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Introduction

- Two-pion exchange (TPE) potential in HAL

- eg, HAL results on N — ¢ potential - Similar tail of V ~ e=2m=" /2

@'V(T) is found in

Lyu et al, PRD106, 074507 (2022)
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 Origin of TPE between hadrons

- Chiral symmetry breaking governs low-energy hadron interactions
- eg, nucleon Lagrangian w/ nonlinear rep. is systematically derived as
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- TPE diagrams naturally arise as higher order
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Introduction

 Note on TPE

- eg, box diagram is NOT 2 particle irreducible (2P1) wle e Aetier }
N I I
|
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- Box diagrams are obtained at 2"? order scattering

$ We must be careful in resumming the diagrams to avoid double counting
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Introduction

This talk

- | will review how to compute the TPE diagrams following German group

eg, Kaiser-Brockmann-Weise, NPA 625, 758 (1997),
Brambilla-Krein-Castella-Vairo, PRD 93, 054002 (2016)
Castella-Krein, PRD 98, 014029 (2018)

- Then | will explain the origin of the TPE potential tail V ~ e 2"~" /p?

Lyu et al, PRL131, 161901 (2023)
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- Finally, | will also discuss the TPE potential in D*— D system 2  w
< 800} § t/a=23 |
g Lome = 146.4%MeV
W 400} g%ggéééiﬁéiééﬁ%ﬁmﬁg%g%% % %%

plateau 1.0 15 2.0

r [fm]




Computation of potential

 Dispersion relation (DR)

- Potential V(1) is derived from Fourier transformation of amplitude M (g*) (in NR limit) <D:-_:(,>

— not easy to see its analytic expression

B A

- Dispersion relation (DR) is useful when considering 2 particle exchange! (s = ¢ with go = 0)
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Computation of potential

- Renormalization / doesn't hold (s = )
- The integrand may not go zero fast: M(s) = L/ PREL GO 2—/ PRELC “6),_/\4(8 — i) 4q_
T Jo s’ —s T S, s’ — s <D___(.>
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Computation of potential

* Renormalization doesn't hold

— M(s' — ie) q

- The integrand may not go zero fast: M(s) = Zi / ds’j\l/l(sl>
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- When M(s") ~ s’° — logarithmic divergences
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Computation of potential

- TPE potential
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TPE potential

TPE potential in N | cg system

Castella-Krein, PRD 98, 014029 (2018)

- The Lagrangian with chiral symmetry reads (! = ca)

[G! H,G! H]"
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TPE potential

TPE potential in N | cg system

Castella-Krein, PRD 98, 014029 (2018)

- The Lagrangian with chiral symmetry reads (! = cg
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TPE potential

Castella-Krein, PRD 98, 014029 (2018)

« Computation of TPE potential in N | cg system

' () N (Gs)
- Let us focus on Cgj vertex [gf = g = ¢§ = df =0,v* =(1,0)]
| | , - p=p+tq |
G- 3Bc &' (pap)a(a)sp” spu(ch)  pzprg 2 _ L
S AR (20)9(p?! mR)(p'2! me)(vapt) Cg=q g . - 1p”
. . ; . e i
_ 8GR T g P 4(pap)m(as)#ep #spu(ch) S~ g
a2 0 (") [(po+ 1)?! |+ xg2! ! )3 <[on-shell condition (HQET)} ?‘ﬂ_ A
u = @ =0
with | '=12+mé1 x@! x)g?! i" (g =0) ) ENR
1 () N ()
=
M, = _Bgf\cdi-4 1dx | d! 3 It "+ 4 1dx | d! 1712t 12X+1q2+3'24>|n| "+4! ldx! | d! Lt my + 4é
- 4f 2 0 o (") 0 o  (4")? 4 ' ' 0 o (") 27
MM . ] = 3g,§cdi- | i X+ i " 41 i X+ i "y " l 12x%1 12 +1 2+3"2¢'+_ 1(:IX ! T mBEH )
wWlT Tar oW T 0 4 L T |
3g2cqi 1 (s!,2m?)? ________________________________________________________ 2
= 4'?'2'& §' (s = 2) Cwith '+ = (x! x)¢?! m? and xi=%i% 1! %



TPE potential

Castella-Krein, PRD 98, 014029 (2018)

« Computation of TPE potential in N | cg system

' () N (o)
- Let us focus on Lygj vertex
S pP=ptaq !
- The potential is derived to be Cp'=praq P,/ZT - 44
l _ | 7
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- The other vertexes are computed similarly | EEERIEE nGIS T o nucmon}

- Note: In “Castella-Krein” they start from the fully non-relativistic theory but the result is consistent
The detailed technique is different but it doesn’t matter (imaginary part is always well-defined)



TPE potential

- More about the imaginary part iy N (%)
Mo, = 3%?-4 Oldx O! ! (4?)2! Int "+ 4 Oldx O! d (4"1)2#12x2! j.2x+1q2+3!24’ . "+4’01dx’0! y (4"1)2(! 2‘| M) 4 4 J— - Jua
~_ = (s= &) /' T 'é- - 1Y

IM[M ¢, 1= 3%}? 6—14(8! "221!2)2 derived from ! ' =14+ m¢ ! x(1! x)s@ | (@) | N (@)

- The imaginary part appears only when s exceeds a 2! threshold: s! 4m{ > O

- Since always s < 0 (qp = 0) within the present HQET formalism, it looks never happened

@ however

- There is remnant contribution of O(! ocp /M 1 ) which could exceed 2! threshold

® The “analytic continuation” is justified in this sense



TPE potential

- More about the imaginary part

- The following formula holds

1 Yo ) 2m, )1+n g m r 7"
uron — !
21 2r dupre T u 2! 2 r

2
+4¢ (n=11,01,44)

- Thus, when the imaginary part is of the form Im[M (s)]= C, s" + &é (n="! 1,0,1,44)

- 1+n * A mir 2
IETI dupe ¥ ImM (p°) = C, o1 2 r + aé

—> The potential reads V2 (r) =

@ however

- In relativistic computations, according to my (poor) experiences, typically the imaginary part becomes

Im[M (s)]= 1! @ (series of# s)

. H 2
which never leadsto € ™ "/r

[- Non-relativistic (or HQET) formalism may be important to get € ™ "/r ° potential }




Let's consider TPE in D D* system

(Swave, | =0)

Lyu et al, PRL131, 161901 (2023)
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TPE in D - D* system

- Lagrangian for D and D* mesons n= e =y zel
i 1,. . _ 1 y
- HMET formalism with the nonlinear realization: ws —-1( uiRAR T ) = oS
i |
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TPE In D - D* system

- TPE diagrams

- Football diagram O(p?) - Triangle diagram O(p?)

D' (on) Dy (%) D' () Dk () D’ () Dk ()
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- Box diagram O(p?) - Crossed diagram O(p?)
Di' (cu) D (as) D (t4) Dy (%) D!* () D (k) D (ck) Dy’ ()
,___ﬂ-__—q r———ﬂ-———-n N 7T - N T -
| | S, L7 5 S, L7 |
D,D D D D PPl _ TS D PR D
T _ -~ T . N ~ T . N
= = = = = - — p— -
D; " (k) Di(h) D *() Di ()




TPE in D - D* system

. I I | 1
Imaginary parts of the TPE diagrams o Gt Zemed,
I (Ga k(OB i
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- Derived potentials (after S-wave projection) damp faster than e ™ "/r ?
" note: V2 () = 12r dupe ¥ ImM (u?)

I$ [up to O(p?) we couldn't obtain € ™ "/r ° potential 1




TPE in D - D* system

- Higher-order Lagrangian B i

- The higher-order interactions are . S 5
tr[HEotr[ty ! V], tr[H" M Wty y by 0, t[HYR Moty u !y o ]
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TPE potential! (also in Swave, | =0 channel)



TPE in D - D* system

- Higher-order Lagrangian

- The higher-order interactions are

tr[HEotr[ty ! V], tr[H" M Wty y by 0, t[HYR Moty u !y o ]
tl’[HVuV! W]Dtr[l ! ’ll! I ]f ) tr[H W]Dtr[b + b]f
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______________________________________
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Conclusions

- | showed how to compute (semi)long range regime of a potential mediated by 2 particle exchange,

following the German group method eg, Castella-Krein, PRD 98, 014029 (2018)
1 "
Vaparticle (') = 51 2 dupe M ImM (u?) L
Pl maemy HQET formalism is important
- | confirmed the TPE potential of ! @™ 2N (! = cgaa} system from O(p?) diagram

- -

- | applied the methodtoD ! D’ to see the TPE tale observed in HAL computation

Di(t) Dy’ ()
' 1. OPE cannot be neglected as long as anti-symmetrization of | = O is correctly done | ‘|
It = %(|D,D!!# ID',D!) =) D' (gg),D ()M * |D(cn), D' ()" # 0 |
D;*(c) Di(an)

1 2. From O(p?) TPE diagram, the resultant potentials are suppressed faster than ¢ ™ "rr *

3. From O(p®) , the TPE potential of ! @ ™)y % s derived @ [No significant OPE}

Is this strength greater than the leading-order OPE..1? is found by HAL...




