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1. Introduction
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M.A. Shifman, A.l. Vainshtein, and V.l. Zakharov, Nucl.
Phys. B147, 385 (1979); B147, 448 (1979)

QCD sum rule

Relation between of
QCD correlation function and hadron spectral function

=- fOOK(S,MZ) p(s)ds
0
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QCD sum rules In external field

= fooK(s,MZ) p(s)ds
0

d$ modificatioh

0y % OUTPUT

=QCD sum rule relates
to modification of hadron state
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/A Applications of QCD sum rules
In external field

Probe of J/psi suppression
(T-dep. of gluon condensate)

wo

/Probe of xSB restoration
(M-dep. of chiral condensate,
4-quark con. , sbar s con.)

Machado
et al. 14

Hayashigaki '00
Hilger-Thomas-Kampfer ‘08

Klingl-Kim-Lee-

Cho-Hattori-Lee- Morath-Weise '99

Morita-Ozaki '14



Difference of meson systems

Meson Dominant contributions in vacuum

Probe of 4-quark and gluon condensates
(2-quark condensate is
suppressed as m4{(qq) )

Light-Light
(p, w meson)

Light-Heavy S | e
(D, B meson) o 5
....................... (qq)

' Almost perturbative object i,
Hcavy-Higdvy (Probe of gluon condensate) - § ,/§
U/, Y)

(aSGWGMV)
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2. QCD sum rule
INn nuclear medium

Collaboration with
Philipp Gubler (ECT*) and Makoto Oka (TITech)
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D meson in nuclear medium

In vacuum In nuclear medium
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Chiral symmetry restoration in
nuclear medium
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Paull blocking

D+

Only D feels repulsive
forces from Pauli effect

= positive mass shift
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Many previous works for D meson in medium
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Pion exchange model
S. Yasui and K. Sudoh, PF

QMC model
K. Tsushima, D.-H. Lu, A. . Sai findau, PRC59, 2824 (1999)
A. Sibirtsev, K. Tsushima, ajisi

QCD sum rules
P. Morath, W. Weise, and S¥H. Lee (1999)
A. Hayashigaki, PLB487, 96 (2000)
T. Hilger, R. Thomas, and B. Kampfer, Phys. Rev. C79,025202 (2009)
K. Azizi, N. Er, and H. Sundu, EPJ. C74, 3021 (2014)
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QCD sum rules in nuclear matter

QCD sum rule

0.0)

=j K(s,M) p(t)ds

0
— @ Kernel L

Weight of spectral function

- Gaussian sum rule
\_ -

/7 (3 Output spectral function ™\

dens.-dependence -maximum entropy method (MEM)

P. Gubler and M. Oka, PTP124
(2010) 995

g b7,
cf.) A. Hayashigaki, PLB487 (2000) 96
T. Hilger, R. Thomas, B. Kampfer, PRC79 (2009) 025202
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Free term (LO)

B PIGCHIN

a, correction (NLO)

+ Gluon condensate
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D meson OPE in nuclear matter

* All of the condensates have

(dgaGd) = 2*(dd)_

10/Mar/2015

* New (Lorentz variant) condensates appear

3 3
(dta), =5n (842 -%)) = —gMnAsGem
n
3 & Ao
(dTiDod) = g1\4NA;I(#2)n [(dngd) : (dgaGd)n] zm’qv n
1 1
(dTgoGd) = (-0.33GeV?*)n | (gt BEd) = — M 249 (u®)n fe (d+ goGd)
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KS, P. Gubler and. M. Oka

D meson spectral function 0
(In vacuum)

Dt(JP=0') (in vacuum)
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/ D meson
/' default model

3
® [GeV]

Mass : 1.78GeV Exp.: 1.87GeV

10/Mar/2015 Hadrons and Hadron Interactions in QCD 2015 16




KS, P. Gubler and M. Oka

D meson spectral function
(In medium)

vacuum

p [dimensionless]
p [dimensionless]

= Peak position in D* shifts to higher energy side with
Increasing density (D*: ~10MeV D-: ~30MeV at p,)
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S P. Gubler and

Comparison of Dt¥and D~

density [p]

=D*-D mass splitting is about 20 MeV at p,
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Summary of D meson in nuclear
medium

Reduction of

_ Increasett Increasett

(qq)
Increase of

qo-0dd Decrease| Increase?
condensate
Pauli effect?s

Our results | Increase? More increase??
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3. QCD sum rule
iIn magnetic field

Collaboration with
Philipp Gubler (ECT?*), Koichi Hattori (RIKEN BNL),
Su Houng Lee (Yonsel U.) and Sho Ozaki (KEK)
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Hadron properties in B-field

1. Spin mixing

2. Landau Level (LL)
3. Magnetic catalysis (B-dependence of (gq))
4. Magnetic induced condensate ({(go,q)...)
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C.S. Machado et al. PRD88 (2013), J. Alford and M. Strickland,
PRD88 (2013), S. Cho et al. PRL113 (2014)

Spin mixing

* Mixing between pseudoscalar (spin 0) and

vector (spin 1) particles
eb eb

: Spin 0
Spin 1
Spin—flip\j ¥/Spin-flip

=Negative mass shift in D meson by level repulsion

Spin 0
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. andau level

* Energy level of a charged particle Is
discretized by magnetic field

E, = Jm? +p2 + (2n + 1)|qB| — gs,qB

Charged meson
=Mass increase

moving

Neutral meson
=No change?
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QCD sum rules in magnetic field

QCD sum rule

0.0)

0

=j K(s,M) p(t)ds

— 2 Kernel

-Borel sum rule
\_

Weight of spectral function

ana

.

B-dependence

B-dependence

/7 (3 Output spectral function ™\

- Ansatz of functional form (pole +
continuum)

-New structure formed by B-field

\_ J

cf.) C. S. Machado et al. PRD89 (2014) [arXiv:1307.1797]
S. Cho, et al. PRL113 (2014) [arXiv:1406.4586]
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Free term (LO)

B PIGCHIN

a, correction (NLO)

+ Gluon condensate
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COHCep'[ Of OPE (separation of scale)

/Vacuum
 Large momentum \
_0___) QZ

« Small momentum

k= —@) 0(‘;

Magnetic field

(" eB

el

\
QZ

Expansion w.r.t. weak field
Q? » (eB)? = up to 2" order

2<(eB) § g ggg%

e

(qq>eB
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cf.) C. S. Machado et al. PRD89 (2014) [arXiv:1305.3308]

OPE In magnetic field

¢ B- dependence of perturb. terms € 2B
eB ebB

%535

« B-dependence of condensates § eb

and (qy*DVq)
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B-dependence of condensates

Condensates Input
From ChPT and lattice QCD
(qQ) e (including (zu) and (dd) splitting )
T.D. Cohen et al. PRC76 (2007), G.S. Bali et al., PRD86 (2012) 071502
From lattice QCD
(Go129) (including (iio1,u) and (doy,d) splitting)
G.S. Bali et al., PRD86 (2012) 094512
(qy*D"q) Estimation from constituent quark propagator
(GWG"‘V)QB No (Small B-dependence is evaluated by lattice QCD)
9{qGwo*¥q)_, | No (Unknown B-dep.)
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Phenomenological side
(in vacuum)

= jooK(s,Mz) p(s)ds
0

* We assume D meson pole + continuum as
a spectral function
p(s) = A8(s —mp) + 0(s — s¢p)
p(s)

Mmp S Energy

10/Mar/2015 Hadrons and Hadron Interactions in QCD 2015
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Expected spectral - :
function (in B-field) =fo K(s,M?) p(s)ds

* We assume D meson pole + continuum +
magnetic structure as a spectral function

p(s)

D* pole  =phenomenologically
enhanced subtracted

D pole
mass shift

D pole

suppressed
10/Mar/2015 Hadrons and Hadron Interactions in QCD 2015 30



P. Gubler , K. Hattori, S. H. Lee, S. Ozaki, KS

Results

Mass
decreases

S
Q
S,
0
%
T
£

mass [GeV]

D* (51,=2.2GeV, dim 5) _g_o 4 oou? | DO (sy=2.2GeV, dim 5)

(eB“+<qg>ep+<qo129> eB=o.2Gev§ (eB"+<qQ>¢gt<qo20>
+<qyDg>) eB=0.3GeV" —

0.8 1 1.2 1.4 1.6 1.8
Borel mass [GeV]

Charged D Neutral D
Our results Decrease| More decrease| |
. Mixing| 9! o
Pictures (+hadron LLt + others?) Mixing| (+others?)
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P. Gubler , K. Hattori, S. H. Lee, S. Ozaki,

Results (condensate contribution)

10/Mar/2015

by using 2-poles

eB=g —_—
eB=0.1GeV

D* (54:=2.2GeV, dim 5)

(eB"+<4g>,g*+<qo4,0> eB=o.2Gev§ _—
+<gyDg>) eB=0.3GeVV" —

1.2 14 16 1.8
Borel mass [GeV]
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Results (condensate contribution)

10/Mar/2015

>
0
O,
0
%
©
S

P. Gubler , K. Hattori, S. H. Lee, S. Ozaki,

by using 2-poles

D’ (S1r=2.2GeV, dim 5)
(eB +<qq>eB+<qG12q>
+<qyDg>)
1.2 14
Borel mass [GeV]
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Summary of D meson in

magnetic field

* We Iinvestigated D meson
in magnetic field by QCD sum rules

Charged D Neutral D
Our results Decrease| More decrease| |
. Mixing| 2 ,)
Pictures (+ hadron LLt + others?) Mixing| (+ others?)
* Our results are consistent with spin mixing

 Hadron Landau level is included in charged one?
« Condensate contributions was estimated

10/Mar/2015
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Backup

Hadrons and Hadron Interactions in QCD 2015
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D meson OPE (in vacuum)

[Mopg(M?) = perturbative term

2

_ 2 1 ( m? 1 r
+e~Me/M" [—m_ +E(2M4 —~ Mz) mA{ggoGq)

1 [ag 16w 1 1m2 1 m¢ -
+_<_GZ> . Z_:W(l - 571:/112 12 717\/;4) @s{qq)°]

1. _ quark mass
2. Mixed condensat =These terms are enhanced

3. Gluon condensate }Other condensates are
4. 4-quark condensate] relatively suppressed

Coefficients are proportional to charm
e]—
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