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induced effective local interactions
exchange of heavy, virtual particles at low energy

between light SM particles

Basic Idea: when there is a QFT with a high scale M:

- interested in physics @ E << M
can we do Taylor expand in E/M?
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Effective field theory offers a systematic description of virtual
heavy-particle effects (more generally, effects of modes with

large virtualities) through an expansion in local operators systematic way to
analyze the situation

when there are
multiple physics
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2K It’s possible to construct effective field theory even if
fundamental theory is unknown or strongly coupled (non-
perturbative)

AN

“Theorem of modesty™:
All physical theories are
effective (field) theories
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mechanism)




Effective Field Theory

2K Basic idea of effective field theory: Consider Effective Weak Interaction

- Separation of short- and long-distance effects; Mschematically:
T ™Mw
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-~ Short-distance effects (p~Mw) are perturbatively calculable

-~ Long-distance effects must be treated using non-perturbative
methods

- Dependence on arbitrary separation scale |, controlled by
RG equations
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2K At low energies, the exchange of heavy, virtual particles (M»E)
leads into quasi-local effective interactions
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- Step 3: expand non-local action functional in local OPE (E«< A)
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3K Niive dimensional analysis (NDA): [m]=[E]=[p]=[x"]=[t"']
[g]]=-7: “mass dimension”
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Effective Field Theory

K Ba5|c |dea of effectlve f eId theory

3K Niive dimensional analysis (NDA): [m]=[E]=[p]=[x']=[t']
[g]=-y; “mass dimension”

= gi = M7; ¢ is“naturally” O(1) at low energy,
/ make OPE
| — ' =0 - full
dimensionless number 51 - [Ql] — Yi= 51 D useru

ensionless

EKA<M

2k Contribution of a given operator Qi in Lef to a dj
observable would be: C'(E>% { |

*leen a precision goal, can truncate the sehés Z i Qi(or(z))
in given order in E/M => keep only finite Q;
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2K Basic idea of effective field theory

[gl=-yi 6i=[0i]= Yi=0i-D

Dimension | Importance for £ — 0 Terminology

usually unimportant
(forbidden by symmetry)

0; <D, v <0 gTOWS relevant operators

(super-renormalizable)

0 =D, =0 constant marginal operators renomalizable QFT
(renormalizable)

0; > D, v >0 falls irrelevant operators really interesting,

(non-renormalizable) sensitive to
‘fundamental” scale M
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2K Basic idea of effective field theory

2K Renormalization & Running coupling
what happens when lower the cutoft?

A

M

- 8A

| integrate out high frequency of light particle
(as opposed to integrating out heavy particle)

~ operator Oi[¢L] remains the same

~ lowering A is absorbed by change in gi(/A\)

__p intuititive understanding of
~ ¥ running coupling




Effective Field Theory

2K Effective weak interaction

I



Effective Field Theory

2K Effective weak interaction

-

Integrate out
heavy
particles (W)



Effective Field Theory

. . . eff __9_2 - 7 L — [ v uv
* Effective weak interaction Lueak = ~gppz [Jn T e (00 =g D) I

Ty = Vij @yu(1 = v5)d; + Ziyu(1 — 5)l;

Integrate out /‘8\\

heavy
particles (W)



Effective Field Theory

g° 1

" 1 . eff _ _ - M — ([ v uv
2K Effective weak interaction Lok =~ 502 [Jn Tt g (00 =g 0)
Jy = Vi @iyu(1 — ¥5)dj + Ziyu(l — 5)li

Integrate out /\

heavy
particles (W)

2K How about loop corrections?

RN - H



Effective Field Theory

g° 1

" 1 . eff _ _ - M — ([ v uv
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2K How about loop corrections?
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Effective Field Theory

g° 1

" 1 . eff _ _ - M — ([ v uv
2K Effective weak interaction Lok =~ 502 [Jn Tt g (00 =g 0)
Jy = Vi @iyu(1 — ¥5)dj + Ziyu(l — 5)li

T

Integrate out /\

heavy For large momenta QCD 1s weakly coupled:
particles (W) os(Mw) is small and perturbation theory works
=> Wilson coefficient taken into account of the
* How about IOOP correction S? loop corrections for large momenta can be
calculated

RN -

[ s 10 # 5 [ (14 +-) 1)

For large loop momenta (p2~Mw?),
two operations — expansion of the W propagator
and integration over loop momenta — do not commute




Effective Field Theory

. . . eff __ 92 — 1 i — (AR AaV PV
2K Effective weak interaction Lok =~ 502 [Jn Tt g (00 =g 0)

Jy = Vi @iyu(1 — ¥5)dj + Ziyu(l — 5)li

~7

w
Integrate out /\
heavy For large momenta QCD 1s weakly coupled:
particles (W) os(Mw) 1s small and perturbation theory works
=> Wilson coeftficient taken into account of the
* = OW abOUt IOOP CO rrections’ loop corrections for large momenta can be
calculated
j i X i i 2 i
A4GF _ _; ; ;
p2 Leﬁ — —W cs Vllb [Cl(”’) 327#("}, uL’Y“bL + CQ( )'SL’),IJ'("7 b ]
D D P
[ @i 10) # 5 [ (14 2+ ) 1) .
For large loop momenta (p2~Mw?), \@Q Ci(p) =1+ 3 (k) (ln E — E) +0(a?),
. : O N, Am 2 6
two operations — expansion of the W propagator &q}\

and integration over loop momenta — do not commute Colp) = —3 as () (ln Mg, 11) +0(ad).
pr 6



Effective Field Theory

2K Matching

- List all possible gauge invariant operators allowed by symmetries &
quantum numbers



Effective Field Theory

2K Matching

- List all possible gauge invariant operators allowed by symmetries &
quantum numbers

© Write down L with undetermined dimensionless coupling C;
£eff — Zz CZO’L

with number of terms determined by accuracy desired



Effective Field Theory

2K Matching

- List all possible gauge invariant operators allowed by symmetries &
quantum numbers

© Write down L with undetermined dimensionless coupling C;
£eff — Zz CZO’L

with number of terms determined by accuracy desired

o Determine C;such that

An = <fn‘£SM‘Zn> — Zz C@<fn‘02|2n>

+ higher power corrections



Effective Field Theory

2K Matching

List all possible gauge invariant operators allowed by symmetries &
quantum numbers

~ Write down L with undetermined dimensionless coupling C;
[Jeﬂ" — Zz CZOZ

with number of terms determined by accuracy desired

can compute perturbatively even in

Determine C;such that QCD, provided that theory is weakly
coupled at short distance

An = <fn‘£SM‘Zn> — Zz C’L<fn‘01|2n>

+ higher power corrections



Effective Field Theory
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2K Matching

List all possible gauge invariant operators allowed by symmetries &
quantum numbers

~ Write down L with undetermined dimensionless coupling C;
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with number of terms determined by accuracy desired
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2K Matching

- List all possible gauge invariant operators allowed by symmetries &
quantum numbers

© Write down Lf with undetermined dimensionless coupling C;
ﬁeﬁ“ — Zz C’LOZ

with number of terms determined by accuracy desired

can compute perturbatively even in

- Determine C;such that QCD, provided that theory is weakly
coupled at short distance

An = <fn‘£SM‘Zn> — Zz C@<fn‘02|2n>

+ higher power corrections

M
A . 2. Ci(A)O;i(A)
+/A- SA [ weakly coupling NN
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Effective Field Theory

2K Systematically factorize short-distance physics and long-distance

physics

K

Any sensitivity to high scales (including to physics beyond the

Standard Model) can be treated using perturbative methods:

CzNP(MNPagNPa M)

2K Nonperturbative methods (operator product expansion, lattice

gauge theory, ...) usually only work at low scales (typically pu~few

GeV)
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*The effective weak Hamiltonian for FCNC (hadronic)  (@i®)via = @r*(1E£7)e
Ap = VsV or A, = Vi Vg
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V2 p5ac i=3,...,10

Q1 = (pb)v-a(5p)v-a, Q5 = (pibj)v-a(5;pi)v-a,
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Operator Basis (Effective Weak Interaction)

*The effective weak Hamiltonian for FCNC (hadronic)  (@i®)via = @r*(1E£7)e
Ap = VsV or A, = Vi Vg

Heﬁ'—GF Z/\(CIQ1‘|‘C‘2QP+ > CQz-l-C'z»th-l-ngng)-l—hc
V2 iS5 i=3,...,10

Q1 = (Pb)v-a(5p)v-a, Q2 = (Pibj)v-a(5;pi)v-a
= (8b)v_a Zq (C?CI)V—A ; Qs = (5z'bj)v_A Zq (QjQz')v—A ;
= (8b)v_a Zq (q9)v+a Q6 = (Sibj)v-a Zq (259i)v+a

Q7 = (3b)v—a > q¢3€q(qq)via, = (5ibj)v_a Y q35€q(qigi)via,
= (3b)v_a Y 43€4(qq)v_a , Qo= (5:bj)v_a Y q5€,(qiqG)v_a,

Qry = Q7 82 mp 50 (1 + 5) F*D, (Jsg = : my 50, (1 + v5)GH*b | _é LO

* e.g. Penguins and other loops

b > b € b S b s b S 3 AAANAA
w W wct VWA ——
W g W u.c,t ll,(‘,t uc.t uct W W N b
Y
R Y.L Y.Z
‘ ’ ¢ s 9 q q q




Operator Basis

| 11 a(Mw)
*The effe Ci(Mw) =1 et

Co(My) = & 2=(Mw) Vv
Heff — 2 w) = 5 - |
L= ((mi )\ as(Mw)
Ca(My ) = Cs(My) = —= Ep[ — ) .
o ) - M, 4

Ca(Mw) = Ce(Mw ) =

2 Tier
C:(My) = f( mt,) = w)

2 2 -
oy m; 1 my 8 ( M W )
¢ Co(Mw) = [f (z\f&,) N sin” Gy g(l“f&r)] ir

Penguin
* . Cg(My ) = Cio(Mw) = 0,

~ . b - b S b S b s AAAANAN -
W g W u.c.t u,c,t uc.t uct W W . b
Y
B Y.L Y.L
c s c S q q q q q 3
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Answer: look for different scales. e.g. B-physics: mp » Aaqcb

mm ) Inegrate out all short-distance fluctuations associated with scales
> /\QCD

~ Physics at the scale my (short-distance physics) vs. heavy quark
related (long-distance) hadronic physics governed at confinement

scale Aocp.

- Separation of the short-distance and long-distance effects associated
with these two scales is vital for any quantitative description in

heavy-quark physics



Effective Theories for Heavy Flavours

*Question: what’s there to integrate out, when there is no heavy particle?

Answer: look for different scales. e.g. B-physics: mp » Aaqcb

Inegrate out all short-distance fluctuations associated with scales
> /\QCD

~ Physics at the scale my (short-distance physics) vs. heavy quark
related (long-distance) hadronic physics governed at confinement

scale Aocp.

- Separation of the short-distance and long-distance effects associated
with these two scales is vital for any quantitative description in

heavy-quark physics

* Prime example: Heavy Quark Effective Field Theory (HQET)
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- QQ systems is perturbative

- heavy-light bound states (Qq) are not perturbative
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Heavy Quark Effective Field Theory

B
* What’s the physical picture behind?

Q

[
— \B

-
Rhad

o mb>> Nacp:  as(mp)is perturbative (asymptotic freedom)

- QQ systems is perturbative

~ heavy-light bound states (Qq) are not perturbative

~ It’s characterized by a small Compton wavelength!
* Ao ~ I/mq « I/Aqcp ~ Rnad typical hadronic size

=m) sim plifies physics of hadrons made up of heavy quark
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* What’s the physical picture behind?

- Flavour Symmetry: Cloud of light degrees of
freedom (“‘antiquark™ in a meson) does not feel

the mass (flavour) of the heavy quark as
mqQ— o0

~ Spin Symmetry: Since magnetic moment of a
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heavy quark scales like po~1/mq, also its spin
decouples

Rhad



Heavy Quark Symmetry

* What’s the physical picture behind?

~ Flavour Symmetry: Cloud of light degrees of
freedom (“‘antiquark™ in a meson) does not feel

the mass (flavour) of the heavy quark as Q
mQ— o0 N

© Spin Symmetry: Since magnetic moment of a

Rhad
heavy quark scales like po~1/mq, also its spin

decouples

~ SU(2nq) spin-flavour symmetry: In heavy-quark limit
= ) (Mg — o), configuration of light degrees of freedom is
independent of the spin and flavor of the heavy quark




Heavy Quark Symmetry

* Relates properties of hadrons:

B flavour symmetry D

)

b@11

cO®1t

spin symmetry spin symmetry

B D

)

flavour symmetry

b®!! c@®!.



Heavy Quark Symmetry
2K What'’s the physical picture behind?

~ Heavy quark carries almost all momentum

- Momentum exchange between heavy quark and light
degrees of freedom is predominantly soft (soft gluon
exchange):

APq = -APjight = O(Aqcp) = Avg = O(Aocp/me)

- Heavy-quark velocity becomes conserved quantum
number in mo— o limit



Heavy Quark Symmetry

2K What'’s the physical picture behind?

Heavy quark carries almost all momentum
Momentum exchange between heavy quark and light
degrees of freedom is predominantly soft (soft gluon

exchange):

APq = -APjight = O(Aqcp) = Avg = O(Aocp/me)

Heavy-quark velocity becomes conserved quantum
number in mo— o limit

mm ) Georgi:“velocity superselection rule”




Heavy Quark Symmetry

* Implications for hadron spectroscopy

~ Spin doublets such as (B,B") should be degenerate in
heavy-quark limit:

Mz--Ms = 46 MeV << Aaco
~ |/mq corrections:

Mzg-Mg = (C1 'CO) Ao/m, + 0(1/mb2)

- Prediction:

(MB*'MB)/(MD*'MD) ~ M/ Mp= 1/3



Heavy Quark Symmetry

b < Implications for hadron spectroscopy

~ Spin doublets such as (B,B*) should be degenerate in
heavy-quark limit:

Ms-Ms = 46 MeV << Aqco
'~ |/mq corrections:

Mzg-Mg = (C1 'CO) Ao/m,, + 0(1/mb2)

- Prediction:

(MB*'MB)/(MD*'MD) ~ M/ Mp= 1/3

Experimentally:
0.32
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* HQET: simplified description of interaction of heavy quark Q with soft
partons (light quark g, and gluon g) g rest frame of B
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Heavy Quark Effective Field Theory

* HQET: simplified description of interaction of heavy quark Q with soft

partons (light quark g, and gluon g) g rest frame of B
residual off-shell Q
almost on-shell / momenturm - VH ,
k* ~ Aoop small velocity of B
<C - v#=(1,0,0,0)

p‘é = mquH + k*

* Divide up “upper” (large) and “lower” (small) components of Dirac spinor
field Q(x) using the 4-velocity v, which in the rest frame of the hadronis
V|J.=(1 ,0,0,0) carry the residual momentum k

| A N | h P hy(x) = hy(z)
Q(z) = e™ ™% b, (z) + H,(z)] = e~imwve (HZ) ¢ Hy(x) = —H,(x)

) = emave ;” Q) Hye) = emave - 2 "Qw




Heavy Quark Effective Field Theory

* HQET: simplified description of interaction of heavy quark Q with soft

partons (light quark g, and gluon g) g rest frame of B
residual off-shell Q
almost on-shell / momenturm - VH ,
k* ~ Aoop small velocity of B
<C - v#=(1,0,0,0)

p‘é = mquH + k*

* Divide up “upper” (large) and “lower” (small) components of Dirac spinor
field Q(x) using the 4-velocity v, which in the rest frame of the hadronis
V|J.=(1 ,O O O) carry the residual momentum k

A P hy(z) = hy(x)
oy i e (1) ,

. 1 . 1 —
ho(z) = ™2™ ;“%m H,() = emere 2L Q)

iDt = iDH — vk iv- D |

| Lo =Q

= hyilD h, + H, (i]D — 2mo) H, + h,iD H, + H,iD h,
— hwiv - Dhy+ Hy (—iv - D — 2mg) Hy + hy i) Hy + Hy i) hy §




Heavy Quark Effective Field Theory

* HQET: simplified description of interaction of heavy quark Q with soft

partons (light quark g, and gluon g) g rest frame of B
residual off-shell Q
almost on-shell / momenturm - VH ,
k* ~ Aoop small velocity of B
<C - v#=(1,0,0,0)

p‘é = mquH + k*

* Divide up “upper” (large) and “lower” (small) components of Dirac spinor
field Q(x) using the 4-velocity v, which in the rest frame of the hadronis

Vp,=(1 ,O O O) carry thejr\esidual momentum K h ﬁhv(ﬁ) _ hv(:lj)
) T imQU-T h H — 5, IMpV-T v
Q(z) = e hy(z) + Hy(z)] = e ( H@) $ H,(z) = —H,(z)
. 1 . 1 —
hy(z) = e™e"* —;75 Q(x) Hy(w)=e"me" 5 7 Q(x) 1y massless mode
e ——— | e ———————“CU@NtUM fluctuation
SDH — iDH — by . D [ around mass-shell

{ Lo = Qi

/_/\/ massive mode
with mass 2maq

= hyilD h, + H, (i]D — 2mo) H, + h, i) H, + H,iD h,
— hyiv-Dhy+ Hy (=iv - D — 2mo) Hy + hoil) Hy + HyiDhy | pows duantim




Heavy Quark Effective Field Theory

* HQET: simplified description of interaction of heavy quark Q with soft

partons (light quark g, and gluon g) g rest frame of B
-’ Q; - )Q - ) U Vslfnallvelocity of B
§ ~o = WP — Mg |
, - vi=(1,0,0,0)

= hyilD h, + H, (i]D — 2mg) H, + h, i) H, + H,ilD h,

— hyiv- Dhy+ Hy(—iv - D — 2mg) Hy + hyil) H, + H,iD h, §

-~ Integrate out H, by using classical equation of motion:




Heavy Quark Effective Field Theory

* HQET: simplified description of interaction of heavy quark Q with soft
partons (light quark g, and gluon g) g restframeof B

QWK

small velocity of B

- vi=(1,0,0.0)

' Lo = Q(Zw_mQ)Q
. =hyiDh,+ H, (iD — 2mg) H, + h,iD H, + H,i]D h,

— hyiv- Dhy+ Hy(—iv - D — 2mg) Hy + hyil) H, + H,iD h, §




Heavy Quark Effective Field Theory

* HQET: simplified description of interaction of heavy quark Q with soft
partons (light quark g, and gluon g) g restframeof B

QWK

small velocity of B

- vi=(1,0,0.0)

' Lo = Q(Zw_mQ)Q
. =hyiDh,+ H, (iD — 2mg) H, + hyiD H, + H,iD h,
= hyiv- D h, + H,

—v - D — QmQ) H,+ h, zl_D’ H, + H, 7«ﬁ hy .

-~ Integrate out H, by using classical equation of motion:

" smalll

Expansion in local derivative
operators justified,since k«ma



Heavy Quark Effective Field Theory

* HQET: simplified description of interaction of heavy quark Q with soft

partons (light quark g, and gluon g) g restframeof B
@: - )Q‘ o ) U Vslfnallvelocity of B
§ ~Q = Ly —mq |
| - vi=(1,0,0,0)

= hyilD h, + H, (i]D — 2mg) H, + h, i) H, + H,ilD h, 4
—iv- D —2mgq) H, + hyiD H, + H,iDh, |

= hyiv - Dh, + H,

1 = - w2 i
H, = QmQ-Fiv.D’lphv_ Qanz:;)( -
small

—} H, = (£ )h, ~ (2ee2)p,
mao ma Expansion in local derivative
operators justified,since k«ma



Heavy Quark Effective Field Theory

* HQET: simplified description of interaction of heavy quark Q with soft
partons (light quark g, and gluon g) g restframeof B

() vH

small velocity of B

- vi=(1,0,0.0)

' Lo = Q(Zw_mQ)Q
. =hyiDh,+ H, (iD — 2mg) H, + hyiD H, + H,iD h,
= hyiv- D h, + H,

—v - D — QmQ) H,+ h, zl_D’ H, + H, 7«ﬁ hy .

-~ Integrate out H, by using classical equation of motion:

" smalll

Expansion in local derivative
operators justified,since k«ma

% i DE = 30" + g.AY  only soft gluon!



Heavy Quark Effective Field Theory

2K What about higher order power corrections?

1 = 1 — ww-D\" =
HU:QmQ-I-z'v-DZthv_QmQZ(_ QmQ> iD he

n=I[0

oo — Fyiv - Dy hy + — [I-zv (iD)?hy + Crnag (1) L by 0,0, G’;”hv] T
QmQ 2



Heavy Quark Effective Field Theory

2K What about higher order power corrections?

o0 n
q

1 - 1 w - D
H, = QmQ-I-z'v-DZthv_ QmQZ <_ QmQ) iD he

n—=—>[)

‘CHQET = ,_Zv ?:’U . DS hv I 1 [Bv (iﬁs)th + Cmag(ﬂ) & ]—lv UPV Gguhv] +....
- ~ J QmQ 2

SU(2nq) spin-flavor symmetry
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perturbative corrections

SU(2nq) spin-flavor symmetry
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2K What about higher order power corrections?

1 -

B = g tiv-D Pl =
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\ ) QmQ

perturbative corrections

SU(2nq) spin-flavor symmetry

> Only first terms survives in heavy-quark limit!



Heavy Quark Effective Field Theory

2K What about higher order power corrections?

1 = 1 — ww-D\" =
HU:QmQ—I-z'U-DdDhU_QmQZ(_ QmQ> 1D he

]_ _— = g —_
- B (iD.)2hy + Cono (1) L R, ,,G‘“’hv]
+ g [P (D) + Conag(4) 3 o 1 G27h | +

perturbétive corrections
SU(2nq) spin-flavor symmetry

> Only first terms survives in heavy-quark limit!

- Feynman rules (HQET):

ST

> =1/v-K = 1g Vit




Heavy Quark Effective Field Theory

2K What about higher order power corrections?

1

Hy = 2mg +ww - D
_ 1
‘CHQET — hv v Ds hv I
N ) QmQ

perturbative corrections

SU(2nq) spin-flavor symmetry

> Only first terms survives in heavy-quark limit!

- Feynman rules (HQET):

> =1/v-K

T

= 1g it

Much simpler than QCD!!!
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Heavy Quark Effective Field Theory

* Symmetries of the effective Lagrangian

EHQET =\}_lv 1 - DS h"j + O(l/mQ)

SU(2nq) spin-flavor symmetry

- No reference to heavy-quark mass (flavor symmetry)

> Invariance under spin rotations (spin symmetry):

hv = (1+1/2 €-G) hv




Heavy Quark Effective Field Theory

* Symmetries of the effective Lagrangian

L"HQET =\7Lv 1 - DS h‘) + O(l/mQ)

SU(2nq) spin-flavor symmetry

- No reference to heavy-quark mass (flavor symmetry)

> Invariance under spin rotations (spin symmetry):

hv = (1+1/2 €-G) hv

Effective Lagrangian exhibits spin-flavor symmetry

at leading order, broken by O(1/mq) corrections




Heavy Quark Effective Field Theory

* Symmetries of the effective Lagrangian

1
QmQ

‘CHQET — ]—lv 1 - DS hv i [Bv (iﬁs)ghv -+ Cmag(#) % ]—lv UPV Ggwhv] +....

- kinetic energy operator (p2/2m) chomo-magnetic interaction

GB



Heavy Quark Effective Field Theory

* Symmetries of the effective Lagrangian

LHQET = ’—lv 0 - Ds hv i ! I:}—lv (iﬁs)zhv + Cmag(#) & ]—Zv 0'#,, Ggyhv] +....
> Kinetic energy operator (p2 / 2m) 2 chomo-magnetic interaction

Both operators violate the tflavor symmetry, but

only the second one breaks the spin symmetry




Heavy Quark Effective Field Theory

K Short-distance radiative corrections

- Heavy-quark symmetries also broken by hard gluon exchange

— effects calculable in perturbation theory

— In general, they renormalize the coefficients in the effective
Lagrangian

- No renormalization at leading order (only WFR)

- No renormalization of kinetic operator due to Lorentz invariance
(“reparametrization invariance”)

~ Chromo-magnetic interaction is affected: Cmag(u)=1



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

2K Form factor relations

- Heavy-quark symmetry allows us to extract the CKM
matrix element |Vco| with controlled theoretical uncertainties

- How to deal with confinement effects in this hadronic
process?



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

3K Form factor relations

~ Heavy-quark symmetry allows us to extract the CKM
matrix element |Vco| with controlled theoret;

clever use of heavy-guark
symmetries

W allows us to calculate the
] o decay rates
at the special kinematic
v Vb point of maximum

momentum transfer to the
leptons (v=V')
(“zero recoil” point)

-~ How to deal with confinement effects in this hadronic
process?



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

2K Form factor relations

- Consider elastic scatterlng of a B meson by the vector
current Jv=by+b:

b i

q q

- nothing happens if v=v’; final state remains a B meson with
probability 1

- for v2Vv’, probability for an elastic transition is less than 1



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

3K Form factor relations

\'

~ required soft gluon exchange leads to form factor
suppression

- for mp—o0, process described by a dimensionless
probability function:

(P(V')|hoy*hy|P(v)) = €(v - v") (v + v")H

with: &(v-v')<1, with &(1)=1 (Isgur-Wise function)



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

3K Form factor relations

- Use flavor symmetry to replace b- by c-quark in final state,
thereby obtaining a B—D transition:

vV v’

i

— nothing happens (symmetry in heavy-quark limit)!

(P (0")[W oy ho | P(v)) = &(v - v") (v + v")H



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

3K Form factor relations

- Next, use spin symmetry to flip spin of c-quark in final
state, thereby obtaining a B— D" transition:

— current gets transformed, but else nothing happens:
V'V, €) |0 oy (1 — v5) hy | P(v)) = ieP*Pe*v! vgé(v - v')
—{e*“(v 0"+ 1) —v'Her fu}ﬁ(v -0




Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

2K Form factor relations

~ In general, these processes are described by six a priori
independent hadronic form factors:

|

\

¢ 0
i
Ny

o
'
)

“ (D(v') | V:b |B('U)) = /mpmp {{E_i_(v , ‘U')J(v + v:)# 'i{f—(‘v . v')}(v - v:)“}

D*(v'")} V;b | B(v)) =1 vmpg mDo‘[ viv- v')}em,aﬁ e v'% P |

(D"'(v') "A;b | B(v)) = J/mpmp- {@Al(v -v')J(v ! 4 1) €,

—[{A,('u -v')]e"» v v, -[{A,(v - v'je*- v v;,}

= all equal in heavy-quark limit: f_|_ — fv — fAl — €A3 — 5(2} - U/)

f—ngQZO



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

3K Semileptonic decay rates

- These form factors describe the semileptonic decays
B—D0lv entirely; in terms of y=v-v':

dr’ _ G%‘ 2 _2_ 13 2 1/2 2
. r=MD(*)/MB
with: y—1 s : P
| 2 _ B —- DEév
R [e+(y) 1+rf-(y)} :
— [ — 1 1 > * 0
F(r,y) =4 201 — 297 ++2) | €2 () - §+1 ¢ (y) y B — Dty
d




Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

3K Semileptonic decay rates

- These form factors describe the semileptonic decays
B—D0lv entirely; in terms of y=v-v':

dr’ _ G%‘ 2 _2_ 13 2 1/2 2
. r=Mp -/ Mg
with: ~1 1 — 2 _ _
| 2 Y _ B —- DEév
rp Y [t - o) e
- [ '—1 1 > * —
F(r,y) =1 2(1 - 2yr +r2) [ €2 (¥) A 3+1 ¢ (v) y B — Dp Lo
1

= ) rates are absolutely noramlized at y=1| (zero recoil point)!




Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

3K Semileptonic decay rates

- Corrections to heavy-quark limit:

- perturbative corrections (hard gluons) known to O(a.?)
- power corrections estimated to O(1/mg?)

~ Luke’s theorem: B—D*lv decay rate does not receive first-
order 1/mQ corrections at y=1 (y=v-v’)

- Results:

FB—-D*(1) =1 - (0.040+0.007)pert - (0.055+0.025)power
= 0.91+0.03



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

3K Semileptonic decay rates

- Corrections to heavy-quark limit:

- perturbative corrections (hard gluons) known to O(a.?)
- power corrections estimated to O(1/mg?)

- Luke’s theorem: B—D*Iv decay rate does not receive first-
order 1/mQ corrections at y=1 (y=v-v’)

- Results:

FB—-D*(1) =1 - (0.040+0.007)pert - (0.055+0.025)power
= 0.91+0.03

mm) allows for measurement of |V| with theoretical
accuracy of 3%




Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

2K Extraction of [Vep)

- Extrapolation of the spectrum dI /dy measured in B—=D*lv
decay to zero-recoll point y=1:

10.06 —

! ' | I
0.05 | |Vcb| =(4'Si7expi2th)° 10°3 _ ReSUIts:
S 00k BT ] o V| = (41.1£1.3) x 1073
> 72 I S
tTﬂ 0.03 I — = e ]
> 0.02} -
0.01 |- | . i
1991
0,00~ ] | IS RN W S— 1 | — ] -
1.0 1.1 1.2 1.3 1.4 1.5 1.6



Exclusive Semileptonic B Decays:
Form factor relations and extraction of |Vcp|

2K Extraction of |V

- Extrapolation of the spectrum dI'/dy measured in B—D*lv
decay to zero-recoil point y=1:

0.06 ——
0.05 |vcb‘ =(4Si7expizth)° 103 - Results:
S 004 ETE ' V| = (41.1£1.3) x 1073
wn 0.03 [ I Sl
K - | e u
> 0.02 | . . .
i ] best known entry in CKM matrix
0.01 F | . - after |Vud| and |Vus]
1991
0.00 [ 2 | T W W T— L | I— | -
1.0 1.1 1.2 1.3 4 15 1.6



SM EFT

2K After the Higgs Discovery, SM EFT Lagrangian is constructed
from gauge invariant operators involving the SM fermion,
gauge, and Higgs fields: higher dimensional operator

expansion (non-renormalizable operators with cutoff scales
associated with it)
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expansion (non-renormalizable operators with cutoff scales
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1 (6) ;n D=6
A2 Zcz- @,
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SM EFT

2K After the Higgs Discovery, SM EFT Lagrangian is constructed

from gauge invariant operators involving the SM fermion,
gauge, and Higgs fields: higher dimensional operator
expansion (non-renormalizable operators with cutoff scales

associated with it)

_ 1 (5) D=5 , 1 (6) ;) D=6
L = £3M+A—in:ci @} AQZQ O

symmetry: SU(3) x SU(2) x U(I)

1 (7) D=7
A'}{ Zci @,

1 _
LYo 4

3K Lagrangian with the Operators should respect the SM
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2K After the Higgs Discovery, SM EFT Lagrangian is constructed
from gauge invariant operators involving the SM fermion,

gauge, and Higgs fields: higher dimensional operator
expansion (non-renormalizable operators with cutoff scales

associated with it)

1 5 —5 1 — 1 _ 1 —
L = Lot ¢ 0P+ 53 q"07 0+ 53 P07 T+ 5% Y0P+

3K Lagrangian with the Operators should respect the SM
symmetry: SU(3) x SU(2) x U(I)

2K  The vacuum state of the theory preserves only SU(3) x U(I)
local symmetry, as a result of Higgs mechanism




SM EFT

2K After the Higgs Discovery, SM EFT Lagrangian is constructed
from gauge invariant operators involving the SM fermion,

gauge, and Higgs fields: higher dimensional operator
expansion (non-renormalizable operators with cutoff scales

associated with it)

_ 1 (5) ;D=5 1 (6) ;D=6 1 (7) N\D=T 1 (8) ;D=8
£ = Loutygs 3 dP0P 45 3107 4 5T edPOPT 4y 57 dP0%

56 Lagrangian with the Operators should respect the SM
symmetry: SU(3) x SU(2) x U(I)

2  The vacuum state of the theory preserves only SU(3) x U(I)
local symmetry, as a result of Higgs mechanism

SM EFT is defined as a double expansion in 1/A and 1/A..

The expansion is useful assuming v << A and v << AL
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XK Unique operators  |Og|7; = (einiL]I.)(eleiL?]) I, J =123

generation (flavor) indices

— violate the lepton number !

1 22
AL [CS]IJ [05]1.] — [CS]IJVIVJ Majorana mass

2A;
» AL/C5 = 015 GeV

EWSB

But, the SM neutrino masses are bound to be below eV,

and at least two masses are non-zero, and at least one must be >= 0.06 eV




SM EFT: dimension 5 operator

XK Unique operators  |Og|7; = (einiLJ})(eleiLg) I, J =123

generation (flavor) indices

— violate the lepton number !

1 V?

A—L[C5]IJ[O5]IJ — 5 A, Col1ViVy  oranamas

EWSB

But, the SM neutrino masses are bound to be below eV
) ? > 15
006 o » Ar/cs 2 10°° GeV

and at least two masses are non-zero, and at least one must be >=

neutrino mass ~ V/AL
AL~ GUT scale?



SM EFT: dimension 5 operator

XK Unique operators  |Og|7; = (einiLJ})(eleiLg) I, J =123

generation (flavor) indices

— violate the lepton number !

1 22
AL [CS]IJ [OS]IJ — + 2A [CS]IJVIVJ Majorana mass

EWSB
» AL/C5 015 GeV

neutrino mass ~ V/AL
AL~ GUT scale?

But, the SM neutrino masses are bound to be below eV,

and at least two masses are non-zero, and at least one must be >= 0.06 eV

3¢ dimension-5 operators in the SM EFT Lagrangian makes them
practically unobservable at LHC and foreseeable future colliders!



SM EFT: dimension 5 operator

XK Approximate symmetry protecting the dimension-5 operators!



SM EFT: dimension 5 operator

X Approximate symmetry protecting the dimension-5 operators!

— |t maskes sense to assume that A and AL are different scales in the
Operator expansion

_ 1 (5) D=5 , 1 (6) D=6 1 (D=7 , 1 (8) D=8



SM EFT: dimension 5 operator

X Approximate symmetry protecting the dimension-5 operators!

— |t maskes sense to assume that A and AL are different scales in the
Operator expansion

_ 1 (5) D=5 , 1 (6) D=6 1 (D=7 , 1 (8) D=8

3K Reasonable Assumptions: v <L A, A < VAL



SM EFT: dimension 5 operator

XK Approximate symmetry protecting the dimension-5 operators!

— |t maskes sense to assume that A and AL are different scales in the
Operator expansion

_ 1 (5) D=5 , 1 (6) D=6 1 (D=7 , 1 (8) D=8
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— the even-dimensional operators are much more
important than the odd-dimensional operators!



SM EFT: dimension 5 operator

XK Approximate symmetry protecting the dimension-5 operators!

— It maskes sense to assume that A and AL are different scales in the
Operator expansion

_ 1 (5) yD=5 , 1 (6) D=6 1 (T) D=7 | 1 (8) D=8
L = ESM-I-A—L;CZ- 0! +F,IZ.C" O +A—%Zcz. O +FZQ&. oP=8 + ...

3K Reasonable Assumptions: v <L A, A < vAg

— the even-dimensional operators are much more
important than the odd-dimensional operators!

D=6 Operators can be probed in the LHC and HL-LHC!




SM EFT: dimension 6 operator

3K  Bosonic Operators for D=6

Bosonic CP-even Bosonic CP-odd

Oy (HTH)3
Ox (H'H)O(H'H)
Owp HiD,H|’
Onc | H'HGY,GY, 0,z | H'HGG,
Ogw | H'HW. W, O,w | HHW. W,
Ouys | H'HB,,B,, O, | H'HB,B,
Onwsg | Hlo'HW},B,, O, vrp | HletHWi,B,,
Ow | €*Wi, Wi, Wk, Oy | ¢FWi, Wi, Wk,
Oc | f™G}, GGy, Og | 1"GGL,Gh



SM EFT: dimension 6 operator

Yukawa

Vertex

O]y | HTHeSHTE,
Ol 1y | HYHu3HYq,
Ol | H Hd§H'q,

Orielrg
O
_OHe‘ 1J
Ongl1s

Opggl1y

[OHu: 1J

Omndl1y

(Orrudlrr

ily5,0,H\ D) H

ilro’ 5’u£JHTUiE)H

i,  HID, H
’i(j[(_fuq‘]Hth

i(j[dia'uq.]HTO'imH

inso, a5 H D, H
idso,dsH D, H
wSo,d5HT D, H

3K  Fermionic Operators for D=6

Dipole

0111,

017
[O-LW: 1J

0] 311

()7

[OLW 1J

[ ;B:IJ

eSo,, Hl ol WZV
€50, H 0B,
uﬁawT“fI g, G,
wowHolq; Wi,
u?cr,wﬁ Tq; B,
o T Hlq G,
fowHo'qy W},
dﬁap,,quJ B,.

(RR)(RR) (LL)(RR)
0.. n(e‘o,e)(e‘o,.e) Ope (€a,.€)(e°0,€°)
O | m(u€o,uc)(uo,uc) or (bo W) (ufo,uc)
Quai | n(d°o,d)(da,dC) O (¢6,,6)(d°a,d°)
(s (ea,c)(ua,ut) O,y (e€0,,65)(q7,.9)
OQui | (e°0,e°)(d°0,d") Opi | (95,9)(uf0,7°)
O (ufo,uf)(d°o,d") O (qo, T%q) (ufo, Tu")
08 | (wa, Toue)(do, T%d") O | (g0.q)(d°0,d°)
08 | (@2, Tq)(de0, Td)
(LL)(LL) (LR)(LR)
O | n(£5,£)(€5,,£) Oquga (¢ )esn(dg")
Oor | 1(47,9)(40,.9) Ona (WT°@ e (d°T ")
Q! | nlgo.otq)(gouotq) Otegu (7 e%)e 1, (g% u)
Ow  (05,6)(75,.q) O (B8 e (g e ue)
Oy, | (f5,0'€)(75,0%) Oty (e°)(d°q)




SM EFT: dimension 6 operator

K  Fermionic Operators for D=6

— a lot of operators!! (some of them can be converted
into Bosonic operators via EOP => basis dependent)

Yukawa
O 11, | HiHesH'e, (RR)(RR) (LL)(RR)
-Of H. . HYH u? I’;ﬂ a O.. n(e‘o,ef)(eo,e) O (¢a,.f) (e, E°)
: : + i O n(vo,u)(uo,uc) Oy, {E&lbf)('u.copﬁc)
[
'OdH I | H Hd[ Hlq OFF n(d¢o,d°)(d°a,d°) Oga (¢5,6) (da,d°)
o (e‘a,e¢) (ufa,ut) O,y (ea,.e°)(qa,9)
vertex Dipole Ou | (c0,&)d0,d)  Op| (@0.0)(uow)
:O Hel1J il 15‘u£ JgH lmH [01W] 1J e‘jo‘lw Hloif J "‘/ﬁv (Qyd (ufo,uf)(d°o,d") O (qo, T%q) (uo, Tu")
__4). L= . . ) (8) I ag,¢ lo a e I _'c
01y | il10'5,L:H o' D, H Ol pls | &5 H B, 0 | (wa, 1) da, 1°F) 0 | (qiq;g o ),;)
R ~ Dya | Q@ T q)(d 0, T d"
Onel1g ze,auecH ﬁ H 0,17 uﬁcfp,,TaquJ Gy
Oudus | o, Olul | o, Fatey ) —
- (3), L : s ~ Oy n(€g,.£)(¢5,£) Qi (usq e (dq™)
Oy | iqo'sugsH o' D, H wBlls | wiouwH'q; Byy - o O | (eran. (greg
. ‘ ;_(5) At ; ()qq ")(Q%Q)(Q%CI) ()quqd ('u' T qj)ejk(d Taq'l)
Orrul1J ’I‘lL‘[:cT“‘U,SH' H _OdG_IJ d$c,, T*Hq, Ga 0., | 7(g6,0°9)(@5,0%) Oteon (7 6°)e 1 (gFu)
Oudl1y id§o,dSH {5) H [OLW 1 | o Hia gy W! v Oy | (¢3.6)(75.9) O (F5,,,8)e (75 uc)
Omudrs | iujo,d;HID,H Oipl1s | diowHtqy By, Ony | (00,7°€)(32, %) Ot () (%)




SM EFT: dimension 6 operator

K  Fermionic Operators for D=6

— a lot of operators!! (some of them can be converted
into Bosonic operators via EOP => basis dependent)

Yukawa,
Ol 11 | HiHeSHY (RR)(RR) (LL)(RR)
01- \ é")
! uH.IJ : 4
of Warsaw basis => total iIndependent parameters )
i (Grzadkowski, Iskrzynski, Misiak, and Rosiek) &)
1)
Vertex )
Ondrs | i, tsH'D, SILH basis (Giudice, Grojean, Pomarol, and Rattazzi) T0)
0,?,)3 1J if_jaiﬁuf JHo'D d* )_
Tede)
OHe 1J ie?aué?IHﬂT;
AR L :M: oYystematic method for counting # of operators: using conformal group
p ) ) " " de ki
0D,y | igro's,uqrH1e T (Henning, Lu, Melia, and Murayama ) dc;)qk)
Orrul1J itL‘;UMﬁSH+H)“ : k)
OHd' 1J id?O'uCZCJHtﬁz | _ NG T ul)
Orudlrs | o, d5H D, H 0,17 | dsoHiqr B, Opy | (t5,0'€)(95,0%q) Otedg (e°)(dq)




summary

e Effective field theory allows separation of ditfferent scales (separation of calculable parts
and nonperturbative parts)

* Any sensitivity to high scales (including to physics beyond the Standard Model) can be
treated using perturbative methods

* For Heavy flavor physics, when there is no heavy particle to integrate out, we can integrate
out all short-distance fluctuations associated with scales » Aqco

 Heavy Quark Symmetry (HQS): SU(2nq) spin-flavour symmetry: In heavy-quark limit
(Mmq—o0), configuration of light degrees of freedom is independent of the spin and flavor of
the heavy quark

» Systematic way of using HQS: HQET
» Also other EFT, e.g. NRQCD, SCET,...

* Higher Dimensional Operator Expansion for BSM: SMEFT

e Much morel!l



