCD
'y

Low lying [ . “High lying ) f:—'

i

|_ 'l.t '!!I.'-I 'l.[-'ll 1].'III

] .
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| 2 rifm)

picture arises at the level of pNRQCD:
ntial is perturbative if mv = Agep

e the pote

ntial 1s non-perturbative if mv ~ Ageop



Weakly C()upled pNRQCD oPineda Soto NP PS 64 (1998) 428

. : : Brambilla Pineda Soto Vairo NPB 5o6o6o (2000) 275
e If mv > Aqcp, the matching is perturbative

Non-analytic behaviour in r — matching coefficients VV ';rzeRgang;e_ﬁj(zj%a;)erul’fipé)lz(zpta)mjed: ]:-:- z (ngzggarﬁ?zs
p- p- -
LPNRQED /d% Tr {ST(i0, Vg +---)S + O (iDy Vo+---)O+ LO inr
m m
V
+V4(STr - gEO + O'r - gES) A QB(OH- - gEO+0'0Or - gE)} + ... NLO inr

',bf'
1 _ .
— o FT > i ilDg;
i—1




Weakly C()upled pNRQCD o Pineda Soto NP PS 64 (1998) 428

. : : Brambilla Pineda Soto Vairo NPB 5o6o6o (2000) 275
e If mv > Aqcp, the matching is perturbative

Non-analytic behaviour in » — matching coefficients V/ I:E;ga‘i?e_ﬁj(zz a;)ejrnuﬁi@j(zp;njed: ]3:: z (ngl'i;falfﬁgf
p° p-
LPNRQED /d% Tr {ST(i0, Vg +---)S + O (iDy Vo+---)O+ LO inr
m m
T T VB T
1 ’Ibf‘ |
_ZFSVFWG ;@: 11Dq; .
(s Vo(r): > ...
The matching coefficients are the Coulomb potential VS(T) = —CF L 2N 7
(Va=14+02), Ve =1+ O(a?
Feynman rules A =1+0(a3), Vg =1+ 0(a)
— 9(t) e~ it(P"/m+V) — 0(t) o —it(p?/m+Vo) (6—7;f dt Aadi)
E — Ofr. gES E = O'{r - ¢gE, O}




. N ma? lnas Brambilla Pineda Soto Vairo 99, Kniehl Penin 99
Energies at order m alpha®5 (NNNLO) mo} Kniehl Penin Smitnov Steinhauser 02 | MNLL pineda 02

NNNLL Peset Pineda et al 2018,2019, Kiyo Sumino 2014, Beneke, Kiyo Schuler 05,08

p2
E, =2m+ (n|— + Vi|n) + nIﬂln
T ~ ethqopt

- fxdt it(Ey ' —Hp) —

3N, rin) (E(t) E(0))(u)

.III'.-._I'I — T HinIII-I.:III — 1

EY) — H,> Agep = (E(H)E(0)) (1) — (E2(0)) EY) — H, ~ Agcp = no expansion possible, non-local

local condensates as predicted in a condensates, analogous to the Lamb shift in QED

paper by Misha Voloshin in 1979 QGWWQ\O\

& %

—>used to extract precise (NNNLO)
determinationof m_cand m_b

I I
I I I
I I I
L
Z | L~ 0 In o, (Lamb-shift)
T
I I I
I I I

Applicationg of weakly coupled pNRQCD include:
ttbar production, quarkonia gpectra, decays, El and MI trangitiong, QQq and QQQ energieg, therma
magges and potentialg



Strongly coupled pNRQCD. Hitting the scale AQCD s Aéép

The degrees of freedoms now are

-
o -
= QI IGUITATR S (QQ)sG

(RQ): 3 : SR
60666000060 (QQ)1 + Glueball g hybrid

with gluons at the scale AQCD —>nonperturbative problem, use lattice



QCD
Spectrum of NROQCD
static energies E*0_n from A
Lattlce " @ K: angular momentum of light d.o.f.
% A=—1r::HK —0.F+]1,+2 +3....
; 4, Qj);;m g - — A =0,1,2,3,... (5,11, A, @, ...)
E( )  Gluon excitatiorls b= | @ Eigenvalue of CP: n = +1 (g)j = (u,)
¥ @ o: eigenvalue of relfection about a plane containi
0.7 r =
N=0
0.6 - Ay
» .
3 K is the angular momentuyr of the light degrees of
05 | hg'y S freedom:same symmetpy as the diatomic molecule
_ NRQCD | RE==
04 | my ' x1,%9)" = 15 A2 X2)" NRQ(?;D states
Ria, 15 X1, %2) ) = 9 (x1)x(x2); X1, %2) )
e e e 3
r=|X1 — X2 0;x1X2)— > (QQ)1) — Quarkonium Singlet HhNRQCD states
In > 0;x1X2)— > |(QQ)g") — Higher Gluonic Excitations
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Balietal. 98 1MV ~ AQCD « pPNRQCD and the potentials come from integrating out all scales up to mvz

3 | o ;;/% + gluonic excitations develop agap AqQcp and are integrated out
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Balietal. 98 mv ~ Agcp + pNRQCD and the potentials come from integrating out all scales up to 17972

3 1 et s + gluonic excitations develop agap AqQcp and are integrated out
0 il B0% . _u.
5 [ PBum g g0 = r'}l/: !
. — The singlet quarkonium field S of energy mu?
1| A 5= — -
(Gl is the only the degree of freedom of pPNRQCD
0L ST . (up to ultrasoft light quarks, e.g. pions).
~
1 ‘-prﬂ
D _7-' quenched —=—
3

0.5 1 1.5 2 2.5 3
r/rg
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Balietal. 98 1MV ~ AQCD « pPNRQCD and the potentials come from integrating out all scales up to va

3| et ;;/% * gluonic excitations develop a gap AQCD and are integrated out
22%@% @@@g@@@@@ : (Ji/zl .

A L,,-!"*“ — The singlet quarkonium field S of energy mu-
R (j?.LQ’B : Is the only the degree of freedom of pPNRQCD
0r N . (up to ultrasoft light quarks, e.g. pions).

+‘r‘r+

Zo
2| s quenched —=—  _ 2
3 ! L =Ty {ST (@80 b ];) S} +AL(US light quarks)
-3 : m |

0.5 1 1.5 2 2.5 3
r/rg
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Balietal. 98 MV ~ Agcp « pNRQCD and the potentials come from integrating out all scales up to 777972

3
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> m @ -
111
Al
o ;E/%
0 = [ [

2 E

r/rg

B g g BB Ay
g
o
@0y
>
/-k.
e
o
-
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» gluonic excitations develop a gap AQCD and are integrated out

— The sing
IS the on

Brambilla Pineda Soto Vairo 00

et quarkonium field S of energy mu?

y the degree of freedom of pN

(up to ultrasoft light quarks, e.g. pions).

2
L ="Ir {S'T (?jﬁo P V;) S}
Im},

e A pure potential description emerges from the EFT however this is not the constituent
quark model, alphas and masses are the QCD fundamental parameters

RQCD

+AL(US light quarks)

e The potentials V = ReV + ImV from QCD in the matching: get spectra and decays

e \We obtain the form of the nonperturbative potentials V in terms of generalized Wilson loops (stat
that are low energy pure gluonic correlators: all the flavour dependence is pulled out



The singlet potential has the general structure 1 1

the fact that spin dependent corrections appear e Vg~ mV1 | e (Vsp + Vv p)
at order 1/m”2 is called Heavy Quark Spin Symmetry /

static spin”dependent

T velocity dependent



The singlet potential has the general structure 1 1

— o | I
the fact that spin dependent corrections appear e Vg~ mvl ST (Vsp + Vv p)
at order 1/m”2 is called Heavy Quark Spin Symmetry éic \,\\med/epv ondent Tvelocity dependent
k o0 E.(t)
V) = — e ekiji/ dtt([+ 3|y Li-Sa+ (1 2) |V Y
T 0 -
E(t) B
1 O
V(l):__/ dtt(l:l} rk e 2cp — 1
2 Jo —T—2<Cpek”i/0 dtt(‘ i g \> F2 VkV(O)>L1-Sl—I—(1<—>2) ‘VL(?

gauge invariant wilson

loops can be calculated also in N e i Oij _ ) )
QCD vacuum model and large N _CF”TJ'Z/O dt(< Ll P 3 ‘g >> <Sl 'S2 —3(81-1)(82 - I')) Vi
(-> see Giancarlo talks)

» Pineda Vairo PRD 63 (2001) 054007 9 0O 7 4
Brambilla Pineda Soto Vairo PRD 63 (2001) 014023 —|—<§c%1z/ dt< >—4 (dsv + gdw> 5(3)(1-))81 - So |VS
0 ]

cr =1+ as/m(13/6 +3/2Inm/u) + ...), dsv.vo = O(a?) from NRQCD.




The singlet potential has the general structure 1 1

— | |
the fact that spin dependent corrections appear V /‘,/0 | mvl | mz(/vé'D T VX;D)
AN | : :
at order 1/m”2 is called Heavy Quark Spin Symmetry Siatic spirfdependent | Velocity dependent
k o0 E.(t)
V) = — e ekiﬂ'z‘/ dttd[1 3|y Li-Sa+ (1 2) V'Y
T 0 -
E(t) B
W= 2 [Tare ¢ N
Vv — — — dtt k N o0 .
2/0 —T—2<cFekw7;/ dtt ([1 3> ZCFZ 1VkV(O)>L1-Sl—I—(1<—>2) vy
r 0

gauge invariant wilson

loops can be calculated also in N e i Oij _ ) )
QCD vacuum model and large N _CF”TJ'Z/O dt| <[ 37— 3 ‘g ?)(S1-8S2-3(81-)(S2- %) ) [V1
(-> see Giancarlo talks)

» Pineda Vairo PRD 63 (2001) 054007 9 0O 7 4
Brambilla Pineda Soto Vairo PRD 63 (2001) 014023 —|—<§c%1z/ dt< >—4 (dsv + gdw> 5(3)(1-))81 - So |VS
0 ]

cr =1+ as/m(13/6 +3/2Inm/u) + ...), dsv.vo = O(a?) from NRQCD.

» the potentials contain the contribution of the scale m inherited from NRQCD matching coefficients—> they
cancel any QM divergences, good UV behaviour

e the nonperturbative part is factorized and depends only on the glue —> only one lattice calculation to get the
dynamics and the observables instead of an ab initio calculation of multiple Green functions



PNRQCD can describe also quarkonium production and, together
with open quantum systems, the nonequilibrium evolution of quarkonium in medium
(in heavy ions)

—> which has implications on the fact that BOEFT could do the same
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XY Z : close or above the quarkonium strong decay threshold

the situation is much more complicate
there is no mass gap between quarkonium and the creation
of a heavy-light mesons couple, nor to gluon excitations and many
additional states built on the light quark quantum numbers may appear

many different configurations may appear

adjoint tetraquark oo ret o ark depending on the underlying
_ QCD dynamics

3c y 3c
diquark-diquark heavy meson molecule

hadroquarkonium

Still:  m is the bigger scale —> NRQCD is still valid

another separation of scales allows to construct an EFT —> BOEFT



BOEFT: EFT for nonrelativistic pairs and light d.o.1.

Consider bound states of two nonrelativistic particles and some light d.o.f., e.qg.,
molecules/quarkonium hybrids (QQ g states)or tetraquarks (QQqg states):

o electron/gluon fields change adiabatically in the presence of heavy quarks/nuclei.
The heavy quarks/nuclei interaction may be described at leading order in the
non-relativistic expansion by an effective potential V, between static sources,
where k labels different excitations of the light d.o.f.

o a plethora of states can be built on each of the potentials V,; by solving the
corresponding Schrodinger equation.

This picture goes also under the name of Born-Oppenheimer approximation. Starting
from pNRQED/pNRQCD the Born-Oppenheimer approximation can be made rigorous
and cast into a suitable nonrelativistic EFT called Born—Oppenheimer EFT (BOEFT).

Lattice evaluation of the QCD static energies:
Michael et al. 1983,
Juge, Kuti, Mornigstar 1997, 1998,
Bali Pineda 2004, Capitani, Philipsen, Reisinger,
Riehl, Wagner 2018

Braaten PRL 111 (2013) 162003
Braaten Langmack Smith PRD 90 (2014) 014044

> >




Focus on hybrids

two different scales
AQCD > mu?

we proceed to integrate
out 1/r and then Aqcp
(or simultaneously see Soto, Tarrus)

¢2005.00552

Aocp

EheaVmesz Elight~AQCD

~1/AQcD

analogous to

Eelectrons > Enuclei
in QED


https://arxiv.org/abs/2005.00552

_ Eher:wy’“mQV2 Elight~AQCD
FOCUS on hYbrIdS ana|ogous to

two different scales Eeectrons > Enuciei
A 2 .
QoD > T in QED

we proceed to integrate
out 1/r and then Aqcp
(or simultaneously see Soto, Tarrus) 4 >

¢2005.00552 ~1/AQcD

Agcp is nonperturbative but we can
use the lattice to calculate the appropriate gluonic static energies
(corresponding in molecular physics to the electronic static energies)


https://arxiv.org/abs/2005.00552

Focus on hybrids

n

Xn)

0.9

08

il P

0.6

05

0.4

0.3

£(0) (r) =

~____— wilson loop

lim — log(Xn, T/2|1X,, —=T/2)

T'— 00

= x(x2)¢(x2, R)T*H*(R)o(R, Xl)wT(Xl)‘Va@

Phi wilson lines and H gluonic operator with
the-correct quantum numbers

aE -

sh-:-rt distance
Eg eneracie

IB_:-

Gluon exﬁitatiﬂnﬁ

a ~0.2fm

R/ag

N=4

ﬁf

aﬁ.l’at = o] )
z=0.976(21)

g 10 12 14

> EE Is the ground state potential that

We need the static
energies for the lattice

Eheavy’“mQV2

Elight~AQCD

~l/AQcD

generates the standard quarkonium states.

» The rest of the static energies correspond to

excited g

» The two

uonic states that generate hybrids.

owest hybrid static energies are [1,

and 2, , they are nearly degenerate at short

distances.

Bali Pineda PRD69 (2004) 094001

0 Juge Kuti Morningstar PRL 90 (2003) 161601
Capitani Philipsen Reilsinger Riehl Wagner PRD 99 (2019)

Schlosser, Wagner 2111.00741

03450



We understand the The BOEFT characterises the hybrids static energy for short distance

static energies —> In the short-range hybrids become aluelumps, i.e., quark-antiquark octets, 02, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%*(R,r,1).

the hybrid ' Static energy can be written as a (multipole) expansion in 7

~ octet potential

o 0s +Mnon perturbative coefficient
g | g g oo o
or
. dj
Ag is the gluelump mass: ~ Ag = lim_ ? In(H*(T/2)¢5, (T2, —T/2)H"(—T/2))
| calculated on the lattice Foster Michael PRD 59 (1999) 094509
0 0.5 1T 15 2 2.5 Bali Pineda PRD 69 (2004) 094001
ag can be expressed as field correlators (single line = singlet, double line = octet), e.g., Lewls Marsh PRD 89 (2014) 014502

Gluonic excitation operators up to dim 3
A
R |1 r-B.r-(D x E)

KFPC Hea
e | 17 rxB,rx (D xE)
Bl |5 r-E.r-(DxB)
In the limit » — 0 more symmetry: D, — O(3) x C Ng | 177 rx E,rx(DxB)
e |27 (r-D)(r-B)
» Several A7 representations contained in one JPC representation: Mg 27" rx ((r- D)B + D(r- B)) .
» Static energies in these multiplets have same r — 0 limit. é’? §+_ B x(rB)-’DS%(r(r E)D)/(r B
. SASSS B s n 2= rx ((r-D)E+D(r-E))
\ .+ . % . . 5 B g u : . : .
The gluelump multiplets X, , T1.,; X7, IIg; X, I1;,, Ag; X3, 115, Ay are A, | 2t= | (rx D)i(r x EY +(r x D)(r X E)

degenerate.
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static energies —> In the short-range hybrids become gluelumps, i.e., quark-antiquark octets, 02, in
the presence of a gluonic field, H*: H(R,r,t) = H*(R,t)O%*(R,r,1).

the hybrid ' Static energy can be written as a (multipole) expansion in 7

~ octet potential

. non perturbative coefficient
Lug = gr | agﬂ"“+/v P

ANy +

lim —1n<H“(T/2)qba‘dJ(T/2 —T/2)HY(—T/2))
T—oo T’
Foster Michael PRD 59
Bali Pineda PRD 69 (2004)

Lewis Marsh PRD 89 (2014)

A4 is the gluelump mass:  Ag =
calculated on the lattice

focus on them

(1999) 094509
094001
014502

0 0.5 1 o 1.5 2 2.5

ag can be expressed as field correlators (single line = singlet, double line = octet), e.g.,

Gluonic excitation operators up to dim 3
A
TR [ r-B.r- (D xE)

KFPC Hea

e | 17 rxB,rx (D xE)

T AlE== r-E.r-(DxB)

In the limit r — 0 more symmetry: D, — O(3) x C Mg 1= rx E,rx(DxB)

Zr |27 (r-D)(r-B)
» Several A7 representations contained in one JPC representation: Mg 27 F A ((r- D)B + D(r - B)) .
= - / I
» Static energies in these multiplets have same r — 0 limit. g_g. §+_ B x(rB):)—;(r(r E)Dy(' B
: = P : 4 n 2 rx ((r-D)E+D(r-E))

G .+ x . . 5 & u : . : .
The gluelump multiplets X, , T1.,; X7, IIg; X, I1;,, Ag; X3, 115, Ay are A, | 2t= | (rx D)i(r x EY +(r x D)(r X E)

degenerate.



‘he BOEFT gives the set of coupled Schroedinger equation and the recipe to construct muItiEIets

We consider hybrids that are excitations of the lowest lying static energies 11, and >, .
In the » — O limit I1,, and >2,, are degenerate and correspond to a gluonic operator with
quantum numbers 17

Hybrids Multiplets

the JAPCquantum numbers

Multiplet | 7 | J7C(S=0) | J"(S=1) Er come from the properties
H,y 1 1=~ (0,1,2)~ T | Ew_, Ep of the solution of the coupled
P Schroedinger egs. in BOEFT
H> 1 1T (0,1,2)T— Fr,
Hs 0 0T 1T~ EZ_
Hy 2 2T (1,2,3)7 | Ey—, En,

T" Is the sum of the orbital angular momentum of the quark-antiquark pair and the = We do not consider the quark spin
gluonic angular momentum; T' = 0 state turns out not to be the lowest mass state. Nere so S=0 and 1 are degenerated
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In the » — O limit I1,, and >2,, are degenerate and correspond to a gluonic operator with
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the JAPCquantum numbers
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H,y 1 1=~ (0,1,2)~ T | Ew_, Ep of the solution of the coupled
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H> 1 1T (0,1,2)T— Fr,
Hs 0 0T 1T~ EZ_
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T" Is the sum of the orbital angular momentum of the quark-antiquark pair and the = We do not consider the quark spin
gluonic angular momentum; T' = 0 state turns out not to be the lowest mass state. Nere so S=0 and 1 are degenerated

models may have a different multiplets structure: for example constituent gluon picture: quantum
numbers obtained adding gluon and heavy quarks angular momentum—-> larger multiplets

1T Ma 14 __
PmAO (I‘, R, t)Hﬁ: (R7 t) = Z Vi (I‘, R, t) weuse V. ,(r,R,t) asdegree of freedom in BOEFT



0 Berweln Brambilla Tarrus Vairo PRD 92 (2015) 114019

BOEFT for EHu and EZ; hYbrldS Oncala Soto PRD 96 (2017) 014004

Brambilla Krein Tarrus Vairo PRD 97 (2018) 016016

r | N V2 v
LBOEFT for 14— = /dgr D Trs \IJLL—)\ (”’80 = Vit (1) + TZAT#TZA/> ‘I’1+—A/}
AN N
o A==£1,0; 7 =#land#, =F (é@' + ng) /2.
(1) (2)
| A 74
o Vigoaw =V 4 Ay AN
- - <o>m mio) .t 17(0) (0) _— fitted from the lattice hybrids
o Forthe static potential: V'~ =0/ Viy o\, with Vi (= FEe—, V" | = Bn, static energies



BOEFT for £y, and Ey- hybrids

A=41,0; 7= andsi, =F (é@' + qu) /2.
vi v
V1+—)\>\/ — Vl(f:)_m\, | (RENP.P | 17 2>\>\ -
™m ™m
- ial- 1/ (0) _ (0) +h 1/7(0)
For the static potential: V' "\, =d\x/ Vi, with V[~

O Berwelin Brambilla Tarrus Vairo PRD 92 (2015) 114019
(2017) 014004
Brambilla Krein Tarrus Vairo PRD 97 (2018) 016016

Oncala Soto PRD 96

it V7

LBOEFT for 1+— = /dgr ZT“ \IJLL—A (ia@ — Vit = (1) + T _WA'> ‘I’1+—A’}

- f
The LO e.o.m. for the fields ¥, _

(

AN/ N

o 1T 41

V2

r

m N

| (0) nad
| V1+—>\> OAN ZCH‘—)\)\’

™m

B, v :Enu/vfitted from the lattice hybrids

static energies

are a set of coupled Schrodinger equations:

U,/

The eigenvalues £x give the masses M of the states as My = 2m + Exn.

2
it (Mo s, — 5,0
A A m

™m

: nad AT

‘72

T

‘72

™m

A7
) T)\/

called the nonadiabatic coupling.



O Berwelin Brambilla Tarrus Vairo PRD 92 (2015) 114019

BOEFT for EHu and EZ;{, hYbI'ldS Oncala Soto PRD 96 (2017) 014004

Brambilla Krein Tarrus Vairo PRD 97 (2018) 016016
(Za() — V1—|— A\ (T) —+r T . TA/ \IJ1—|-_>\/

3
LBOEFT for 14— = /d ZT“ ‘I’L A\

AN/ N

fitted from the lattice hybrids

(V) ¢<N )

>, _ gN >,

N N
) )

Mixing remove the degeneration

A1) L(2)
V1+_>\)\’ — Vl(‘E)_)\)\’ | CREPP.Y | 1+_2>\A/ Foee : !
m m - static energies
For the static potential: V.Y, =6, VY with v = By, - v =En,.
5.2 4| 1+ 1) +2 2/1(+ 1) N EY 0
T
m?"Q i 20 /I0+1)  1(1+1) 0 EV
1 9 125 [(l+1) EO | 4™ — g ™)
Comr2 T o2 A i

@ /(I +1) is the eigenvalue of angular momentum L° = (LQQ -+ Lg)é

@ the two solutions correspond to opposite parity states: (—1)' and (—
1)l—|—s—|—1

@ corresponding eigenvalues under charge conjugation: (—1)'™* and (—

among opposite parity states:

->Lambda doubling

existing also in molecular physics

1)l—|—1

\

/




o The Schrodinger equation mixes states with the same patrity.
Spectrum: general consideration A consequence is A-doubling, i.e., the lifting of degeneracy between states with
opposite parity. This happens also in molecular physics, however, there A-doubling
IS a subleading effect, while it is a LO effect in the quarkonium hybrid spectrum.

o The eigenstates are organized in the multiplets H1, Ho, ... . Neglecting
off-diagonal terms, the multiplets H; and H> would be degenerate.

o We compute the spectrum using quark masses in the renormalon subtraction (RS)
scheme: m.rg = 1.477(40) GeV and m; rg = 4.863(55) GeV.

The gluelump masses, which enter in the normalization of the hybrid potentials,

Spectrum; with IIliXiIlg and A—doubling have been computed in the same scheme and assigned an uncertainty of
+0 15 GeV which is the largest source of uncertainty in the hybrid masses.

Mass(GeV)
50

_— charmonium hybrids

45 I I

O Berweln Brambilla Tarrus Vairo PRD 92 (2015) 114019

I data without mixing (dashed) from Braaten et al PRD 90 (2014)
4.0 -

R Y in BO papers

DD Threshold without the BOEFT
masses of opposite parity
H, H, Hj Hy Hs Hy Hy states are degenerate
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Charmonium hybrid states vs direct lattice data

Mass(GeV)
4.6 -
H, { . ——
i H, i
4.4 - Hj
i Hl +
—
4.2 - — -5
4.0 - _
i DD, Threshold
38+ B
o DD Threshold _ _
l l l l l l l l l l l l l l

1/ O 1= 2°*F 1+t 0t 1+ 2+ 0ft 1t 2Fft 1t 2t 3+

Lattice (crosses) confirms Lambda doubling (H_1 not degenerate with H_2)

Bands BOEFT predict -uncertainty comes from the uncertainty on the mass of the gluelump

0 Berwein Brambilla Tarrus Vairo PRD 92 (2015) 114019
lattice data from the Hadron Spectrum coll JHEP 1207 (2012) 126
[2+1 flavors, m,; = 400 MeV]



Quarkonium hybrid states vs experiments I neutral isoscalar states In
charmonium with matching

quantum numbers

Mass(GeV)
4.8
+—
46] —
H,(T=1,P=+1) e

- . +

a4 | Hy(T=1,P=-1) — FR{T=0P=)
+ H;'(T=1,P=-1, excited)
a2l .
. —_— Ha(T=2,P=+1)

a0l _

................................................................................................................... DsDs Threshold o
3.8 _

______________________________________________________________________________________________ DD Threshold | _ _ _ e
3.6
34|
32 | | | | | > | | | | | | | |

Y(4230)[177] Y(4320)[177] Y(4360)[17"] X(4140)[1**] X(4160)[?™] X(4274)[1**] X(4500)[0**] X(4700)[0**] Y(4390)[177] w(4415)[177] Y(4630)[17"] Y(4660)[177]

In the same way
o Berwein Brambilla Tarrus Vairo PRD 92 (2015) 114019 *bottomonium and bc hybrids

updated in Brambilla Eidelman Hanhart Nefediev Shen ultiplets are obtained, depend
Thomas Vairo Yuan arXiv:1907.11747 on the same gluelump masses




Quarkonium hybrid states vs experiments I neutral isoscalar states in
charmonium with matching

, , quantum numbers
band in our H multiplet masses comes form the error on the

lattice calculation of the gluelump mass +-150 MeV: we need more precise lattice

Mass(GeV)

o calculation of the gluelump masses !
I e — -
4.6_— el
_ Hy(T=1,P=+1) e
a4 __ H;(T=1,P=-1) e FR{T=0P=) =
_ s - H,'(T=1,P=-1, excited)
4.2} -
3 S B Hy(T=2,P=+1)
B DD;Threshold _
R DD Threshold
3.6_—
a4l
32 ] ] ] ] ] ] ] ] ] ] ] ] ]
Y(4230)[177] Y(4320)[17"] Y(4360)[17"] X(4140)[1**] X(4160)[?™*] X(4274)[1**] X(4500)[0**] X(4700)[0**] Y(4390)[17"] w(4415)[17"] Y(4630)[1~"] Y(4660)[1~]

In the same way
o Berwein Brambilla Tarrus Vairo PRD 92 (2015) 114019 *bottomonium and bc hybrids

updated in Brambilla Eidelman Hanhart Nefediev Shen ultiplets are obtained, depend
Thomas Vairo Yuan arXiv:1907.11747 on the same gluelump Masses




Quarkonium hybrid states vs experiments 11

e Promising candidates for charmonium hybrids or for states with a large hybrid
component are the Y (4230) and Y (4390) because of their significant width into
7T~ he. This decay does not need spin flipping of the heavy quark-antiquark
pair, which is in a spin zero state. Spin-flipping terms are suppressed in the heavy
guark limit. Nevertheless, mixing with spin one quarkonium states happens
already at order AéCD/mh. This possibly large mixing may allow for significant
widths also into final states with spin one quarkonia, in particular 7+~ J /4.

o0 Oncala Soto PRD 96 (2017) 014004

e From the experimental side, candidate states of bottomonium hybrids in the H; or
H multiplets are the T (10860) [1~ ], with a mass of

M-~ (10860) = (10891.1 £ S.QJ_F?:?) MeV and the T (11020) [1~ ], with a mass of Tarrus Passemar 2104.03975

Wi — (10987.516-4 9.0y MeV studies transition of these states identified as
X (11020) = ( ~25 —2.1) hybrids to quarkoniumin BOEFT—>
results suggest 11020 being a hybrid

oBelle coll PRD 93 (2016) 011101

To these we can add the recently observed signal by Belle with a mass of

My (10750) = (10752.7 & 5.9 797) MeV, which may also qualify as an H; multiplet
bottomonium hybrid candidate.

o0 Belle coll arXiv:1905.05521




besides the spectrum we need:

* relativistic corrections, especially spin dependent potentials

* mixing with quarkonium, decays and transitions: what is the width of these
states?

 production

* nonequilibrium evolution of XY Z in medium



besides the spectrum we need:

* relativistic corrections, especially spin dependent potentials

* mixing with quarkonium, decays and transitions: what is the width of these
states?

 production

* nonequilibrium evolution of XY Z in medium

BOEFT gives or has the potential to give all of that to us!



The BOEFT gives a prescription to calculate the hybrids spin dependent potentials at
order 1/m and 1/m*2

o v o () = Vg (r) (r T Eid pd ) S
+ Vsru(r) [(’P - ri) (riK“ﬁ,) .S + (riKiijg\T) .S (r- ﬁA,)] S=S;+8S,
5 Sm/: 12(S1 - £)(Sa - #) — 4(S1 - Sy)
1/mA?2 Vl(i)—AA’ sp(T) = V/’E?a(r) (@Lfﬁ\/> S + V,—EQS)b(r)f’; (L*S7 4+ S*L7) f-i,
+VE (182850 + VE) (181205 + VED (il 7, (8185 + 8557

A4

(Kij)"“ — i¢'kJ is the angular momentum of the spin one gluons L IS the orbital angular momentum of the heavy-quark-antiquark pair.



The BOEFT gives a prescription to calculate the hybrids spin dependent potentials at
order 1/m and 1/m*2

o v o () = Vg (r) (r TR ) S
+ Vs b(7) [(’P ’ﬁ;) (rzK@jfi,) S + (rzK”ng\T) S(r-r /)] S =51+ 52
. N \ S12 =12(81 - 1)(S2 - T) — 4(S1 - S2)
1/mA2 Vl(i)—AA’ sp(T) = IS?‘S’)CL(T) ( Ti/) S + VL(Qs)b(T) A (LiSj + SiLj) )
+ VD (1)8%63x + V) (1) S12050 + VED ()il 7, (5185 + $557)

A4

(Kij)"“ — i¢'kJ is the angular momentum of the spin one gluons L is the orbital angular momentum of the heavy-quark-antiquark pair.

Features:

* New spin structures with respect to the quarkonium case: all terms at order 1/m and two terms at
order 1/m”2

Differently from the quarkonium case, the hybrid potential gets a first contribution already
at order AéCD /mp,. The corresponding operator does not contribute at LO to matrix
elements of quarkonium states as its projection on quark-antiquark color singlet states
vanishes. Hence, spin splittings are remarkably less suppressed in heavy quarkonium

hybrids than in heavy quarkonia.



The BOEFT gives a prescription to calculate the hybrids spin dependent potentials at
order 1/m and 1/m*2

y Vo (1) = Var(r) (fﬁxw X ) S
m 5
+ Vsku(7) [(r fi) (r’Kf”ijg\,) S + (T’LKZL,@%\T) S (r- 7 ,)] S=3S;+S,
. ;. , . S12 = 12(S1 - T)(S2 - ) — 4(S1 - S2)
2 2 A7 ~17 2 A1 7} 1 '\ A
e VL ap® = ViR ) (RIL#,) - 8+ Vi, (midl (L1sT + 5717 #]

2 2 2 AP il T QJ
+VE (182850 + VE) (181205 + VED (il 7, (8185 + 8557

(Kij)"C — i¢'kJ is the angular momentum of the spin one gluons L is the orbital angular momentum of the heavy-quark-antiquark pair.

Features:

* New spin structures with respect to the quarkonium case: all terms at order 1/m and two terms at

order 1/m”2
Mixing with quarkonium via spin

Differently from the quarkonium case, the hybrid potential gets a first contribution already
may also enhanced

at order AéCD /mp,. The corresponding operator does not contribute at LO to matrix . _
and decay to different spin

elements of quarkonium states as its projection on quark-antiquark color singlet states
vanishes. Hence, spin splittings are remarkably less suppressed in heavy quarkonium states may be enhanced

hybrids than in heavy quarkonia.



Hybrid spin dependent potentials at order 1/m and 1/m”2

1/m Vﬁ)—)\,\/ sp(T) = Vs (r) (fi\TKijfj’) S

+Vsrco(r) [(r-7]) (MK, ) S+ (FKIRT) S| -
Siz = 12(S1 - £)(S2 - ) — 4(S: - Sa)

L \

V1 apl) = VIR0 (HILR,) -8+ VDR (10 + 5'0) 5

+ VD (1)8205 0 + V) (1)S1283nr + V) (r)# 7, (Sisg + S%S{)

A4

(Kij)"“ — i¢'kJ is the angular momentum of the spin one gluons L IS the orbital angular momentum of the heavy-quark-antiquark pair.

Features:



Hybrid spin dependent potentials at order 1/m and 1/m#2

1/m Vl(i)—AA’ sp(T) = Vs (r) GTKMW") S

+Vsrco(r) [(r-7]) (MK, ) S+ (FKIRT) S| S s,
Si = 12(S1 - )(S2 - F) —4(S: - S

L. \

2 2 2 ) i i1 1\ ~
V& v en ™ = Vid, () (L) S+V,§S>b(r) T(LisT + STLI)

+ V& (1)S25, 0 + Véf; (7)S120 )17 + Vs(f; b(?“)?’f Ag\/ (Sng ™ S%S{)

A4

(Kz’j)"“ — i¢'kJ is the angular momentum of the spin one gluons L IS the orbital angular momentum of the heavy-quark-antiquark pair.

Features: . The nonperturbative part in V_i (r) depend on nonperturbative
gluonic correlators non local in time not yet calculated on the lattice: six unknowns,
the octet perturbative part can be calculated in perturbation theory

* The only flavor dependence is carried by the perturbative NRQCD matching coefficients



Hybrid spin dependent potentials at order 1/m and 1/m#2

+ Vs p(r) [(r - fi) (r’iK@'J i) S+ (PEIH) S| S
S1a = 12(S1 - T)(So - 1) — 4(S1 - So)
y(2) (1) = Vig () (FTL7) - S+ v,f?b(r) ST (L1ST + 8717
2 2 2 A Y] T QJ
+ VD (1)8%63x + V) (1) S12050 + VED ()il 7, (5185 + $557)

A4

(Kij)"c — i¢'kJ is the angular momentum of the spin one gluons L IS the orbital angular momentum of the heavy-quark-antiquark pair.

Features: . The nonperturbative part in V_i (r) depend on nonperturbative
gluonic correlators non local in time not yet calculated on the lattice: six unknowns,
the octet perturbative part can be calculated in perturbation theory

* The only flavor dependence is carried by the perturbative NRQCD matching coefficients

USE LATTICE CALCULATION OF THE CHARMONIUM
SPIN MULTIPLETS TO EXTRACT the 6 UNKNOWNSs and PREDICT THE BOTTOMONIUM
SPIN MULTIPLETS, learn also about the DYNAMICS



nm.c E. Thomes, andD.Tm(HadrmSpemnm)
JHEP 12. 089 (2016), arXiv:1610.01073 [he
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Charmonium Hybrids Multiplets H_1
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Ryan, C. E. Thomas, and D. Tims (Hadron Spectrum),
JHEP 12, 089 (2016), arXiv:1610.01073 [hep-lat|.

with a pion of about 240 MeV

height of the boxes is an estimate of the
uncertainty:
estimated by the parametric size of higher
order corrections, m alpha_s”5 for the
perturbative part, powers of Lambda qcd/m for
the nonperturbative part, plus the statistical
error on the fit
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Charmonium Hyorids Multiplets H_1 |attice data from (violet) from

G. K. C. Cheung, C. O'Hara, G. Moir, M. Peardon, S. M.
Ryan, C. E. Thomas, and D. Tims (Hadron Spectrum),
JHEP 12, 089 (2016), arXiv:1610.01073 [hep-lat].

il ' ‘ ' | ' ? ' | with a pion of about 240 MeV
eyl ; height of the boxes is an estimate of the
| 17 - uncertainty:
: i § e estimated by the parametric size of higher
245 L | i) | order corrections, m alpha_s”5 for the
; § ' perturbative part, powers of Lambda_qgcd/m for
s : the nonperturbative part, plus the statistical
- F R e RS TN TR ey T IS s e o error on the fit
> . .
3 il 7 ] the perturbative part produces a pattern opposite
,;'5 | ; é § o to the lattice and to ordinary quarkonia —>
= § % discrepancy can be reconciled thanks to the
430 |- 58 e 1 nonperturbative parts, especially the one at order 1/
e m which goes like Lambda”®2/m and is
425 - H, multiplet 1 parametrlcall_y Ia_rger than the peArturbatlve
i average (4383 GaV) —- - contribution at order m v*4
a20 | | O EL22 which is interesting as
; Ty some models
4.156 - ' '
i - - nr are taking

the spin interaction

from perturbation theory
0o Brambilla Lai Segovia Tarrus Vairo PRD 99 (2019) 014017 with a constituent g|uon
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Bottomonium hybrid spin splittings

thanks to the BOEFT factorizatio we can fix the nonperturbative unknowns
from a charmonium hybrid calculationthe nonperturbative low energy
unknownsdo not depend on the flavor: we can predict the bottomonium
hybrids splin splittings

10.86 ! ! !
\
N\
10.84 “_"_E“;_E"""'é"'_" ““““ _'i --------
3 Y
2 s
@ &\
= 5
10.82 |- |
H, multiplet
gspin average (10.840 GeV) - - - -
: perturbative E2Z2
total BN
10.80 | | | i | |

1++ ot 1+ o+

and also the other H multiplets
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Bottomonium hybrid spin splittings Comparison of our prediction to the

thanks to the BOEFT factorizatio we can fix the nonperturbative unknowns existing lattice data on H1
from a charmonium hybrid calculationthe nonperturbative low energy
unknownsdo not depend on the flavor: we can predict the bottomonium
hybrids splin splittings
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thanks to the BOEFT factorizatio we can fix the nonperturbative unknowns

Bottomonium hybrid spin splittings

Comparison of our prediction to the

from a charmonium hybrid calculationthe nonperturbative low energy

unknownsdo not depend on the flavor: we can predict the bottomonium
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The 1/m operator giving origin to the 1/m spin potential in heavy hybrids Oncala Soto 1702.03900
is also responsible for a mixing between spin 0 (1) hybrids and spin 1 (0) quarkonia

—> spin violating decays
This effect is encoded in a single generalised

Wilson loop (one magnetic field inserted in the temporal line,
one in the spacial line) to be calculated on the lattice or
in effective QCD string model



The 1/m operator giving origin to the 1/m spin potential in heavy hybrids

is also responsible for a mixing between spin 0 (1) hybrids and spin 1 (0) quarkonia

Oncala Soto 1702.03900

—> spin violating decays
This effect is encoded in a single generalised

Wilson loop (one magnetic field inserted in the temporal line,
one in the spacial line) to be calculated on the lattice or 22
in effective QCD string model

H 1
Decays to lowest lying quarkonia —>
get information on the hybrids widths!
BOEFT allows to study hybrids semi inclusive 5
decays to quarkonium + X
FH—)S =g <H‘III1AV‘H> —

we are currently calculating all spin conserving and spin flipping
decays for charmonium and bottomonium hybrids

N. B., A. Mohapatra, W.K. Lai, A. Vairo

Decays from hybrids to quarkonium

nLy - n'l’ |AE MeV)|T' MeV)
cc sector
1Py — 25 808 7.5(7.4)
2(S/D); — 1P 861 22(19)
4(S/D); —» 1P 1224 23(15)
bb sector
1Py — 1S 1569 44(23)
1Py — 28 1002 15(9)
2Py — 28 1290 2.9(1.3)
2Py — 3§ 043 15(12)
4Py — 18 2337 53(25)
4Py — 28 1770 18(7)
4Py — 38 1423 7.4(4.1)
2(S/D); — 1P 977 17(8)
3(S/D); —» 1P 1176 29(14)
3(S/D); — 2P 818 5(3)
4(S/D); — 2P 891 33(25)
58/D); — 1P 1376 18(7)
5(8/D); — 2P 1018 14(8)




Tetraquarks and pentaquarks

BOEFT can be used to describe any system made by two heavy quarks
bound adiabatically with some light degrees of freedom: glue (hybrids) or
light quarks (tetraquarks, pentaquark)

In case of light quarks isospin quantum numbers should be added
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light quarks (tetraquarks, pentaquark)
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steps go as before:



Tetraquarks and pentaquarks

BOEFT can be used to describe any system made by two heavy quarks
bound adiabatically with some light degrees of freedom: glue (hybrids) or
light quarks (tetraquarks, pentaquark)

In case of light quarks isospin quantum numbers should be added

steps go as before:

identify the symmetries, identify the interpolating operators O _n and define the static energies
On(t, 7, R) = x(t, R—1/2)¢(t, R—r/2, R)H,(t, R)o(t, R, R+ r/2)¥'(t, R+ r/2)

. Examples of gluonic operators and light-quark operators for quarkonium hybrids

E,(LO) (r) = lim ¥ log(O, (T, r, R)|0,(0, r, R))

Tooo T and tetraquarks respectively, g = (u, d) and 7% are isospin Pauli matrices.
Ag K H B = e =A==~
D e ql*(1, 7)q
= e 2, e a
Zu = r-B q [(T‘ X 7)7 '7] L (]17 T)q

—
S
T
)
X
oy

qlr-v, v]T1, 7)q
g 1 : q(r-~v)T*1, 7)q
: q (7 xv)T*(1, 7)q

N.B. G. Krein, J. Tarrus, A. Vairo 1707.09647. J. Tarrus 1901. 09761, J. Soto, J. Tarrus 20005.00552
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o Tarrus arXiv:1901.09761 |, = T@ ’Uja UT 2 and u = ¢ - T/ (2.
BOEFT for I = 1 tetraquarks i ’ p = (WOutuduul) / xp( /(

D,Z =0, + T, Z)

: celra V"%
LBOEFT for 1=1 = /dg"“ TV{Z(L— (ZDO — VETTa(r) - >Z0+—}

g ™mp
| N V% y
+ /d?”r‘ ZTr {ZIJF_)\ (zDO — VltitfiA,(r) e ’r;\Tm—Tﬁ\,> Z1+_>\/}
AN &
- r A V: )
+ /d‘?’r ZTr {ZI——A (zDO — Vltft_%\k,(r) + T;Tm—;TA/> Zl——A’}
AN/

+ terms with higher orbital momentum and mixing of states

with the isovector field

needs lattice calculations of tetraquarks static energies

The direct use of the I = 1 BO effective Lagrangian is limited by the fact that the |=1 S Previlosek H. Bahtiyar J. Petrovich eprint: 1912 02656
potentials have not, even in their static limit, been measured on the lattice. ’ ’

Hence, the situation is different from the hybrid case, where static hybrid energies |=O Bicudo Cichy Peters Wagner PRD 93 (2016) 034501
are known since long time.



The BOEFT contains all configurations: what dominates and where depends on the QCD

dynamics
Static energies for I # 0 (schematic):

hadroquarkonium

1/Agep

The static energies are defined in BOEFT that
gives the appropriate set of operators to be used
and could describe the short distance limit.

Being nonperturbative objects E(r) should be calculated
on the lattice (or in QCD vacuum models)

Figure from J. Tarrus



The BOEFT contains all configurations: what dominates and where depends on the QCD

| | | dynamics
Static energies for I # 0 (schematic): o
Z, channel Sh =Sy + 55
140 Q@@
5 - 3, Eigen-energies En(r) : channel $,=1, CP=-1, e=-1
E(r) diquark-diquark
c—e= MMy, | c— - Vbb(r)+mJt
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The static energies are defined in BOEFT that N ¢ 0=Yb0)

gives the appropriate set of operators to be used 02 T | | | | o IO:BB*I
and could describe the short distance limit. o 1 2 3 4 5 6 1| 8

r/a

Being nonperturbative objects E(r) should be calculated
on the lattice (or in QCD vacuum models)

Figure from J. Tarrus Figure from S. Previlosek



The BOEFT contains all configurations: what dominates and where depends on the QCD

Mg+Mp+

dynamics
Binding configuration found on the lattice Z, channel Sh =5+ 5
* Eigen-energies E (r) : channel 5,21, CP=-1, &=-1
0.0 ==========- }" "‘"I"I — = mg+mg, [—- V_(@O+m_
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S. Previosek, H. Bahtiyar, J. Petrovich eprint: 1912.02656 r/a

Figure from S. Previosek



Outlook

NREFTs and lattice allows us to describe the physics of quarkonium away from the strong decay
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The same picture can be extended to tetraquarks and pentaquarks, once some lattice input
on relevant correlators will be available.

NOTICE that the needed lattice calculations are simpler that the direct calculations of the XY Z
properties on the lattice, the knowledge of few correlators together with the BOEF Twill allow to
obtain many phenomenological information

This picture has the possibility to give a unified description to exotics and to leave the dynamics
decide which configuration will dominate in a given range

Combining BOEFT + open quantum systems one can attempt to study the XY Z in heavy ion collisions
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Applications of strongly coupled pNRQCD include: Quarkonium Production at LHC

NRQCD factorization formula for guarkonium production
valid for large p_T Bodwin Braaten Lepage 1995

Cross section o(H) = Z F, (0|O|0).

long distance matrix elements
(LDME)
give the probabillity of a gglar
oair with certain guantum
number to evolve intfo a final
quarkonium H
they are vacuum expectation
values of four fermion operators with
color singlet and color octet
contributions and a projection

over quarkonium plus X in the
middle

short distance coeftficients
partonic hard scattering/cross section
convoluted with parton distribution

Intense work Iin the theory community, within QCD, NRQCD and SCET,
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NRQCD factorization formula for guarkonium production
valid for large p_T Bodwin Braaten Lepage 1995

Cross secftion o(H) = Z F, (0|O|0).

long distance matrix elements
(LDME)
give the probabillity of a gglar
oair with certain guanfum
number to evolve into a final
quarkonium H

they are vacuum expectation
values of four fermion operators with

short distance coefficients
partonic hard scattering/cross section
convoluted with parton distribution

One problem is the proliferation of LDMEs:

nonperturbative objects color singlet and color octet
that cannot be evaluated on the lattice contributions and a projection
over quarkonium plus X in the

and should be extracted from the data,
they depend on the considered quarkonium state

Intense work Iin the theory community, within QCD, NRQCD and SCET,

Qiu, Nayak, Sterman, Butenschon Kniehl , Bodwin , Hee Soh, Chung, J. Lee, Kuang Ta Chao, Y. Q. Ma, Gong Wang,
Fleming, Mehen, Yu Jia, Braaten, Lansberg, Leibovich, Rothstein...

middle



Factorization of LDMEs in pNRQCD : the NRQCD LDMEs are factorized in terms of wave

ememaedinctions and universal nonperturbative correlators depending only on the glue
\ /O&W * The number of nonperturbative unknowns is reduced by half
s ® » The nonperturbative unknowns are correlators of gluonic fields

that can be calculated on the lattice

N.B. Chung Vairo 2007.07613, 2106.09417/
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Factorization of LDMEs in pNRQCD : the NRQCD LDMEs are factorized in terms of wave

nodNCtions and universal nonperturbative correlators depending only on the glue
C/O&w * The number of nonperturbative unknowns is reduced by half
L @> _ * The nonperturbative unknowns are correlators of gluonic fields
y y that can be calculated on the lattice

Inclusive hadroproduction of p wave quarkonia

3NN ,
S c | (0) 2
O-XQJ‘FX (2J 3 1)O-QQ(3P[1])< / o |RXQO(O)‘
could be evaluated on the
= 2.] S Ay, o 8]\ ¢ BN, g lattice, similar to TMDs
( ) QR(°S:™) ARG OF G5

» The dimensionless correlator £ is defined in terms of

chromoelectric fields gF with Wilson lines ® extending to - - , ,
» £ has a one-loop scale dependence that is consistent

infinity in the £ direction. with the evolution equation for NRQCD matrix elements

3 O O a a . .
£ == / tdt / t' dt’ Q@1 D10, t)g B (1) g ES (1) BE (', 0) DL Q)
c JO 0

N.B. Chung Vairo 2007.07613, 2106.09417/
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3NN ,
S c | (0) 2
O-XQJ‘FX (2J 3 1)O-QQ(3P[1])< / o |RXQO(O)‘
could be evaluated on the
= 2.] S Ay, o 8]\ ¢ BN, g lattice, similar to TMDs
( ) QR(°S:™) ARG OF G5

» The dimensionless correlator £ is defined in terms of

chromoelectric fields gF with Wilson lines ® extending to - - , ,
» £ has a one-loop scale dependence that is consistent

infinity in the £ direction. with the evolution equation for NRQCD matrix elements

3 O O a a . .
£ == / tdt / t' dt’ Q@1 D10, t)g B (1) g ES (1) BE (', 0) DL Q)
c JO 0

£ is a universal quantity that does not depend on quark ->gOOd description of data at ATLAS
flavor or radial excitation. Determination of £ directly and CMS

leads to determination of all x.;and x,;(nP) cross
sections, as well as h. and h, production rates. N.B. Chung Vairo 2007.07613, 2106.09417
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nonequilibrium evolution of quarkonium in medium: nuclear modification factor R_AA

calculation with no
free parameters, results depends

We compute the nuclear modification factor R4 4: Raa(nS) — (n,qlps(tr;tr)n, q) on kappa function
(n,qlps(0;0)|n, q) of T (calculated on the lattice)
and gamma (extracted from the lattice)
_ Ke{k(T).ke(Mk(M} =176 = = @ k=Re(T), ye{=3.5-1750}
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R_AA of singlet Bottomcgr;tium in comparison to ALICE, ATLAS and CMS data, left pi)or}[ bands from variation in kappa,
right plot variation in gamma —> we can use R_AA to learn about the QGP!

N.B. Escobedo , Strickland, Vairo, Vander Griend, Weber, 2012.01240



