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Why SCET Gravity?

e Recent interest in a systematic construction
[Beneke, Kirilin 1207.4926; Okui, Yunesi 1710.07685, + Chakraborty 1910.10738]

e So far no rigorous derivation of subleading Lagrangian

e Hints of a universal structure of soft physics

» Low-Burnett-Kroll (LBK) and Soft Theorem:
[Low 1958; Weinberg 1965; Burnett, Kroll 1968; Cachazo, Strominger 1404.4091]
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» Obscured in diagrammatic derivation

» Understand universality and similarities within EFT treatment?
[Larkoski, Neill, Stewart 1412.3108; Beneke, Garny, Szafron, Wang 1712.07462]
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Revision: scalar QCD

Goal: obtain effective theory as power series in A ~ \:—:p| for collinear
momenta (nyp,p1,n_p) ~ (1, A,\?)

Use position-space formalism
[Beneke, Chapovsky, Diehl, Feldmann hep-ph/0206152; Beneke, Feldmann hep-ph/211358]

Full theory: split fields into soft and collinear modes.
> Field content A. ~ (1,\,A2), e ~ X\, Ag ~ A% s ~ A2
» Duplicate gauge-symmetry, soft gauge field acts as background field

Ac = UAUL + 2 [D.,U1]

To control ny A. ~ A%, use collinear light-cone gauge n, A = 0
» n4 A. appears only in Wilson lines

» Collinear fields appear manifestly gauge-invariant in sources
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e Soft fields must be multipole expanded around z_ = n+x"7’
» Equivalent to expanding small soft momenta in vertex
» Gauge-symmetry must respect multipole expansion
» New collinear fields necessary

Ac = UAUL 4 CU D U]
where D, = 8 — igEn_As(z_)
» This is equivalent to evaluating the soft field A, in fixed-line gauge
(light-cone analogue of Fock-Schwinger)
e Subleading interactions expressed via field-strength tensor, e.g.
20 [0, (s Jol) — ahnt Funs Jo(a)
» Compare to non-relativistic theory: n* — §f
" FyJy -2 FP ~ 2. EJ°

— Dipole interaction
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Key Observation

By homogenising the gauge symmetry, we find a theory where all interactions due
to multipole expansion are expressed via field-strength tensor. This gives a very
transparent structure how gauge symmetry is organised in EFT.

Soft-collinear matter Lagrangian takes the simple structure
©_L1. . pa L
LY = §n+Dc(I’n_D<I> + §DCL<I>DCL<I> + h.c.
1
£V = +2x nZgl g de

1 1 B
L3 = ngF/” JY + - ankn” g Foongde+ Zx‘ix’in’ig{l)f Fooingde

_ - —
with J# = &,DF®, + &, DD,
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What about Gravity?

e Can we bring Gravity into this transparent form?

e Based on soft theorem, we expect this to work

e Goal: formulate SCET Gravity in the framework of multipole expansion, to
work out similarities and differences of both theories
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QCD vs Gravity

QCD Gravity
Fundamental pup
Ay~ pu Py ~ 25
Degree of Freedom
Field-strength
th / F,, ~0A R“Vaﬂ ~ 0%h
curvature
Gauge Symmetry SU(3) Diff(M)
Coupling Dimensionful? no yes
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Two Sources of Inhomogeneity

e In full theory: gauge charges P" and coupling k are inhomogeneous in A

» Leads to relations for higher-order terms to form geometric objects

» This is different from QCD — gauge charges have no scaling in A
e From multipole expansion: evaluate soft fields at z_.

» Conceptually the same as in gauge theory

» Deal with it in similar fashion
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SCET Gravity Construction

Minimally-coupled scalar field

1
L= 5 V _gglwau(bauﬁz)

Perform k expansion in collinear sector g, = gsun + Khu
» Collinear graviton h, in presence of soft dynamical background gs..
» Duplicate soft and collinear gauge symmetry, not yet homogeneous

Field content 7., Gspuv = v + K500 Gev O

Introduce collinear light-cone gauge h, =0
» h, only appear in Wilson lines

» Controls dangerous scaling hoy ~ A7, hyy ~ \°
[Beneke, Kirilin 1207.4926; Okui, Yunesi 1710.07685, + Chakraborty 1910.10738]
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Soft Multipole-expansion

Homogeneous gauge symmetry: linear transformations in (z — z_)
gt =gt 4 et (eo) + o (e ) (@ —ao)” + O()

1
where w,,, = 5(0u6, — 0yey)

Specify a new soft background field g,

» Light-cone generalisation of Riemann Normal Coordinates

Should treat €* and w,,,, as independent parameters

Two fields appear in covariant derivative

Systematically achieved by analogue of Wilson lines
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Main Takeaway

“Homogeneous” symmetry in Gravity consists of local translations and local
Lorentz transformations. This implies a covariant derivative that contains the
momentum as well as the Lorentz generators. All other interaction terms are
expressed via Riemann tensor and its derivative.

Schematically, the scalar-soft graviton Lagrangian takes the form
]. \
Lyps = —n+3¢ﬂ Dsp+ 5 3¢¢3L¢ - u' e oomignad+ O\,

where

n_Dy=n_0 — 5 9_(¥8°‘ - g((‘?(,,sffg, — 0gSa—) JoP 4 0(82)

from vierbein from spin-connection

JoB — (x —x_)aaﬁ —(z — x_)ﬁaa

[ This is the transparent form we wanted, similar to QCD. ]
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Towards the Soft Theorem

What we have learned:
e Gravity can be brought into the same multipole form as QCD
e Gauge symmetry consists of local translations and Lorentz transformations

e Covariant derivative consists of two fields, with charges P* and J*¥

Now we can tackle questions of soft radiation:
e How does the soft theorem arise?

e Why is soft emission universal?

[ Need to find N-jet operator basis ]
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N-jet Amplitude and Operator Basis

e N-jet operator in SCET (hard scattering at « = 0)

/{dt VOt HJ tinss)

e Building blocks worked out for QCD, Gravity is similar
[Beneke, Garny, Szafron, Wang 1712.04416, 1808.04742, 1907.05463]

e Operators Jg, J; are individually collinear gauge-invariant, soft
gauge-covariant
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e Leading building blocks "A0-currents”

collinear matter collinear mediator soft fields
QCD D =W/ ¢ AL =W DL, Wil ¢:(0), F,(0)
o) o) O, \Y)

Gravity | ®; = W, ' [¢] bio =W, [hu] $s(0), R;,,05(0)
O\) O\ O3, 0%

e A_. b, and D,_ can be eliminated by equations of motion

e Subleading operators: act with 9., or add building block of the same
collinear sector

e In addition: time-ordered products with collinear Lagrangian L;

JT = / diaT {2, LM (@)}
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Observations
e The operator basis contains no soft building blocks up to
> 3, ~A'~kZinQCD
> R; ~ A8 ~ k2 in Gravity

nraf

e Any contribution to soft emission up to this order has to stem from the
Lagrangian interactions, and is thus universal.
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Observations
e The operator basis contains no soft building blocks up to
> 3, ~A'~kZinQCD
> R; ~ A8 ~ k2 in Gravity

nraf

e Any contribution to soft emission up to this order has to stem from the
Lagrangian interactions, and is thus universal.

e This universality implies the soft theorem.

e The covariant derivative explains why there are three terms for Gravity.
» First two are from n_D
» Third term is from R,.a8
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Comparison of Soft Theorems
e Recall LBK and Soft Theorem

]‘,“: 1'][-/”/
A== X0 (g )

pi

" A up jro
Kk v vp1. D; }]'/’]'(7“/”/'] J
Amd B) ; ((pi Evp + J;‘, k,o&/p) ik + 9 pi - k Ao

e First terms explained by covariant derivative

(n—Dg)qecp =n—0+ ign A“Q“

(’I’L_Ds)grav =n_0— 5 S_ 0" — 4 J"’)

e Soft decoupling in Gravity analogous to QCD
[Bauer, Pirjol, Stewart hep-ph/0109045]
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Soft Theorem from SCET Gravity

e Can evaluate in frame where p; = 0, then we immediately see

which we get from (¢.(p)|n0¢.(D)

e Relevant operators and terms

A0 — /dt CAO([£,1)D1 (1) Ba(ta) . .. D (1)

JAT _ /dt CABEND (1) ... [i01, i) (E:) - B(t)

JT2 = /d4:c T{JA, £ (2)} + T{JA, LD (2)}
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Derivation of Soft Theorem in Gravity

Perform SCET Expansion: Ay = A, ) 4 A(l)
First term

_EEwPP” ) _ K _4D 40
2 p-k 70 46__n+pn+pn,kA

In Lagrangian

K

L) = —gs——a+¢3+¢

int

A(O) C40% comes from leading non-radiative current
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e Second term

K kyeupp? JHY K 0 (0) nyp
___FRer T ——(e__n.k—c._n_k )
5 P — 3 ( ny ey-n_k) ’?+Z)H”+pv40 napn_k
K J n4p
_ f_:/\77]{)(Y o 5(\, /7k P S —
1 ( “nk) <n+,00pi Ay ) ok

o In Lagrangian x; only contributes if 2797 =05’ 2927 = 1n7P2%

r® — n+¢<—1—ﬁ60“s,,n[fn,"]n,:l:(?y) — Z 8[as,3]_:vj"_8f_ 0]

=0 if Bi =niﬁ

8 8

R“L_%_:R,,:o

— Ex‘j‘_mﬁRa56+¢> B 54014019
S~

=0 if p; =0

[ First part comes from T{J4° £(?)} ]
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Second part

K J ) _n4p
— (e k" —e%n_k)n _—
1 ( “n_k) <”+p01)i A ) ok

Must come from T{JA!, £V},
Matching coefficient completely fixed by RPI from non-radiative current

—ont

0

CAlp, ~ Jj— CAO
ni_nj_ anH_pz
In £V
LW = —g(’)ﬂs,,,,.’r[fnﬂ nydony O¢ — Z Sp, — O+ oy 0¢
R ———
=0if p, =0
X acting on p; from Al current generates 8}%
X5 AlB 2
1p1pC7 P (py) — G_AO
Pla

Patrick Hager (TU Miinchen) SCET 2021

20/22



e Third term

E kpkUE#yJMpJVU N _/_f/ D+ H(\i‘g 0 0
4 pi -k 8nipn_k

P+
! (-—)1)(\ (')[)ff

e Generated from Riemann term

£ 5 —g.z‘” ;1‘1[{,,,;;,(‘L<,)8+¢

£ 5 —3%(//,,:1')2[{+,+,(‘)+03+¢,
at O(\Y) ine.g. T{JA°, LM} and T{JA2, L)}

e Higher orders no longer universal, as we can add waaﬁ in the operator basis

[ process-dependent at O(\%) = O(k3) ]
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Conclusion

Derived rigorously SCET for Gravity to subleading order

e Transparent structure of two-fold gauge symmetry of soft Gravity
local translations and local Lorentz symmetry shows form of the soft theorem

No soft graviton building blocks up to O(A%) in the operator basis implies
universality of soft theorem

Beautiful interpretation of the soft theorem based on gauge symmetry

Similarity of LBK and soft theorem can be understood due to universal part
of SCET — multipole expansion and homogeneous gauge symmetry
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Full Lagrangian

£ = L /=502 0,600,

£® = éx/? ( Gh G hap + zgs haﬁg;“’) 00,

£® = %H (gﬁ“gsﬂ 5 haphss — zg“‘*haﬁg;"’g:"hpo + é(gsﬁhagf
iAzagzﬁhuuho‘a) 04600,

£ = (0. 6] (05w 6] (et (R,) [R™V700) BRS [R2 (@)

- _gsggﬁ)
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Metric in FLNC

e Fixed-line normal coordinates

! o
at =t (B, — ) (x— ) — (= )Mo -2 )PEL BT,

6
+0(2%),

e Dressed metric field

ozx'* Ox'v

Jan(x) = Do Bl <1+9aa + = 9a9/38 Op + .. )gW(x)

e Background Metric field

Gab (:E) Nabd »
Ja— () = €q— — y* [w-]4q -
g—() = (e =y w g™ —yw_¢")nan.
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Simplified Lagrangian

£ _ %amp,qs + %amqﬁ@“fﬁ
£ =~ 00 0,00,6 + {0, (040D 6+ 0o, 60°0)
£ — —éxil‘iRa—,@f(a+¢)2
n %8+_ (046D + Do, PO+ §)
Ll = %b“ah;mm + % ((652)% = 20%0ap) (9+ 0D + Oy, 90" 9)

1
+ Zbﬂasa_a+¢8u¢
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