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HEAVY QUARK EFFECTIVE THEORY

* The presence of heavy quarks simplify the study of hadronic systems

. mQ > AQCD
» MAgcp separates the perturbative and non-pertubative regimes.
- Inthe Standard Model: u, d, s are light; c, b, t are heavy.

- The heavy quark, surrounded by the strongly interacting «brown muck» is almost on-shell
Py =mqu" + k", k~Agcep

- “Large” and " Small” component of the field Q(x):

QY (z) = ™MV ILQ(x), QU(x) =€V I_Q(x),

are the projector operators and $Q% = Q% , QY =—-Q" .
2

M. Neubert, Phys. Rept., 245, 259 (1994)
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HQET LAGRANGIAN

* The QCD Lagrangian becomes: Locp = QYiv-DQY + QLilp 1 QY + QVilp QYL — QY (iv-D + 2mg)QY
* D' = D" — (v-D)v* istransverse covariant derivative of QCD.
* QY(x) canbe integrated-out as it appears as a heavy degree of freedom with twice the heavy quark mass:
Luqer = QL iw-DQY +QYil) | - D Jlr 2mg ip, QY .
* The Lagrangian is now suitable for an expansion in 1/m,:
Luger = ) La/(2mq)"

n=0

* Tosecondorder: Ly =Q%iv-DQY. = L.

L= _@3—wJ_IDJ_QU - _@3— [DZ + aQ(U)%UaﬁGaﬁ] Q?}- = Okin + Omag )

Lo = @3— [wJ_ZUDEJ_]Qi — g@ﬁ- [U;BDQGQB — ivaaﬁ’yDﬂyGaﬁ} Qﬂj— ’

ig G*P = [DO‘,Dﬁ] is the field-strength.
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MATCHING ONTO QCD

* Interms of the large field components, the generic source term becomes:

JQ = J" Tuqer@Y = J* [1 +
* The expansionin 1/m gives

Juqer = 1+11 ) " 7,/(2mq)" ,  Jr =ilp, and Jo = —DI)

v JV = imQU-:r:J-
iv-D + 2m DJ‘] o ‘

n=1

* We areinterested in H, — H, transitions. The matching onto QCD is:

(H.|cT b|Hp)

\/chme

— (HY|= / D&, D!, Db, DbY.

" 7 v v T AP
exp{ /d $[£HQET + EHQET]}EE}F jﬁQET FJHQETb—I—’Hb) ; TIn = ’Yojjﬂo

Bernlochner et al. Phys.Rev.D 106 (2022) 9, 096015
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BARYON DECAYS
Ap > A%(2595,2625)

* Indipendent determination of V

* Lepton Flavor Universality ratios R -

* Comparison with Lattice QCD results



SECOND-ORDER MATCHING

<H”! TOL|HY)

(H.|eT b|H,)
A /mHCme

2m (HY'|(e Ty + Ly o )T by | HY)

gmb 5 (H [ T(TibY + 0% 0 £1) |HY)

RESIDUAL CHIRAL
EXPANSION

,_ , — 1
4m2<H"" (& Toll 4+ Lh o + Lot T + 5 Lio L) 0 )by |HY)

/ / ].
-+ W<Hg Eﬁ_ F(H_jgbri + bri OEQ +H_j1b3_ O-[-:l + 5 b:]_ OEl O£1)|HI;U>
b

1
4mcmb

(HY | Ty + Ly 02 )T (TbY + bY o £1)|HY) VANISHING

_|_

CHROMOMAGNETIC

The symbol "o"” denotes an operator product:

Lhoet (z) =i / dha £ (2)e (2)

PLUS SHORT DISTANCE CORRECTIONS 0O («y)
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RESIDUAL CHIRAL EXPANSION

Lqoep = QYiv-DQY +QLiD QY + QVilDp, QY — QY (iv-D + 2mg)Q". .
* The mixed term breaks the U(1), X U(1)_ chiral symmetry of the kinetic Lagrangian.
New power counting: i), — 01D | .

« At O(1/m?2,0%) :

C

(H.|cT b|Hy) N2 A P p—
T (He |ef T'b} [ Hy)
1 v (v T v’ v v 1 v’ 5 v v v
b (€T, Lo U HR) + 5 (Y e Db 4 0 L))
1 ! = /
o | T+ o ).

C

Bernlochner et al. Phys.Rev.D 106 (2022) 9, 096015
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VANISHING CHROMOMAGNETIC LIMIT

* IntheVClimit Gog 0 ——> L =-Q41D*QY; L2=0.

« At O(1/m?) :

(H.|cT b|Hy) v v

e ~ (HY |0 T b2 | HY )+
g (B (6 7, — e D2 o )T )+ (o o T, — oy 0 D% ) )+
oD o+ P DR o)
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HADRONIC MATRIX ELEMENTS IN QCD

AY — A:[2595] (JP = 1/27) matrix element in QCD

(Ac(2595)F (k,n(Ae), se)| ey [AD(p, s1)) = +al/? (k. n(Ae), sc)
(A.(2595) T (B, n(Xe), se)| a7 v5b [ AR (D, 53)) = —al/ D (k,n(\e), se)
<AC(2595)+(k7 77(’\6)7 SC) | éiol‘wq”b ‘Ag(p, Sb)> - _,&t(ll/Q) (k: 77(’\6)7 SC)

(Ac(2595)F (k. (), 50)| Gio* quysb | AY (D, 56)) = =P (k, (Ao, 50)

Z f@(QQ)I‘%f:] U(pa Sb) ’
Zg@(qz)vsFiﬁ-] u(p, sp)

Z ti(qg)F%ﬁ] u(p, sp) ,

L <

Z t?(q2)75f%g,¢] u(p, sp) -

L ¢

A — A:[2625](JF = 3/27) matrix element in QCD

(Ac(2625)F (k,n(Ac), s0)| 270 |AD (p, s)) = +a57) (k,n(Ae)yse) | D F@-<q2)r?,~f;] u(p, s)

L @

<Ac(2625)+(k1 T](Ac): Sc)| E’}/M’}ff)b |Ag(p: 36)) = _,L—Lg}/Q) (ka T](/\c)v Sc) Z G%(q2)75r(:1i] u(p, Sb) )

(A(2595)F (K, n(Ae), se)| @iot™ qub |AD(p, s)) = —al ™ (k,n(Ae), se) Zﬂ(q2>r?~f§] u(p, sn)

L @

(Ae(2595) " (k, n(Ae), se)| €io" au 750 [AD (py s0)) = —al®) (k,m(Ae), se) ZES(QQ)%F%‘;,?;] u(p, sp) -

Boer et al. JHEP 06 (2018) 155

L @
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HOET MATRIX ELEMENTS

TH s Jh =Y COp(w)Jr+AJE+ATE + 6T + O /mi, 1/myme,as/m), T =V,ATT5.
r 2Jp r r b
— L 0(/me)  O(1/m3)

O(a.)

* We work out the vector current example

Y JE = Cr(w)y + Co(w)vh + Ca(w)v™ + AJE + AT, + 8T8 + O(1/mg, 1/mpme, as/m)

~~ ~~ S~
O(as) O /mp,c) O(1/m32)
At O(1/m) order the local terms are: Com3, +mi. — ¢ .
w=v-v = - y q=p—K.
(A5 (k. 50)] &7 BY [ Ap. b)) = Vg (masv’ 17, )y u(ma, v, 56)C%(w) 2, 1A
(AL (ks s0)| @AM Ty [ M, s8)) = VATa(maze',n, sy y u(ma, v, )G (w), ¢*(w) = ¢(w)(v —v)*,
(A2 (k5] 24 Ty b | A, ) = VA (mac v, 15075 ulma, v, )¢ (w) . o) = (0 =) |12 (w)o? + (2 (w)o? | + g2 ¢ (w)

« ((w), (i(q) are the leading and sub-leading Isgur-Wise functions.

* Only one independent sub-leading IW function: Cgb)E (st - Boer et al. JHEP 06 (2018) 155
Oer et al.
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« At 0(1/m) the non-local terms L( ) = O

kin

A2 (k1 8¢)| Lin © G0 [Ap(p, 56)) = VANS) (W) 0 Ta(masv', 0, 50)7 u(ma, v, 5)

O
+ Lag ¢

(AZ(

(A7 (kym, se) Ei{in © éifyﬂbqu |Av(p, sp)) = \/_nkm( )v ua(msz .1, 8e)YH u(ma,v, sp)

(A% (K, 1, 5e)| Linag © EL "D | Ap(p, 5)) = 0 (w) Guavl, @ (masv' 0, 50) Y ILs i0" u(ma,v, sp)
(AL

AL (kym, se)l ‘Cmag; © C_|_ ’YHbU |Ab(p, sp)) = 771(1(12@( ) Gpatyu® (mAsz’ 1, Sc) %‘UWH;’Y“U(mAbUa Sb) -

RESIDUAL CHIRAL

« At0O(1/m?,6%)inthe RC expansion: Non-local terms are reabsorbed:

, (c) 1 (c)
(AZ(k,m,sc)| el J;HQF by | Aw(p, sp)) = \/Zﬂwav,’sFu PP (v, 0" Mhein (W) + Q—WM"’“") = Mhan (W) 5

C 1 C
BB (1, 1) = 1y (w) 0k (008 — 0P/ ) iy (w) (g 0P — gPHu™) tahy (w) (g™ B — g/ . ni)g (W) + 2mc??( w) — n{e(w).

VANISHING CHROMOMAGNETIC

e At 0O(1/m?)inthe VClimit:

* —v’ v v F o v — ! «
(A (k,m,s0)| — @) D 0@ Ty I TbY [Ay(p, sp)) = VAU Y0 T w34 (v, 0") B (v, v") = v* (B (w)v™ + Ba(w)v'™) + B3 (w) gH*
(N:(Kk,m, 50| & D2 e 0@y D2 et 0 T'bY |Ay(p, sp)) = Vi, Tuar(v,v') ot (v,v") = a(w)(v —v")* .
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FIT TO THE LATTICE RESULTS

The Form Factors depend on 7 and 5 Isgur-Wise functions in the RC expansion and VC limit respectively.

* Isqgur-Wise functions are not known from first principles.

* We use the lattice results given in the form:

RC EXPANSION VC LIMIT

Parameter Best fit Parameter Best fit
fi=F, +A;(w—1).
¢ 0.52 + 0.16 ¢©) 0.52 + 0.16
* We expand the IW functions to the first order in (w — 1): ¢ —6.11+1.27 ¢ —5.97 £ 1.24
(0) (0)
¢ 0.15 + 0.01 ¢ 0.15 + 0.01
_ 7(0 1
{=¢O+{Mw-1). ) —038+£011 ¢ —0.31£0.10
(0) (0)
. . . —0.26 + 0.44 . —0.24 +0.42
* We fit our Form Factors to the lattice results. Tiin,c 0-20+0 Tiin,c 0240
Mhin.e 9.77 + 3.08 Mhime 9.48 + 3.06
« We use a y?minimisation and find remarkably good fits. Mg 0.01 £ 0.10 §°) 1.58 + 0.71
_ _ _ Ming.c —015+1.44 Y 0.81 + 0.05
* Neglecting NNLO terms, we achieve a poor fit. ", _0.08 4 0.06 e —0.96 + 0.50
v 0.25 = 0.70
_ . . © 1.58 4 0.72 Xbc
* NNLO corrections are necessary to reconcile HQET with LQCD results. o) 0.82 4 0.05 = 0.84
, ‘ ‘ d.o.f.
Ay —1.13+0.52 f
2
Meinel, Rendon PRD dXRC = 0.89
105 (2022) 5, 054511 o0.f
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USING VECTOR AND

AX I A L F O R M F ACTO R S Parameter  Best fit Parameter  Best fit

¢ 0.43 + 0.50 ¢0) 0.52 +0.43
AS I N P U T ¢ 659+1.62 (D —6.49 + 1.55
¢ 0.16+0.01 ¢ 0.16 £ 0.01
) —0.58+0.17 ¢ —0.57£0.17
??fﬂl,c 0.01 £ 1.30 mi?l,c —0.21 £ 1.10
Mo e 10.72+4.01  ng) 10.56 + 3.94
e —004+012 B 1.42 + 0.96
e —007+161 B 0.84 + 0.09
0, —001x007 A ~1.69 + 0.64
nor.,  —0.754£0.93
0 1.48 + 1.01 Xbc
' (© 0.83 +0.10 = 0.72
WE PREDICT TENSOR AND PSEUDO-TENSOR FORM e 764 0.68 d.o.f.
FACTORS
Xzzac — 0.84
d.o.f '
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TENSOR
FORM
FACTORS

00 1.01 1.02 1.03 1.04 1.05 00 101 102 1.03 1.0 101 1.02 103 1.04

w w




RC Limit VC Limit Lattice Results

0.65+

PSEUDO o0 8

0.55

TENSOR &

=<' 0.50

FORM i ‘
FACTORS JE=8 |

1.00 1.01 1.02 103 104 1.05

L | 1 \7 20
100 101 1.02 1.03 1.04 1.05 100 1.01 1.02 1.03 1.04 105 100 101 102 103 104 105

w w w




CONCLUSIONS

* HQETISAVALUABLETOOLTO STUDY HADRONS CONTAINING A HEAVY QUARK

» Ap > AL (2595,2625) represent relevant applications.

> We went beyond previous analysis of this channel computing Form Factors at O(1/ m2).

> We showed the relevance of the novel 0(1/ m?2) terms to reconcile HQET with the lattice QCD results.
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SPIN-FLAVOUR SYMMETRY & ISGUR-WISE FUNCTION

o L2 isinvariant underSU(Z)}\;pin group.

* For Ny heavy quarks £33 =)  Q4'iv-DQY" , and SU(2) = SU(2Np) _ SPIN-FLAVOUR
=1

SYMMETRY

* Symmetry breaking terms are suppressed by powers of 1/my.

 Scattering of a pseudo-scalar meson P(v) — P'(v") involving the transition Q — Q’.

What happens to the _~»  Ifv=1v"nothing happens
brown muck? \L If v # v’ form factor suppression

 The hadronic matrix element can be written as

(P'()|Q A" QY | P(v) = &(v- ') (v + )

The universal form factor (v - v") is the “Isqur-Wise” function.
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HELICITY AMPLITUDES

Sb,c S { + %:_%}a
Ar (86, 8¢, ey Ag) = (AL(5e,n(Ae))[ €T el (Ag)b [Ab(sp)) A € {0,+1, -1},
Ay € {t,0,+1,—1} .

Helicity Amplitudes forJ = 1/2

AV (4172, 41/2,1) = —\/gAp(+1/2, +1/2,0,) + \/gAF(-I-l/?, —1/2,41,1)
(1/2) _ /1 2
AR (41/2,-1/2, 1) = S AR(+1/2,-1/2,0,-1) = | SAD(+1/2,41/2, -1, -1)..

Helicity Amplitudes forJ = 3/2

AP (4172, 43/2,41) = Ap(+1/2,+1/2,+1, +1),

AP/ (1172, 41/2,0) = \/gAr(+1/2, +1/2,0,0) + \/%A%S/Q)(H/?, —1/2,+1,0),

2 1
AP (+1/2,41/2,t) = \/;.AI‘("I'I/Q: +1/2,0,t) + \/;«4§~3/2)(+1/23 —1/2,+1,1),

ABD (1172 —1/2,-1) = \/g,zlp(ﬂ/z ~1/2,0,-1) + \/gA}?/z)(H/?, +1/2,-1,-1).
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(RC) VECTOR FORM FACTORS

Cs—\/5+ Css C
hpeo=5——"—37 (Cl—l- 2o+ + 35+ Cs—\/5+ Css C
T2 2 : : + Fippo=5- Y (0 + 25+ 551
(ma,ma;) ma, (ma, +max) - 2max(ma, +mas) / 2(mAbmA;)3/2 ! 2ma, (ma, + 'mA:) + 2mp. (ma, + m,\* *
: o A ( 2 2 _ 2)
ey VI —mas) CAAma, +ma; ~ 4 VSt (ma, —ma;) < CA (m3, +m3, -
(ma, + maz) /TR, A t 2mp, ma- + T &b = CA" + Gsr —
: : oA (ma, +maz ) /Mx,mMaz 2ma,ma-
R A ( 2 2 z) . .
C( \F—:{mm) NEAC} Cf\ ~ate - ¢ My, + Mps — 4 N e \/a(mAb _ mA‘_) q[\ CA" (mib + mf\*
MA, + MA= ) /TIA, A" . c = + -
b )AL A 2mp, mAs (ma, +mA:),/mA,,mA: Gst. 2mp, mas
SoVE+ (e) V558
+ (E‘fn in + Cbnr(l?) —&c I([f) + & —‘;Jr b ©
2(mAhmA:()3/2 k ag Tnag) A b —> A c (2 5 9 5 ) W, mnz) 72 (2€c77km — Cbnfn;g + ECT?I(TLE)Lg)_
Sy(ma, —max) . _sy
jer Ve, Zma; wiig) — S5 925 (my, —
< (ma, + maz ) y/MAgTIAT (3(1])3+ wiha) a2 ) 0 5 7s_(ma, — mazx) "
: b TTAY Ay TTA; “A(map, + mas)(ma,ma)52 1"
fiy2. :CS"'— Vi (C + Cos+ Casy : ) C 2 2 2
T 2(ma,mas )32 ! 2mp, (ma, — mas) + 2max (ma, — mm)) + Fi/ay :(gs'”'i \fs_)g/z )+ ma; (my, — my, +4 )02 mm(mi;, - m/Q\: -q°) o)+
o : : T 2(ma,mas )3 2(mp, — mas )mp, ma- 2(mp, — mp=)m 3
. V5 (ma, +mas) - CA (mf\b +md. — qz) , b s, ma; 2 ( A; Az, M
: e : . 2
b(m,\h — A ) /TA AL CA™ = 2L T + +e (ma, +maz)y/5- CN + Cor, — CA(m3, + My~ —4q )
e c b s — SL +
(ma, mA;)\/mAl,mAg 2mp,mas
e VE—(ma, +max) (A - 2ep AN (mf\b + mi: — q2) . L (ma, +mas ) /52 Rt o — Cﬁ’(mih + mi: — )
(ma, —maz)\/TA, TA: ; 2mp, mas (i, — maz ) /A TAE \ St 2mp, ma= +
Spa/S5— () b B it - (b) (e)
72(771/\51‘”1\&)3/2 (Ecmpn + cbnr(n;g — Ec'qr(ﬁ;g)—i— + 4(ma, m/\*)s/z (28*”7/1(111 EbThnag T Ecnnfag)
S5 (mp, +max) ( 5 si/z('m,A + mas)
+e2 i e 3(tha + wihs) — _5-84+¢%1 * ( ) — &2 + b Az
¢ (nlAb - nlA;)\JmAbmA: (d)g ‘j)‘Z) 4(TTLAbTTLA;)2 ’ A b - A C 2 6 2 5 L4(mAb — WLA:}(mAbmA:)F’/Q 1}/)1 ’
Cils_\/5% G CA (mib +m3. — qz) B Flyol __ CVEes- VIS o 55 A(mg, +m3. —¢%)
fmi = e VAR VI B 2 o a2 e \ T2 )
Q(TRAbmAZ) /2 mAbmAg QmAbmm ) bIAL A;,WLA: TnAthA:'
B NZ N (m3, +m3. —¢°)
J5F _ CA'(m"’ +m2, — 2) + oo | A+ Gt — ¢ : E 1
J’»Eci AC _ 2CSL o Ab Al q + v/ 7nAbmA* QmAanA*
VTAL A 2mp, MA*
s A Oy _ 2 St
Ee i’n +ce rrfa. e —
o Ve S_\/S4+ . (50711&) _ Crn(c) )+5 VS (3(¢3 + wipg) — w 4(mA,,mAz)3/2 el el g) 4(mAbmAc)"/2 U,
2(ma,ma; )3 e Naowire Y dlma,ma=)? ) _ V¥ 5 /5%
e Fa/zl = —£&i —CSI — & =5 ()

> 4 ag y
"‘WLA,,TTEA; 4(mAhmAZ)3/2 nmdg )

DAVIDE IACOBACCI



(VC) VECTOR FORM FACTORS

f LSV o Cos Cas+ Fiyz0 IS VAT S+3 - (Cl + Casy Cis ) +
1/2,0 2(mAbmA;)3/2 ! 2mp, (ma, + mAg) QmA; (ma, + mA:) Q(mi\bm?\?ﬁ) / 2ma, (ma, + mAﬁ) QmAz (ma, + mAz)
_ A (2 2 2
N B+ (ma, — mas) R ¢ CA (mf\b +m3. — q2) e Vot (ma, —ma-x) N 4 G — CA (m,\b +mi. —q ) )
° (ma, +mas) /A, A Sk 2m, A + (ma, + max) /TN, A 2ma,mas
*
3 Ay, > A7(2595 K’( 2 2 _ 2)
VS5 (ma, —ma;) A9 A (mib +mj. - q2) b ¢ ( ) te, Vi (ma, —maz) A+ Car— (A" {mi, +mh; — ¢ N
Ee (o, + on2) AT CA —2CsL — D, - + (ma, + may) /T, A 2ma, mas
— VG2,
S s_ /sy e VAt (ma, —max) 36n — s_syfh bea VI 3 27;&1 — &2 (ma, = ma;)sy s B,
ECQ(mAme)am = g + maz) ymamas \ o0 Amaymaz)?) 2(ma,maz)? 4(ma, + may)(ma,ma-)>/?
P IV o Cosy N Csy . Fuyas = SISV PN ma:(m3, —m3. +4¢%) ] my, (m3, —m3, —¢°) o) o
1 ~ 2(ma,maz )3/ F 2my, (ma, - maz) o 2ma;(ma, —ma;) T 2(ma,ma;)?? 2(ma, —mag)ma,ma; 2(ma, —mag)ma,ma;
_ X (2 2 2
V5= (ma, +max) & CA (mf\! +mi. — q2) o (ma, +max)\/5- Rt o — CA(m3, +mi. —¢°) N
+ep - CA” — 2Csr — - + (ma, — MAx) /TN, TTEAS 20, Mp -
(ma, — mA:)\/mA A+ 2mp, MA~ Ay Ay ApTIEA Ay TAY
| | o A (2 b ZC 2 + (ma, +maz)\/5- A4 CN'(m}, +mi, — ¢°)
A ( P ) e - SL — < +
. V5= (ma, + ma;) (R 20 - CAT(my, +mi, — 4 . (s — s FTEATIRS I D
“(ma, —maz ) /A, MA: 2ma, ma:

S4/5— (c) 2 (m_f\b —.—mAz)S_f_S;i/z

2y mas )72 % A ma s e (magmas 2L

A, > AL(2625)

+éc

te 771&?1)13+\/5— 42 V5 (ma, +max) (3 - 5_84+ )
c c : y
2(ma,maz )3/ (ma, — maz) /TN, A 4(ma,maz)?

515 NE Am3 +mi. —q¢%)
_ ; . Fl/Q,L :’C—Jrs/gcl + Ebc + b - — A +
Ci(s—\/5+ Vst CA (mi; +mi. - qz) T 2ma,ma;) VA, TRA 2mp, ma;
= +e - - - N -
Tt = O 2mp, ma; ) pe V5 (At CA’(mih S e WA
' cT/—— L—
A 2 2 2 VALY VLY. ZmAbmA;
/5T A [(m3 +m3. —q )
S C ( A Az 3/2
tee————— [ AC — 2051 — 27; - + b VS @ _ g2 s 8,
Ab Ac !\b A; CQ(mAbmA:)3/2 kin 64(??1;\,,?711\:)5/2 bl
N . by Fyos = e LT
+ec > +eg s ——— 5 ), 3/2,1 b —GSL -
2(mp,mas )3/ /A, A= 4(ma,mas) /TA, TR
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