Flavor changing fermion-graviton vertices

Emidio Gabrielli
CERN PH-TH

In collaboration with G. Degrassi and L. Trentadue
Phys. Rev. D79: 053004 (2009)

Helsinki, June 4th 2009 Emidio Gabrielli CERN PH-TH 1



Introduction

» Gravity is universally coupled to all matter fields

» Universality is provided by the tree-level coupling of graviton field
with the (conserved) matter energy-momentum tensor

» quantum corrections modify this picture
» how virtual photons alter graviton-electron vertex,
» how virtual electrons alter graviton-photon vertex, etc.

> If virtual gravitons are not included in loops, quantum corrections
to on-shell matrix elements are finite: due to Ward Identities from
matter energy-momentum conservation
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» once the result is finite, one can ask for the magnitude of the
finite radiative corrections

» QED corrections are typical of order of a percent
» should we expect that Newton law is only 99% accurate ?
»same question applies to the light deflection experiment
Berends and Gastmans, Ann. Phys. 98, 225 ('76)

»Quantum corrections due to Weak interactions
»a complete study of these effects is still missing
»charged Weak currents generate at one-loop flavor-changing
neutral currents (FCNC) in the fermion sector
» analogous FC contribution in fermion-graviton couplings
»Could induce a flavor-changing term in Newton potential ?

To analyze this issue we computed the flavor-changing fermion-
graviton couplings at one-loop level in the standard model
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[ Theoretical framework ]

Invariant action under general coordinate transformation

S = / d4ﬂf \/ — £SM [gNJV] g = det Juv
Q

SM Lagrangian

»Expand the metric Jpv around Minkowski metric 7],

G = M + Khyy K = V321G N

[ Newton constant]

> At the first order in k we obtain

L. — _1 /JJ/h Mp — 2//43

it — M
P L energy-momentum tensor
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QED corrections to electron-graviton vertex

Starting point: evaluation of the on-shell matrix element
T = —ip2| T"7(0) [p1)
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T,, expression in QED:
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One-loop Feynman diagrams in QED (Feynman gauge )
graviton- electron vertex (in/out fermlons are on-shell)

|
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SE counter-term

Py — — p—

?\/Q\/S\

result is finite after renormalization, due to WI:
0, TH (x) = qupz| T"(0) |p1) =0
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Matrix element at one-loop o B prmr
i ; , q — Pi1— P2
L o A,u, 2 A~V g ; &
T — 4AIP’EL(]92) [( + 7P ) F ((] )
F 2 F 2
4 2p,u,py Q(Q ) 4 (QQT]#,U q,u,qy) (q ):| u(pl)
only three form factors: 42 < 0
KF(Q) — 142 f(x)—l()')\ 1+21+x410_x A
N = ! 5. I
Qv a 4m€
Fy(q?) = —fax), Fs(q°) = f3(x)
_ T 7 (—q?) y
1/2
v = (=0)"*, b=01—-a)/(1+a), a (1—47?’2,2/(]) /

A is a ficticious photon mass (needed to regularize infrared divergencies)
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» matrix element is finite and gauge invariant

> Newton constant is not renormalized by QED corrections
> infrared divergence is canceled in the usual way by
considering soft photon bremsstrahlung

Interesting to examine the g2 =20 limit

| 2\ 1/2
F1(0) 1—?(Q)
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F(0) = 16 (m?)
ar ((m2\"”?
F3(O) - ] (_QQ
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Electron scattering by a heavy stationary scalar mass M

Spin-independent term in the scattering amplitude A1

2\ 1/2 2
M~ z,47rGNﬂ:[me . {1 _am (|q| ) +O(q )} .

|ql? 4 m?2 m2

In coordinate space this leads to a small modification
of Newton potential at large distances (r > m ')

4 )

M
V() ~ — SN (1 >
'\Qme’r‘
\_

correction of order O(1022? ) on earth surface \
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»1/r? term has an infrared origin due to h-y-y coupling

h

I . . .
— loop integral induces a term proportional to

i
Y i instead of g2
A cz\/—qz/mg T

graviton pole is not fully canceled in scattering amplitude

> after Fourier transforming mm) 1/(r?m.) generated
»no counterpart of such effect in QED corrections to
Coulomb potential

»Remarkably, 1/r?> term has a classical origin:

Derived by C.M. De Witt and B.S. De Witt, Physics 1, 3 (1964) on the
basis of pure classical considerations in General Relativity.

“total mass of a particle is not concentrated at a point, but partly
distributed as field energy in the space around the particle”
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[Gravity coupled to weak interactions}

> one-loop radiative corrections to graviton-fermion
vertex include also the exchanges of virtual W and Z

»a complete study of this effect is still missing

> Weak radiative corrections are expected to give a small
contribution at low energies E << m,, of order O(GFEZ)

»no infrared divergencies, being W and Z massive

»therefore, no modification of Newton potential as 1/r?in
QED is expected
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» Peculiar aspects of Weak interactions: at one-loop,
W-exchanges can induce FCNC in the fermion sector

»FCNC is a pure quantum effect

» Flavor-changing graviton couplings are not present at
tree-level

»One-loop Weak corrections can induce an off-diagonal
(flavor) A F=1 contribution to matter energy-momentum
tensor

»spin-2 counter part of FCNC = Tensorial FCNC (TFCNC)
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[Flavor changing quark-graviton vertex J

One need:s first to evaluate the (flavor) off-diagonal matrix element
of energy-momentum tensor at one-loop: (A F=1 transition)

T+ = —i(pa| T (0) |p1)
infout are on-shell quarks with different flavor

»we performed the calculation in R, gauge (£=1) and cross-
checked the results in unitary gauge

»if standard t’Hooft gauge-fixing term is taken,
—> graviton-W-Goldstone vertex appears

»>in order to avoid that, we used a modified version of the
standard t’Hooft gauge-fixing term
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a convenient gauge-fixing term

4 _ A

1 | | RE
1 - T e 1/ ] g’f "T . T , 2
—5¢ |9w?" B” + ¢’} By + = (¢1(0) — (0')¢)
2§ ’ 2
\_ : Y
[ = L (0, + Dy — O
vp 59 ( pJav + vOap — agup)

. ) | 0
¢ = ( C.~f">1l+j’;’>2 ) <CD> — ( v )
V2 V2

eliminates the graviton-W-Goldstone vertices
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relevant Feynman rules for FC fermion-graviton vertex
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symbols entering in the previous Feynman rules

/X££) = Tu (‘Itlv + ‘IE'EV) — N (‘9{1 + Eg — 2'”1'1') \

. 1
XI:‘L:I = _}'??;_wk:laklﬁ —|— H'ﬁ'.ﬁ kl'u I[L‘jp - 'T?'ul{j k'lv k.ﬂc&' — '?F,ucrkﬂvklﬁ

[
]

. 1
+ (I:l s kg + -m-f{,-) (-r}m-?}p,s — E-nm,ma)

171
‘|‘E [E’f’}mu (k1akis + kaakos + kiakas) — Muskiaky, — npakﬁﬁkﬂg}
X,E:ij - (kl ' kl'ﬂ + gmﬁi) N — k.lv k.ﬂ,u - kl‘l;.x kﬂy

X = K (2amw — Yullve — Wilue) P

r m; m;
S - 1
Y J H
f My My

PL,R — (1 I ’}’5)/2 K’L . CKM matrix
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Feynman diagrams for FC quark-graviton vertex
unitary gauge (FC graviton-penguin diagrams)

fi f2 h f2

h W I

I"{’I lﬂ"

h h
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off-diagonal (flavor) matrix element A F=1

p=p,+p, q=p,-P,  in SM 12 scalar form factors f,. (p.q)
p

T = fz P, q) U2(p2) O w1 (p
\ J
O = (Yp'+"p") P O = W'a" +d"p") My
LV LV v [ 1) 2y
Og _ ( g’ + q‘) P; o7 = " M_
e Y
LV L 1/ O o — ,u y 11_
O'L — F ﬂ[_;_ Oil«*’ ( ‘t ,t ) v
Y L 1/ 10 = p'q” +q"p”) M_
O = ¢*¢" M, " mima o, ”
On = (Y'p" +~p") Pr
mé,
My =miPpr £ mePy Oy = ?'?:;2'??2 (v"q" +~+"¢") Pr
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only six independent scalar form factors

due to Ward Identities  q.(p2| 7"(0) |p1) =0

(p- @) fr(p.q) + ¢ f2(p. q)

Folp.d) + P s(p. ) + (0 Q) folps @) + L2

2
2mgy

Ji2(p. q)

(p-a)falp,q) + ¢ fo(p.q) + (; 'f)fu('p,. q)
iy

Pt
4mz,
2

2
fip.q)+ (p- @) fs(p,q) + ¢ fro(p, q) — p4$%f f11(p, q)

(p-q) f(p, q) + ¢ fiz(p, )

fa(p.q) + fr(p,q) + & folp, q) + (P @) fro(p. q) — J12(p. q)
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> we performed an exact calculation of the form factors,
by retaining all masses and momenta

»>all WIs analytically verified in § = 1 gauge

»results cross checked in unitary gauge

»& =1 gauge: UV div. cancel without GIM

» unitary gauge: GIM needed to cancels UV div.

>when only the leading terms in ¢*/m% and (P - @)/miy
are retained, by keeping dependence on internal masses
exact, matrix element depends only by two functions of
Xf = mfp /mi;  (mg = internal fermion mass)

> we also provided exact analytical expressions in g?> and
internal masses, but at zero order in (external masses)?
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off-diagonal matrix element at first order in g2

CKM factor ga(x), gb(x) analogous of Inami-Lim functions

Py EGF 77 v v y L L
T,u — 16#3\/5 Z )\f.{f(pg){ (r.‘.r.f-lp + g p#j PL‘(_qzjga(Xf} — (-*Jr-n‘-"q + Y q#) PL (p . QJ%a(ij
Il f

— q"q" Mg (xe) + 0™ | = 2(p - @) M_ga(x¢) + ¢* Mg (xs)|
+ (g + p"¢") M_ga(xe) pu(pr),

Xr = my/my
CKM factor )\f = K rq K’;Q m; = internal fermion mass

GIM mechanism HE) > ;=0
f

gauge invariance ¢, 1" = 0. easily verified

Q;ﬂ(pz)’)f’”PLu(pl) — ﬁ(Pz)ﬂj—u(pl)
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» FC graviton-penguin diagrams:
»>turn out to be strongly GIM suppressed at small x.
ga(x) and gb(x) both of order O(x) for x>0
1

gal(x) = 6@ 1 [44 — 1942 + 2432 — 982° + 5zt + 6 (2 — 152 + 10:52) log (g;)]
" xr —

1 . . .
gh(x) = EE [8 — 142 + 2122 — 142% — 2* + 22 (4 + 3z + 2:;;3) log (g;)]
:I:' _

» FC photon-penguin diagrams:
» FC matrix-element of EM current JlLL is involved
»turn out to be mild GIM suppressed
form factors of order O(Log(x)) for x>0

» difference due to different infrared behaviour for m; -0
T~ D,(J,), sothat dim[T, ]>dim[J, ]
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Special limit(p-q) = p2 -+ q2 = 0 (terms ’T?’Z%Q neglected )

4 )
T = G 5 Fi(p, q)uz(p2 O w1\ P1

P> 0 )

O = (ypr Ay — 2L ;2 sy

08 = (=n"q* +q"q") M.,

O — ( a2 + gt u) M each term satisfies WI

Oy = (p'p”) M, Y

oL — Ep“p”;ﬂff. [C]uof =0 ]

Fi(p.q) = hip,a), F2(p, @) = fs(p,q), Fa(p,q) = fo(p, ), Fa(p, @) = falp, )
Fs(p.q) = fs(p, q)
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[ Flavor-changing gravitational couplings]

»Quark scattering on external gravitational source
»>tree-level coupling with TFCNC

N

fi(p1) + T — fo(ps) + T

»one graviton-exchange amplitude

1
M = — T, P () T

M3 /

[graviton propagator] q=Dp1—p2 GETet —
J73 %
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massless graviton propagator (covariant gauge)
L/ Cx E 1 Loy L cx L L Cr LI/ CY
P () = —(?‘ " = QM (q))
q* — i€ 2 /
gauge dependent term, vanishes
when contracted with conserved T,

in general one gets

( .
_ _ 2T;w Text (! T;LText %
M ((]2 — ZE) 21\[1% [ HY i }

C=1 - massless graviton (General Relativity)
C=2/3 -2 massive graviton (see following slides)
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;
. o LV T o SRR 17 ) ) (2 R
M = 2\/—%2)\;0% P2 {(; P+ 2P Pugalxe) — 0 My (C galary) (5¢ D (xr))

( q) )ga(Xf) 2+ C (—2)]} u(pr) T

N
o — 1E

pole cancels if C=1 = massless graviton

» If graviton is massless, only FC short-distance
interactions generated. Scale of effective theory:

A = \/ﬂjpﬂ’bpv ~ 1010 GeV

»consequence of angular-momentum conservation
i.e. on-shell decay f,=> f, G forbidden in vaccum
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massive graviton scenario

»infrared modification of gravity (large distances)
»if graviton has small mass m; = 5 polarizations states
massive graviton propagator

r 7 1 f 2
P“‘L"&-ﬁ 2y _ - (fv,u.a.};yd 4 ?;-va.f-p..ﬁ . ?;-p.y?;-a.ﬁ)
¢ (7) Z—m2 — e\ 17 3710

= — g fm,
»scalar (spin-0) polarization does not decouple in limit m; 20
Van-dam Veltman Zakharov (vDVZ) discontinuity

» different deflection angle from light bending from the sun
predicted> 25% difference from the measured one (ruled out)

» criticisms on the validity of one-graviton exchange amplitude
approximation: Defayet, Dvali, Gabadadze, Vainshtein, PRD 65 044026 (2002)
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a new aspect of vDVZ discontinuity
»f,=2f, G allowed by spin-0 polarization

»1/q? pole is not canceled: C=2/3
long-distance FC contributions induced at 1-loop !

One-(massive)graviton-exchange amplitude

Gr N ¢’ 2
M = — >\l VP A ) Py — =i M ):% x
M 16?1—2\/53[1232 fu(pQ) {(q2 —T??.-%—'éf) ((f P —|_ ! P ) L 3?} + | & (Xf)
2 : .
3 (g% — mg, — ig)

long-distance FC contribution
vanishes for equal in/out masses, (p.q)=m,?—m,?

Helsinki, June 4th 2009 Emidio Gabrielli CERN PH-TH 28




modification of Newton potential V(r)

from non-relativistic limit of scattering amplitude:

/

~

_ _ Gf\rﬂ[ rm
JIVir)liy = - — G (m; 055 + (ma — my) Ayj)
Gp(m? —m?
Ao = 9()2\/5 DS Kok )
_\ / Y,

off-diagonal contribution

» A vanishes for equal in/out fermion masses

» but NOT in the m; =0 limit , vDVZ discontinuity

> attractive/repulsive nature depends on sign " KK}, g.(x;)
f
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[FC processes with massive spin-2 particles]

I. Scenario containing a massive spin-2 particle

| /

Lot = =5 T ()G (@)

»assume G coupled to 7, of SM fields
» A is free scale, not necessarily Mp
»consider the fermion decay induced by TFCNC

Ji(p1) — fa(p2) G(q)
spin-2 counterpart of radiative decay [ fi— fz’}/]
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» approximation: external masses lighter than internal
loop masses, final fermion mass neglected

Decay amplitude (spin-2 polarization tensor, i=1-5)

My — i) = 00 5\ g () Balpa) 8 + 79| Praa(pr) €, 0
1 2 2\/—,& fhl f)w2\F2)/ LY1\ /M1 _uy
> square amplltude and sum over polarizations:
Decay width
s o f( N
mif(xa) 2
T G r 1l T A\fga
(f1 = f2.G) = 192 (27)5 A2 ‘Z 78al Xf)‘
\ y,

flz) =(1—2)(1—3(x+ 2%+ a*) + La?)

S : : : 2 /o2
applications to QG in large extra-dimensions TG = me/mj
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Il. Quantum gravity in large extra-dimensions

If (large) compact extra-dimensions D=4+0 exist with
only gravity propagating inside: ADD scenario

» new solution to the hierarchy problem
» fundamental scale of quantum gravity M, << M,

G'J_Vl — 8w IR° M%+5

> If M, ~ TeV, tests on gravity law implies 6 > 1

» effective theory in D=4 contains:

» (almost) continuous spectrum of massive spin2
particles: Kaluza-Klein excitations = stable particles
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Inclusive KK decay width > _T'(fi — f2G) is large
a o

. V12
N° density of KK states dN = S; ;[ Pt dm

D

Integrate r (1\9 MP) in dN /7 Geometrical factor

G2miT°Ss_1 1(6)
192 (27)% M3 ‘ ; Ar8a(Xr)

1(5) = 960/(5(2 + 8)(6 + 5)(8 + 8)(10 + 5))
1/M2P suppression canceled by integrating over KK modes

S =2 . | m(t)=171.2 GeV
- TeVy mp '
"BR(Bg — X.G 310—13( ) ( )

[; (Ba = £,6) Mp) \4.3CeV
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FC decay of a heavy spin-2 particle

» approximation: massless fermion masses

> full g2 dependence included g, , (x)2 G, , (x,9°)

GEm,

f Z)\f Ga(Xf?XG)
647 ‘ 7

mg N,

/’ b= 1607w A2

tree-level decay width of G in 2 massless fermions

(G — fof1) = L'y

‘ 2

re = m2/mi
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asymptotic mass limit mqg > mw

_ Gmis, Xt m? , 2
(G — fzfl)‘ma:»:»mw =1y Gi‘l?r; ‘ZAJC ( 2 (lo (_C) B E”)) )

Tnu

2

: 2 _ . . . 2 loo T
F(z) = (gf(?_ ;‘)’} ;28 ;;t’i}l D‘:’(I)) ~4(Lip(1 - 2) - )

consistency checks
> GFmé -> GFmW unitarity recovered

» absence of pure Log(x) terms in F(x)

» GIM mechanism strongly suppressed in all range of ¢?
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high energy FC gravitational scattering
filp1) X (q1) — fi(p2) X (g2)

(one-graviton exchange diagram)

cross-section factorization

do i1 do I C“’qu X¢ —t 72
dt fesme, = dt 6474 ‘ZAJ{ _7105( 2,)”

-

flavor-conserving cross-section

holds regardless if graviton has mass or not
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Conclusions

» We computed the one-loop FC quark-graviton vertex

» results easily generalizable to leptonic sector with
Dirac neutrinos

» form factors turn out to be strong GIM suppressed (in
all range of g? ) for small internal fermion masses

» gravity + weak-interaction induce local AF=1
interactions if graviton is massless

» if graviton has a small mass, AF=1 contribution to
Newton potential appears

» we also analyzed the FC decay f,2f, G

» in the framework of large-extra dimension scenarios
(ADD) BR (B2X;G )~ 1013 for M, ~ 1 TeV and 4 =2
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> results easily generalizable to a graviscalar ¢

1
; o\ o AV
£’int — _A Ew(x)@S(x)nl
S
» graviscalar contribution to the Newton potential
GIV) i) = =gz g™ (midiy + (mi = mj) A7)
S _ o

Although FC gravitational interactions are too small to be
detected in laboratory experiments, they can have potential
astrophysical implications in the framework of

massive gravity or ultralight graviscalar scenarios.
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