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QCD sum rules for D and B mesons
In a strongly interacting medium
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Motivation

D and B Mesons mp+ = 1870 MeV

mpo = 1865 MeV

m+ = 1968 MeV
quark contents: D¥

D* (ed), B™ (bd)
DY (cu), B' (bu)
D (es), Bf (b9

mp-+ = 2010 MeV

mp=o = 2007 MeV
Mpr+ = 2112 MeV

[modified figure from desy.de/~ameyer/hg/node38.html]

Why D and B mesons ?

= input parameters for investigations of exotic charmed mesons (X, Y, Z,, etc.)

= probes of hot and dense nuclear matter via medium modifications
— good reconstruction at LHC, FAIR
— recent interest [Blaschke et al., PRD 85 (2012)], [He et al., PRL 110 (2013)],

[Tolos et al., PRD 88 (2013)], [Yasui et al., PRC 87 (2013)]
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Motivation
Chiral Symmetry Breaking / Restoration in Medium

changing order parameters
™} of spontaneous chiral
symmetry breaking

medium modification e
of D and B mesons ¢

vacuum — (spontaneous) chiral symmetry breaking:

order parameter  (qq) # 0
further chirally odd condensates

=% mass splitting of chiral partner mesons

medium modifications:

non-zero temperature (T) . _ 5 ( T aNn)
and baryon density (n) <qq>T,n <qCI> 1 Sl LS

=% signal of chiral symmetry restoration T
J Y yISSIIon ) Mo/
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QCD Sum Rules in Medium
causal current-current correlator  T1(q) = /d4g; eldx (T [J(a;)ﬂ(())b

quark d.o.f. hadronic d.o.f.
u d s Sum T p w J/Ya D B
ﬁ
c b Rule pnA A
dispersion relation (from analyticity) H(CIO,CT) — l / demH(wa@
T W — qo
[ d (@)
1scontinuity (w
ITore(qo) = / dw Y
W — qo
— 00

Wick rotation of OPE side ensures ¢° < () e (C) e
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In-Medium OPE
determined [Hilger et al., PRC 97 (2009)]
IHoprr(q A/‘/‘/ X
= Co(q)1 + C3(q){qq) + Cal(q )+ C5(q9){(qGQq)

+ Cs,4(q){qqqq) + CG,G(Q)<G3) + ...

/

determined for light mesons
[Thomas et al., PRL 95 (2005)]

heavy-light mesons (qQ) [Hilger+Buchheim]

maqQ ((jq)T’n = sizable impact on medium modification of D and B mesons

light mesons (qq) [recollection]

My <ch) T,n P suppressed, four-quark condensates are important instead

<C_7qCYQ)odd identified in p OPE  [Hilger et al., PLB 709 (2012)]
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Numerical Evaluation: pseudo-scalar D meson

utilizing in-medium OPE up to mass dimension 5 [Hilger et al., PRC 79 (2009)]

0.00

';‘—U.ﬂl

—0.03

—004 4 1 " L p : ; . ]
0.0 0.05 0.10 0.15 0.0 0.05 0.10 0.15

n [fm~—?] n [fm=?]

issue: associate production of cc
vS. in-medium masses -

DRESDEN " - g
ccccc U mMad/r

Mitglied der Helmholtz-Gemeinschaft

T. Buchheim, T. Hilger, B. Kampfer | Institute of Radiation Physics | Hadron Physics Division



OPE 0 o
Mope(q) =
T oDy

G2
) < ) diagrams with
soft (s) and hard (h)

.
) (qq; iy +< fmﬁj @ ) 44974)

S
(&)
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Wilson Coefficients Hoprr(q) = Cr(q)| (Ok)
Cr(q) = Cri L

s s
_ __ Ckl Lkl
k =1 =2 =3 =1 =2 [=3
. 2 ; .
L, 11 L 21 81 . 2?3y at(ea)? | (vq)!
3 (q2 —m2)? q2 — mg? 9(q2 — 77222)3 3(q2— 7712?)4 1 v2 g1 02 vl
9 0 41 8 1 2 (va)? 1o Pe)? (g
9 (g2 —md)? 3 (g2 —mp)* a T e C T R
5 0 4 mg 8 mg (vq) (vq) (o (v0)’
3(qg?— 771%)3 3 (g% — -?71?9)4 v2 v? 02
21 81 (vq)* 3 ¢*(vq)* | (vq)!
4 0 - - — P4 7R R LA
9 ¢b 348 ! 02 1 v2 vl
41 81 2 (vg)® 4 o(eg)? | (vg)?
5 0 o oo 4 A B AT L
? 9¢f 3¢5 K 02 4 ! 2 * vl
B B Chi Ly
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1 1 2 1 1 q)?
1 3 (2 22 B zq 2) 0 (2 23 1 2*4(1‘(2)
3 (g% —mp) q* —mp (¢ —mp) 1
2 1 2 (vg)’
2 0 e - 4
9 (¢ — 771?9)3 v?
3 0 E me i o (vq)
3 (g% — mQ)3 v?
4 11 11 1 2_ 4(13(1)2
3¢t 9 ¢8 2 'A‘ =
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Four-Quark Condensates

" no numerical values — factorization ansatz ? :
— justified by large-/V,. arguments for vacuum and
finite densities only [Leupold, PLB 616 (2005)]

— spoils behaviour under chiral transformations

k (Or) 1) (Ok) (¢4
: 1 (:qqQQ:) (qt"qQt*Q:)
" in qQ sector, e.g. D and B mesons: o e
2 (:qnq@7"Q:) (qnt @yt Q:)
. . o Y ~VPL) - i A D vprAn).
— 27 condensates in medium 3 Reaeeate e R O G
4 (P51 eQ¥57Q:) (: P51 t1qQ¥7" Q)
— heavy-light condensates 5 (3159QQ3) (st qQrstQ:)
6 a'::r}__ﬁ-’:q(_:)_t-"‘( 54 Jv2 (: gyt "hj(j);-’"f"l(_):?f' _.-"'r'g
— use and extend heavy-quark T 30400 Q Y gtety /0 (o™ tAgD0 P AQ Yy
. 8 G gysbqQsdQ ) Jv? G st qQysvtiQ:) /v?
expansion method (HQE) e T
9 (: @¥qQQ) ) (s f]__f.""f"lr;(u)f"lfu)
10 (: GqQ¥Q ") (gt qQytAQ )
: : 11 (3079017 Q)eavon?®  {707“t1qQysr"tAQ Ve arout®
= medium behaviour ? e e |
12 (Enayradq@ oS @y eamsin S {: @57 f’f""r;(.}r‘r”"!""(») e
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Numerical Evaluation: pseudo-scalar D meson

OPE contributions of mass

scale of typical OPE contributions dimension 4 and 5 condensates
107" ¢ 1 T 1 : 1 T : 1 : 1 : 1 T
I perturbative | 4 L
1072 | —
= [ Z
Z 1077 L C T
o i T
- L F . = _
s 0 / four-quark cond. 3 e B et
(= A - — ] 2
107 L S (=
" , \ -2 F —
_ | | power corrections \
1076 I | 1 | I | 1 3 | I | I | 1
0.8 1 1.2 1.4 0.8 1 1.2 1.4
M [GeV] M [GeV]
OPE contributions of four-quark condensates in three different approaches
I T I T I T I T I T I T
R . 1 F .
L--" fac— HQE ~~~.
— S T fac — HQE
= 05 Y . = 05 T .
S 05 ight- : —0.5 |
(g: 5 light-quark cond. __———— (g: 5 HQE — fac
-1 _HQE_faC vacuum | -1 r saturation density |
I 1 I 1 I 1 I 1 I 1 I 1
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Summary

* medium modifications of D and B mesons can be traced back to

changing condensates within the QCD sum rule approach
= chiral condensate dominates D meson sum rules

= four-quark condensates contributions are important for p and w,
but subleading for D mesons

- spectral properties obtained in [Hilger et al., PRC 79 (2009)] hold
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Outlook
Chirally Odd Condensates in Weinberg Sum Rules

Example: 0 meson

Pauli metrices

U chiral transformations -
7= \da PLR — e "OLRTe PL.R Ty = 0q/2

<QQQQ>0dd — <(@R7,u )\A’Tg SOR) (@L’y/'u')\ATg QQL» [Hilger et al., PLB 709 (2012)]

Gell-Mann metrices

Weinberg Sum Rules (WSR) of 0 and a1 mesons — degeneracy of spectral functions

1 0.08 Vacuum T=100 MeV 1 T=140 MeV
dS - Ap ( S) —_— f @ 008 — Vector 1 — Vector
S T

[ds p(s) = ~2m,(aa)

008 T=150 MeV T=160 MeV b T=170 MeV
— — w006 —— Vector —— Vector 1 —— Vector
dS S Ap ( S) = — 27-(-053 <qqqq> Odd 2 . — Axial—vector —— Axial-vector I — Axial—vector
000 . . . . . . . . . . . . . . . . . . . . .

Wlth Ap p —\/ pA 00 05 10 15 20 25 30 35 0 05 10 15 20 25 30 35 ©0 05 10 15 20 25 30 35
/ \ s (GeV) s (GeV) s (GeV)

fixed by microscopic calcula- ansatz with parameters selected by mini-
tion in had. eff. field theory mization of inequalities in the WSR [Hohler, Rapp, PLB 731 (2014)]

Py, als)im
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Back up
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QCD Sum Rules in Vacuum
causal current-current correlator  II(q) = /d4aj o4 (T [j(aﬁ)jT(O)]>

quark d.o.f. hadronic d.o.f.
u d s Sum T p w J/Ya D B
ﬁ
¢ b mule pnAA
o -~ o1 [ Tml(s)
dispersion relation (from analyticity of T1(q)) H(q ) — — [ ds >
7 S —
/ q
! | density (s)
9 - spectral density (s
Mope(q”) = /dS 5
S—(q
0
e () e
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OPE: loop expansion

fore(s) = [ dtee™ (T (@) (0)(1 +

i 2
—|‘% fd4y1d4y2£int (yl)ﬁint (2/2) + ... )] >
= Hag(q) —I—HaJSL + ...

with reduced interaction Lagrangian:

Line(y) = 9a(y)y*ta(y)G1(y) + (¢ — Q)

o= QO Q-
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i
OPE: QCD quark propagator

background field method in Fock-Schwinger gauge
o0

Sip)=>» SDp) W (p)=-5""V(p)yA,5(p), i > 1

1=0
with derivative operator

Z 9 + 5 D&j G 0" 0%
7=0 ‘7
and 2 Wick uncontracted non-local quark operators

QCD quark perturbative
l propagator B contribution

construction of +—X % + é ‘ + —X Qg&
condensates > \a9) x (&) x g0Ga)

+ —X Xﬂig&— + g , é 4 e

.- x (@15 dray) < (G?)
. / )
non-perturbative contributions
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OPE

HQPE(Q) = - --t-- --+ --

al al
QCD quark perturbative
propagator B contribution

+
X
+
o 900X
+
X

x (qq (G2) x (GoGq)
N v -
o <qq§qw’> x {G3)

>
non-perturbative contributions
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Four-Quark Condensates
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How to handle heavy quarks in four-quark condensates?
4 Approaches:

" neglecting condensates containing heavy quarks, factorization

* factorization and subsequent heavy-quark expansion

" heavy-quark expansion and subsequent factorization

quality of the sum rule

= |attice calculations
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Factorization of Four-Quark Condensats

colorless hadronic states
and the QCD vacuum

vacuum /

(ql1t*qqlat" q) ch (L1, T2, 1) (qgln) (nlqq)

~ Co (Fla F27 tA) <qq>

medium

reduction of light four-quark condensates:

(qlt%qqlat"q) = algq)® + b{gq)(ape) + c(q¥a)’
reduction of heavy-light four-quark condensates:
(@1t qQT2t" Q) = A{qq)(QQ) + B(q$q){QQ)

+ C{qa)(Q¥Q) + D{(qyq)(Q¥Q)
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Heavy-Quark Expansion (HQE)

heavy two-quark condensate: [Generalis, Broadhurst, PLB139 (1984)]

(QQ)= @(G2> + @(G3> +@<Z aras Y drds)+
) I I’

leading order: (QQ) = _4875]27)1@ (G?) + O(l/m%)

heavy-light four-quark condensate:

(AqQBQ) = @ qq Z qarar) @(q‘quH

leading order:

(@ntad gy trap) (atta Y arptiap) /v (@t e appttar)
f f f
with HQE coefficiens of order l/m% CCCCCCC r:‘ f e

DDDDDDD
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i
Chirally Odd Condensates

besides (ch) further candidates for order parameters

- condensates not invariant under chiral transformations
chirally odd condensates, e.g. chiral condensate

@ ...Nyg vector

1
Y = QY1 T PR, LR = PLRY = 5(1 + 75)90

chiral transformations

PR — e LT

PL,R T generators of SU (V)
recover vector (V) and axial-vector (A) transformations for @% = —0Of% = 6
Vi o — 6—2@ TCLC,O A — 6—2@ Ta’75(p

test chiral condensate

(50) = (BLYr) + (ProL) — (pre (OR—OL)T

Mitglied der Helmholtz-Gemeinschaft
T. Buchheim, T. Hilger, B. Kampfer | Institute of Radiation Physics | Hadron Physics Division




Translation to D and B Mesons

[Hilger et al., PRC 84 (2011)]

. . . ) Gell-Mann metrices
U chiral transformations restricted to light part /
p=1d PL,R HG_Z‘@L’RT“QOLR, Ta = Aa/2
¢,b with special choice O, R = (@L R @L R, O3 r0,...,0)

= leaves Lagrangian ¢ M ¢ , M = diag(0, 0, m ) invariant

observed splitting of chiral partner spectra

mixing of chiral partner

meson currents under

corresponding axial mp 1800 my 2000
2400

transformations ms 2300 M A

- spontaneous symmetry breaking, driven by order parameters,

eg. (¢9), (7999)oaa ... ™ DR
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Extension of Weinberg Sum Rules for D and B mesons

Weinberg-Type Sum Rules for qQ Mesons:

" set up to condensates of mass dimension 5 for P/S and V/A
[Hilger et al., PRC 84 (2011)]

= our goal: extension to mass dimension 6

- identified for P/S by its transformation properties

(4949)0da = ((PrA oL) (PL¥A 1)) + ((BLA or) (PLPA pL))
+ (L +— R)

- quantifies difference of chiral partner spectra

= chiral restoration scenario in a strongly interacting medium

(qq) — 0, (Gq4q)oaa — 0, etc.

- drive degeneracy of chiral partner spectra, cf. [Hohler, Rapp, PLB 731 (2014)]

'L T
real) el
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