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Brief review of X(3872)

-~ g)doto
® discovery: Belle (2003) W > 300 |- —(25) -
BT Kt+X X = J/mﬂrj o ' :
) . -
o 200 B
® confirmation: CDF (2003) =

pﬁ — X —+ anything § 100 I ]
I i _X(3872) }
® quantum numbers: LHCb (2013) N S S

L JPC=1++ =3 S.wave 0.40 0.80 1.20

Y.

M(T* ) - M3T) (GeV)
® Mmass: LHCb (2020)

extremely close to D*0D? threshold Ex = Mx- (Mp~ + Mp?) = (-0.07 + 0.12) MeV
> -0.22 MeV at 90% CL

e width (Breit-Wigner): LHcb (2020)
Mx = (1.19 £ 0.19) MeV
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Brief review of X(3872)

square well potential with short interaction range
Nonrelativistic Quantum Mechanics: 1-d

+ short-range interactions
+ S-wave resonance close enough to threshold

* large scattering length: |a| >> range
- * Universal properties are determined by N
the binding energy Ex (or scattering

length a=1//2u|Ex|)

interaction range

zero-range limit: 0 potential with fixed area

+ universal wave function at r >> range:| Y(r) ~e*a/r 1-d
+ scattering amplitude at k << 1/range:|f(k) = 1/(-1/a - i k)
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Brief review of X(3872)

Ex = Mx- (Mp~ + Mp?) = (-0.07 £ 0.12) MeV
> -0.22 MeV at 90% CL

+ P-wave charmonium state: y.1(2P) ? 1c1(2P) = cc

: : - - In all cases, X(3872) is
+ isospin-0 charm-meson molecule? [ (D000 + DOD*) + (D*D- + D*D*) /2 transformed intg ch a)rm-

+ isospin-1 compact tetraquark? [ (cu)cd) - (cd)(cd) /{2 meson molecule by resonant
ther? coupling to D0 D% and D*0 D©
+ other*

Galilean-Invariant XEFT Liping He (OSU) Seminar at ITP, CAS (Jan 2021) O



Original XEFT [rieming, Kusunoki, Mehen, van Kolck, PRD 76, 034006(2007)]

low energy D*0D0 — pOp*0 scattering in HHXP T with one-pion exchange

% u?= (M:=0-Mo)?-mo2 |, u = 45 MeV
2. |

€

M - pions generate anomalously long-range
effects and should be included as explicit
nonrelativistic degrees of freedom iIn the
description of the molecule.

212 G*

\/ g2 — 6
| _
|

+ pion-exchange is characterized by small momentum ~ |

+ two-pion-and one-pion-exchange ratio is small

2 . :
gMppp 1 _ 1 pion-exchange can be treated perturbatively
477'f%_ 20 10 \_ -
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Original XEFT [Fieming, Kusunoki, Mehen, van Kolck, PRD 76, 034006(2007)]

+ Matching onto HHXPT yields DY, D0, 0 kinetic terms and the axial D0-D0%-7t% coupling
4+ integrating all momentum scales much larger than p

4+ including contact interactions to incorporate effects from shorter distance scales

62 62 ) 62 ) ) 62 ) 62
0 + D + D[ ig, + D + DT(id, + D + Dt(io, + — D + #t(idg + — + &

sz 2m,,,

Dai, Guo, Mehen, PRD101, 054024(2020)
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Original XEFT [rieming, Kusunoki, Mehen, van Kolck, PRD 76, 034006(2007)]

expansion in powers of Q Pp ~ Pp* ~ Pm — KL~V Q‘ Ep,~Ep ~E,~Q°

loop integration: f d*p ~ Q°

1

. -~ —92
propagator: 5~ p?) (20 0) Q
+ Leading order (LO): contact interaction + Next-to-leading order (NLO):
C ® pion interaction
— 2%DD + DD)t - (DD + DD) 2 1 ; .
2 (DDt - V& + D'D - V#') + Hee.

‘/if'zr 2m7T

o 2-derivative contact interaction

must be treated nonperturbatively to
generate X(3872) bound state.

+ %(DD + pD)t - (D@D + DF)?2D) + He

resonant coupling

e D*D (C=+) — DDr transition

Bl 1 — — - =
| DD + DD)t - DDV 7 + H.c.
NN ) e
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+ Galilean invariance

+ Galilean-invariant Lagrangian and Feynman rules
+ Lagrangian and Feynman rules with a pair field

+ NLO pair propagator

+ D*0DO scattering

Braaten (Ohio State U.),
Galilean-Invariant Effective Field Theory for the X(3872), PRD 91, 114007 (2015)

Braaten, LH (Ohio State U.), Jiang (Shandong U.),
Galilean-Invariant XEFT at Next-to-Leading Order , arXiv: 2010.05801
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Galilean invariance

Problems in the original XEFT:

@® not Galilean invariant

4+ frame dependent

can be solved by Galilean invariance

+ ultraviolet divergences are much less constrained >~ andanew renormalization scheme -~

® renormalization scheme: difficult to take into

account decays with momentum too large to be

X—=DOoD0r0

3t J VR x* 60 L ) L R A
treated explicitly in XEFT, such as D*— Dy. Dai, Guo, Mehen, PRD101, 054024(2020)-
ol
. : = |
® l|arge error bands from NLO corrections in the K]
—
decay X(3872)—D0oD0r0 20l
L 7 S ¥ T
Galilean-Invariant XEFT

Liping He (OSU) Bx [MeV]



Galilean invariance

Galilean invariance: a possible Galilean invariance requires exact

space-time symmetry of a NR theory | {conservation of kineticmass
:[Hagen, PRDS, 377(1972), Rosen, AJP40, 683 (1972)]

Galilean boost with velocity v: M+o-Mo-mo=0 = 7.04 MeV << mo=135 MeV

]_ )
E — E4+v-p+ imv2 > lmakes a Galilean-invariant
p —5 ptmo. theory possible

kinetic mass: D0 (M+m), D9 (M), 7° (m)

+ energy-momentum relation: rest energy: D0 (E<= & - il+/2), DO (0), 1° (0)
E(p) = € + p*/(2m)
+ invariant energy + Conservations:
) Nc — N *0 ‘I‘N 0
Eiot — Py / 2Mtot e number of charm quarks (antiquarks): P o

e pion number: Nr = Nzo + Nps«o + Np«o Ne = Np-o + Npo
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Galilean invariance

+pion interaction term: \
D' - DVz — D' - (DIMV — mVz) /[(M+m)
+1n (DD)" - D(V)2D

term with V:

D' - DVr| ~ pr — px+ mv

DMV — mV]z ~ Mpx-m po = (V)2 4(MV — (M + m)V)2/(2M + m)?
— M(px+mv) - m(po+Mv) +1n (DD) - DDVz
k = Mpz-m po / A\ (2M%—m§)/(2M+m)
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Galilean-invariant Lagrangian and Feynman rules

Feynman rules:
(=iCy/2)56"

LO must be treated nonperturbatively to generate the bound state that can be identified with the X(3872)
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Galilean-invariant Lagrangian and Feynman rules

LO must be treated nonperturbatively to generate the bound state that can be identified with the X(3872)

_ _ Lippman-Schwinger integral equation:
+ D'DY — D*9Dtransition amplitude (in CM frame): === ,

112 (27 /) A(F) !

Al = =27/ (uCy) — A J1(E)

['(1—d/2 .

+ dimensional regularization in d spatial dimensions: J,(E) = ((4 )d/é ) p3-a 2u(E, — E)| >
T
| d=2
| N 2 _ 2 2) A+~ pole at
4+ tuning Co to make A(E) finite as d—3: 1Cy d— 2 \
1
A(E) = o V2u(E —F) [d=3) (g s s irn complex binding momentum
2

4+ pole at the complex energy: Epole,ro = B — 7 M T

Imaginary part of Exgives contribution X also has other short-
to the width of X (—D*D—DD=,DDY) distance decays
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Galilean-invariant Lagrangian and Feynman rules

P
2(2M + m)

invariant energy: E., = Ei.
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Galilean-invariant Lagrangian and Feynman rules

Feynman rules:

4+ pion interaction (g): D*0 —» D70

D' - (D¥x)+ (DVr)' - D+ D' (DVr) + (DVn)'-D| "7 ° (Mg — mp)

Lowopr = 5 |
—LUT 2\/’]')_’I,f7r
. 2\/ mf, M+m

4+ VZinteraction (g?): D*OPO _, p*OHO

G,

Los = ~[(DD)* - (D[MV — (M + m)V]2D) + (D[MV — (M + m)V]*D)" - (DD)]

4(2M + m)

(M +m)p —Mp,)>+ (M +m)p’ — Mp',)?

(—iCy/4)

(2M + m)?

5

4+ counter terms (g?):

6 oD
L counterterm = CO (DD) (DD) - _0 (DD)T [180 vz/(2(2M P 2
r "
—i/2)|6Cy+ 0Dy | E o'
( l/ )- 0+ 0( 2(2M+m))]
Galilean-Invariant XEFT Liping He (OSU) Seminar at ITP, CAS (Jan 2021)
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Galilean-invariant Lagrangian and Feynman rules

Feynman rules:

+ D*0D0—DODO0 term (g3):

-/ U = S (T B, (2Mq—m(p +p))
LDDW_\/Tmﬂ[(DD) (DDV'r) + (DDV'r)' - (DD)] N

+ S-wave D°D0 and D0 interaction terms

not required to cancel ultraviolet divergences

Galilean-Invariant XEFT Liping He (OSU) Seminar at ITP, CAS (Jan 2021) ar7)



Lagrangian and Feynman rules with a pair field

Luom =~ (DD + DD)' - (DD + DD)
1

_ Ly

22 )
pair propagator:|, =———==== Hg L A(Eer)8"

(DD +DD)'-¢+¢'- (DD + DD)|
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Lagrangian and Feynman rules with a pair field

Luom =~ (DD + DD)' - (DD + DD)
1

_ Ly

------- (7,

(DD +DD)'-¢+¢'- (DD + DD)|

| 1 — 1 1
J(E) A(E) A P ZMCOA(E) B A(E) = =27 [(uCo) — 4mJ1(E)
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Lagrangian and Feynman rules with a pair field

o

_ Gy

" (DD + DD)

4 pion interaction:

D' (DV7) + (DV'r)' - D+ D' - (DV7) + (DVr)"- D]

Lp+opr =
—>UT 2\/mf7r

4+ V2 interaction:

4 counterterm:

Leommerm = = 5> (DD)" - (DD) =22 (DD)' - [i0 + ¥/ (2(2M + m))) (DD)

—(1/C3)[6Co @' - ¢ + Do @' - (:D, — E,) ]

+ D*ODO—-DOD10 term
1
2m..

B V 2m OO

Galilean-Invariant XEFT

B _ i .
Lpp, = \/% (DD + DD)t - DDV 7 + H.c.

¢! (DDV') + (DDV'n)' - ¢

Liping He (OSU)

Feynman rules:

— D70
g (Mgq—mp)
2/mf, M+ m
; Cy ((M+m)py— Mp,)? 5t
24/2 C (2M + m)?
ch [500 + D() (Ecm — E*)] )
B  (2Mq —m(po + pp))’

Seminar at ITP, CAS (Jan 2021)
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NLO pair propagator

i A(Eop) 67

1
—v ++/—2u(E — E.)

4+ NLO (pair self-energy diagrams):

0 ()

> g ¥

i[p/ (2m)] o (E) 6%
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NLO pair propagator

A(E) =

—y + v/ —2u(E — E,)

4+ NLO (pair self-energy diagrams):

1
n(E) = / P — 20 — B.)]"

N~ [2u(E, — E)]

- I'(n —d/2)
tlp/(2m)| o () 6% (4m)42T (n)
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NLO pair propagator

UV divergences can be cancelled order by order in the power Z_27r 1 563
counting by renormalization of the parameters of XEFT p A(Eem) ™! — Ilo(Eem)
Renormalized self-energy (E): Z 4 [A(E)—l — Ho(E)] — A(E)—l —II(E) A(E) = 1 (d = 3)

Zy=1+0Z4 at NLO
[I(E) = g2 F(E)+ (C2/Co) H(E) —(27/(uC3))[6Co + Do (E — E.)] = 6Z4 A(E)™

choose 0Z, to cancel all UV divergences

2rv/1—rg2 A
(d—2)m

4+ polein d-2 (linear UV divergence): all divergences can be cancelled if Zs =1+ ( + ﬁnite)

4+ pole in d-3 (logarithmic UV divergence)

 Minimal subtraction (MS ) renormalization scheme
e Complex on-shell (COM) renormalization scheme
e Complex threshold (CT) renormalization scheme
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NLO pair propagator

C. Complex threshold (CT) renormalization scheme

;(specifying the behavior of the renormalized pair propagator near the complex threshold E = E*)

expand in powers of k(E) [kx=k(0)]:
A(E)™ —II(E) = —y + K(E) + O(k*(E)) <(E) = v/2u(E. — E)

H(F) = K:3(E) F(E) = forZ+ fika(E) + fok*(BE) + fu6*(E) /&2 + .. ..

(E) = [fogari —2m6Co/(uCq) + 0Zyy] + | frgaks — 624 K(E)
+[fogz + Do/ (W*C3)|K*(E) + (C2/Co) K*(E) + gz Fu(E)  Fa(E): O(x*)

1

A(E) =
") v+ v —2u(E — E,)

(@=3) —p A(E)" ! = —v + k(E)
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NLO pair propagator

C. Complex threshold (CT) renormalization scheme

;(specifying the behavior of the renormalized pair propagator near the complex threshold E = E*)

expand in powers of k(E) [k*=K(0)]:

K CT scheme requires the total subtraction
A(E)" ~TI(E) = = + K(E) + O(<*(E)] —»

H(F) = KJS(E) F(E) = forZ+ fika(E) + fok*(BE) + fu6*(E) /&2 + .. ..

[I(F) = |fogir: = =

d=3: poles in Re[fo] and Re[f2]

Galilean-Invariant XEFT Liping He (OSU) Seminar at ITP, CAS (Jan 2021) \ 2 )
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D*0DO scattering

iy 2 .
C = + S-wave transition tensor: < +(E,p, p')>ﬁ y As+(E,p,p') 6"
1/2 D*°D° — D*D° D*PO — DOD*0 DOD*0 — DOPO and DOD*0 — DOD*O
~N D \ 1
h — SE)7,=7!'E77, W'n'Ea WWE,,
o -+ — Ao (E,p,p) =|A(E,p,P')|+ Wro( p)(E)—l—HO(E) o(E,p)
A (E I) _ Tg;?r Z(Z—T)T[,LE—T(p2—|-p'2)
B P 6mv/1 1 Wi—rpp
2ruE —p* —p? +2¢/1 —rpyp/
1 — (2 —
08 2ruE —p? —p? —2¢/1 —rpyp ( T))
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D*0DO scattering

2r
dv/1—r

' 21 27
Galilean-Invariant XEFT Liping He (OSU) Seminar at ITP, CAS (Jan 2021) a1 )
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D*0DO scattering

transition amplitude:

As+(E7 P, p,) — AW(Ea P, p,)

Wro(E,p) =1+ g, G(E,p) + (C2/Co) p*/2

4+ Complex on-shell renormalization scheme (Braaten, 2015) [same pole value and same residue at p=p’=0]

cos(Epole) = 0,
W2(E,0) —yx /s ’

/ _ M e _
_’YX + K(E) o HCOS(E) ) E - Epole ° E ~ EPOIG * HCOS(EPOIe) o ,.YX [Wﬂ' (Ep0167 O) 1)]
W,?(E, 0) =1+ 2972r G(E,0) + 024 Epole = v — vx/ (21)
Heos(E) = fig2kn |K(E) — 25 — L 2(m)| — 62, (n(E) -
cos( z 1925 -n( )= van( ) o IelB) more complicated than
- \ -
9x CBpote, 0) 12y 24 Bo |aipy 3% 2| | 2 (| that from CT scheme
X 2vx | 2 2
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D*0DO scattering

conservation of energy — p=p’

total energy: E» = E. +p*/(2u)

. W,,?(Ep,p) )
- . S = (2 E ) ) | .
T-matrix element: 7..(p) = (27/p) (A«( ps D D) (—~ —ip) — II(E,)
g rl2—-r)kZ—rp?|  re2—(14+/1- 7‘)2p2
in Complex threshold (CT) scheme Ax(Ep,p,p) = sm/ﬁ< Wiorp e (1—vizr)p (2- r))

0Zy = f197K«

[(B,) = {r—frgoryip — (F+ ilm{fa) g2 p* + 7 p" + g2 Fu(E,)

27y

2 1 1
compare with the effective range expansion: 77.T(; ’)L = ip+ srep” + O(p")

a 2
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D*0DO scattering

L oNR3/2
inverse scattering length: 1/as = (1 — 1 2 1) gin*) Y

(2 = 7)r3/2 i . -
~ exp ( [} (37“/1)_ - g,zrli*) —Ys+ — 1P T 5Tst P2 T 0(1’3)

breaks effective range expansion
Jansen, Hammer, Jia, PRD (2014)

phase shift from the successive exchange of pions

long range effects (successive exchange of pions that are almost on their energy shell)?

2 = —y —ipH O
g2 =0 =) Y —1p 5 p 16717 + 1 1672;0 +O(p")
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Summary

XEFT: low-energy effective field theory for charm mesons and pions that provides a system-:
éatically improvable description of the X(3872) resonance :

Galilean-invariant XEFT

'+ Galilean invariance:
constraints the ultraviolet divergences and it significantly simplifies analytic results

+ Systematic treatment of the width of D*, which requires the LO binding momentum
Y to be complex
4+ Introduce a pair field that annihilates a pair of charm mesons in the resonant channel:

simplifies calculations at NLO by making some cancellations of UV divergences between
diagrams automatic

+ Introduce new renormalization schemes
&nay provide solution to convergence problem of XEFT? (ongoing) j
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Backup

effective range expansion: a scattering amplitude can be
expanded in powers of the relative momentum with only short-
range interactions

L, = ' [i0, + V/(2m)] 7. grfr/u _ 1y %rep2+0(p4)
Lp- = D' [i8, + V?/(2(M +m)) — E,| D (p) @

Lp = D'[ig, + V*/(2M)] D,

/2
Lo(E,p) = Z'E\/QNE—P%

1 I VT 2uE —p?2 +ik(E) +V1—7rp
Smy 1l —rp g\/?\/2uE—p2—|—z'n(E) —vV1—1rp

Ll(Eap) = 1

renormalization == | Co~ Q-l
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Backup

® D0 propagator

+ LO: - 10

4+ NLO: [summing a geometric m —
series of 1-loop digram] e
4+ counter term P el o

+ Complex on-shell (COS) renormalization scheme, the UV divergences are
removed by subtractions at the complex pole energy Ex —il x/2.

4+ Include the width of D0 — LO binding momentum vy is complex.
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Backup — — NLO pair propagator

i W.A(Ecm) 5% summing the geometric series of pair self-energy diagrams

1
—v ++/—2u(E — E.)

4+ NLO (pair self-energy diagrams):

A(E) =

o

87r 1 2
- (¢—1 — [2Kuuo(E) — 224, — ruB) Kin(E) - (2 — 1) h(EY]

-|-2K110(E) — 4,UE* [K120(E) — TII(E*)JQ(E)] _ drll(E*)Jl(E)> )

1 _ |
| Kin(E) = /p /,, 2B — B — 2u(E — B)" 1-loop integral (Drtloop):
2-loop integral: (2)"" 1.(E) = / 1
s [(p+q)?/(2m) + (p®> + ¢?)/(2M) — E — i€t " p [P —2u B — ie]"
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