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SCET Gravity at NLP?

Similarities and differences between gauge theory and gravity.

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

e So far no rigorous derivation of the subleading Lagrangian.

Soft gravity is similar to gauge theory: Soft theorem, LBK

Collinear gravity is different: collinear divergences are absent

Patrick Hager (TU Miinchen) SCET 2022 2/21



Kinematics

soft radiation
kM~ A2Q, k2 ~ MQ

energetic particles
njip; ~ Q, p; ~ NQ
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How to construct SCET

o Introduce the mode split, implement gauge symmetry,

Au:Acu+Asu7 ¢:¢C+WZT¢S

Control leading building blocks

TL+AC ~ 1.

Multipole-expand the soft fields in soft-collinear products,

As(z) = As(z_ )+ (x —a_) - 0As + ...

e Ensure gauge symmetry respects multipole expansion.

e(z) = Us(z_) ().
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Gauge Transformations

e Collinear fluctuations on top of a soft background field:

collinear: A, — U, AU} + ~U. [D., U] b, — U,D,
g
As — As O, — P,
soft: A, — UAU! o, — U, D,
A, = UAUS + éUS [0,U1] o, - U,P,

Soft gluon appears in collinear transformation.

Soft fields do not transform under collinear gauge symmetry.

Collinear fields transform as ordinary matter fields under soft gauge.

Soft fields have standard transformation under soft gauge.
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Large collinear gluon component

Collinear gluon contains ny A, ~ 1.

To get finite operator basis, this component must be under control.

Use collinear Wilson line W,. to define A, satisfying n . A. = 0:

g A = Wi [iﬁcMWC]

A, is manifestly collinear gauge-invariant and can be used in operator basis.

ny A, only appears in the collinear Wilson line W,

0
W.(z) = Pexp (zg/ dsnyAd(z+ sn+)> .
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Multipole Expansion

"
o Soft fields must be multipole expanded around z* = n+xn7’.

» Gauge-symmetry must respect multipole expansion.

» Redefinition of collinear fields necessary
Ao = UAUL + ch (0., ul],
where D# = 9" — +n As(zo).
» Thisis equwalent to the soft field As in fixed-line gauge (x —z_)" A, (x) = 0.
e Subleading interactions expressed via field-strength tensor, e.g.
ain” [0, A (x )ngJe(z) — ain” 1) ny Je(z).
» Compare to non-relativistic theory: n* — §§
' F,Jy - ' F°) ~ 2 EJ°.
— Dipole interaction.
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Key Observation

By homogenising the gauge symmetry, we find a theory that is covariant with
respect to the emergent background field n_ A (xz_). 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
0 _ 1 - 1 -
LY = §n+DC¢n,D¢ + éDchSDcqu +h.c.
pv

1
£ — §xin’igl” nyJe

1 . 1 .
L@ =gl gr Y+ Zn,xnin’ighj,,nJch + Z:v’j_x’in’ig[/);_ by de

nz

_ -
with J¥ = ¢.DH e + ¢pcDF .
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QCD vs Gravity

QCD Gravity
Fundamental o
Ay~ pu Py ~ 5
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

o In full theory: gauge charges P" and coupling x 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 \.
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

e Minimally-coupled scalar field
1 v )‘i 4
L=5V=99"0updp = V=g y¥"-
o Perform k expansion in collinear sector g, = gspuv + Khpw.
» Collinear graviton h,, in presence of soft dynamical background gs. .
» Duplicate soft and collinear gauge symmetry, not yet homogeneous.
o Field content: Ky, Gspw = Nuw + KSuw, Per Ps-
o Scaling: hy, ~ 2222 5, ~ A2
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Gauge Transformations

e Collinear fluctuations on top of a soft background field:

collinear:  hyy = [Ue (U “Us” (9sas + hap))] — g e — [Uctpe]

Gspv — Gspv Ps — Ps
soft: huw = [Us (U, Uy, Phag)] ©e = [Use)
gs,ul/ - [Us (UsuaUsyﬁgsaﬁ)] Ps - [USSDS]

» U=1+¢e*V, + ... translation, U, inverse Jacobian.

Soft background appears in collinear transformation.

Soft fields do not transform under collinear gauge symmetry.

Collinear fields transform as ordinary matter fields under soft gauge.

Soft fields have standard transformation under soft gauge.
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Power-enhanced component

o Collinear graviton scales by ~ A7%, hy) ~ 1.

Solved like in QCD, using collinear light-cone gauge.
[Beneke, Kirilin 1207.4926; Okui, Yunesi 1710.07685, + Chakraborty 1910.10738]

Use collinear “Wilson line" to define b, satisfying b, = 0:

h;w = Wcau Wcﬂu [Wc_l(naﬁ + haﬁ)] — Nuv -

b, is manifestly collinear gauge-invariant, h, appears only in Wilson line.

Similarity at linear level

A,
Agp = Aey — 8,

ng T

P hyy 1o hyq ) by 1, hey
by = o — B, <n+8 28U(n+8)2> ay< FYEET R
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Soft Multipole-expansion

e Soft fields must be multipole-expanded about z_ = n+x"7’.

o Gauge symmetry is already inhomogeneous in A due to scaling of the charges.

What is the guiding principle?
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Soft Multipole-expansion

e Soft fields must be multipole-expanded about z_ = n+x"7’.

o Gauge symmetry is already inhomogeneous in A due to scaling of the charges.
What is the guiding principle?

Recall QCD:
» Homogeneous gauge symmetry respects the multipole expansion.
» Moves the soft field into fixed-line gauge.

» Subleading interactions expressed via field-strength tensor.
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A simpler example

o Consider multipole-expansion about z = 0:
» In gauge theory: fixed-point gauge z* A, (z) = 0 is convenient choice

» Gauge field expressed as

1
Ay(z) = /0 ds sz F, (sz) = 2" Fl, + O(z°)
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A simpler example

o Consider multipole-expansion about x = 0:
» In gauge theory: fixed-point gauge 2" A, (x) = 0 is convenient choice

» Gauge field expressed as
1
Ay(z) = / ds sz F, (sz) = 2" Fl, + O(z°)
0
e Gravitational analogue of fixed-point gauge: Riemann normal coordinates
» Metric tensor expressed as

1 o
gl“’(x) = Nuv — gm xﬂRuauﬂ + 0(.’23)

» Gauge condition: xawﬂl“’;ﬁ(x) =0
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Fixed-line Normal Coordinates

o Generalisation in QCD: (z —z_)"*A,(z) = 0.

Construct normal coordinates only in the transverse directions x| and n_x.

In RNC: Can choose g,,,,(0) = 1,,,,. This is not possible in fixed-line case.

Do the best alternative: g, ., (z—) =1, v, g++ (=) = g+1(z-) =0.

Coordinate transformation:

" =@ 4 (BYy — 08 (& — &) — %(j —i_)(z -3 ) E°,E°, T,

Normal coordinates in transverse © — x _ part

Change g | =M1

+(@F-3) (@ —2)7 (& — 3 ) BB’ B, (21" \ T, — [0,T",4])

[N

Subleading normal coordinates in transverse coordinate
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Impact on metric tensor

o Can identify a residual dynamic soft background metric g,
Js—t =€y —(x—2)" Q-]
Gs—pr = €op, — (@ =2 )" [Q ],
go = (e = @=—z[2-1,") (=" = (@ = 2)7[2-1,” ) mas
gsﬂL”L = nHJ_VL
o Determined in terms of vierbein e_“(x_) and spin-connection [Q_] 5 ().

These fields are independent when viewed from the EFT.

Can be arranged in a soft-covariant derivative

n_Ds=g§;"0,

Quadrupole and higher-pole terms: expressed via Riemann tensor
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Main Takeaway

“Homogeneous” symmetry in Gravity consists of local Poincaré transformations.
This implies a covariant derivative that contains the momentum as well as the
angular momentum. All other interaction terms due to multipole-expansion are
expressed via Riemann tensor and its derivative.

Schematically, the scalar-soft graviton Lagrangian takes the form
1 K
Lops = n+6<pn Dgp + Ehcpaj_cp szl 'Ro_s nypnye+ O3,

where

n_Dg=n_0— 5 G_aa - g((‘)us,;, — 038a_) 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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The SCET Gravity Lagrangian

1 R . 1 R . Ao .
L%)z = §8+<,00D_(pc + iaaLQDcaaL(Pc - 4_4,'0@101

1 1oa o . 1. . R A Ao A
L(Dz = _§h# 8#‘)0081/500 + Zhﬁlgﬁ (8+(PCD—<PC + aou_ @ca J";Oc)
1 7 /\90 ~4
M el e

1 a f S —1 »
E(Di —g()TLII‘iR“ B (6+Wc 1900)2

1. - 1- .
+ giwah;aﬂgacaygac — Zh‘“Mh“”augécayéc

" 16 (W“M)2 —2h°° haﬁ) (04 @eD—Pe+ O, Pcd™ fc)
1,0 Lo \ g
- (300 = i ot
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Application: Loop corrections to the soft theorem
[Bern, Davies, Nohle 1405.1015]

e Gravity differs from gauge theory:
» Purely collinear: k-expansion corresponds to A-expansion

» Purely soft: r-expansion corresponds to \*-expansion

e Collinear loops:

» Must be attached via subleading collinear Lagrangian

» One-loop: at least A2, two-loop: at least \*
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Application: Loop corrections to the soft theorem
[Bern, Davies, Nohle 1405.1015]

e Gravity differs from gauge theory:
» Purely collinear: k-expansion corresponds to A-expansion

» Purely soft: r-expansion corresponds to A\*-expansion

e Soft loops:

pj pj
'
(f
pi pi
k k

» Soft loop vanishes unless soft emission is directly from soft graviton

» One loop: at least A2, two-loop: at least \*
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Conclusion

Derived rigorously SCET for Gravity to subleading order.

Effective theory is covariant with respect to an emergent gauge symmetry

Leading interactions can be cast into a covariant derivative

» In QCD: described by n_A(z_)
» In gravity: described by e_* and Q_,z3

Interactions differ in power-counting

» Leading-power soft-collinear interactions
» Purely-collinear: subleading, enter at O())
» Purely-soft: subleading in ks, enter at O(\?)

Immediately derived the form of loop corrections of the soft theorem
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Auxiliary Slides
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QCD Wilson lines

e To control large gluon component: W,

0

We(z) = Pexp (ig /

— 00

dsnyA(x + sn+)> .

e To implement redefinition: R

R(z) = Pexp (ig/ol ds (& — )" Ay (2 + s(z — m))) .
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Redefinitions: QCD

(bc = R Wj(ﬁc s
Y
XC

AL — R<WCTA6LWC+§WCT [m,WC])RT,

~~

ZAJ_C

=n_A.
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Gravity “Wilson lines”

e To control hy,: W,
Wt =Tp o = 140800, + O(N\?),
NS 7 S ) TR (GRS L T
LC — (n+8)2 ++ (n+8)2 T+ N0 ++ L (n+3)2 ++ "
e To implement multipole expansion: R
R'= Topine =1+ GgLNcaa + O(/\Q) .

1 o
Orrne = (B, —0h)(x —x_)F — 5(1‘ —z (v —=x_) Eo‘pEﬁ(,F”aﬁ +...
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Redefinitions: Gravity

Pe = I:RWC71¢C )

=Xe

huw = [RR,°R, B(we, W, [W;(ﬁpa +gs,w)} — Jsap)] -
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Full Lagrangian

1 R R 1 R R K . R
L0 = 20:pe0-Ge + 500, pe0™* P — 35— (0+0)” = 62

L0 = 2 [Oas—— = O-sa-]a (9460)" = T~ peDi e

-5 (ﬁ“ﬂiamcamc + B0, Py e+ }ﬁ"(fwc)z)

P (00000 — s (0000)" 4 00, o0 p0) — i 22
£ = 2oy,

Ps 3|
A Ao K~
2 Ao 12 9 0 K2a, +3
£<(p5) =T s ﬁiho‘i%@s
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K . K ~ ~
5(2) = —1—6 [8[+8_]_] n,:l?(8+(pc)2 - Z [6[(&5,“]_] x‘j‘_@”chcaJrcpc

K2 K2 1 .
o8 a4 (0400)” + Tosma, 87 (0400)” — gaf e Rap (946c)”

32
. . K Ao .
+ §5+78aL‘PcaaL€00 - ZS+747T<P§
K2 [ ~ - ~ 14 ~
3 (”“”hc’iiamcamc + ROt by B, bt pe + thh%_w@a)?)
K2 . Sy . . ~ _ . . 1. . .
Ih hHLYLO, | @Oy | fe+ AL T 0, | PO + e + Zh__3+tpc8+g0c
Ii ~ ~ “ ~ K " N “
+ = ((h‘”) — 204l hg o, ) (04 8ed- g = o (O180) + 04y P04 gc)
K2 . - o K2 - A N2
Ih L 50 04 PcOu, Pe+ Eh t5a, —(0+¢c)
K2 g K? oL H 52
R ~hatsu, —04¢c0"t e — TGhOLJ_ [6[HJ_S*]*] ') (O+¢c)
P

Ao . . 1. -
21 ‘Pc4 ((hai)z - Zhalﬂlhalﬁl)
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1, . - 1, cous

£l = 50uho,p, 0B LA 5 0uhd"h
. A DU D P D .

+ 8aih”5¢8hh+58alha* Ovh+ S01h BLaﬂtherh__am)

8alj10u;u 9PL ﬁﬁj_ﬂj_ + 8+]Al—lu 9P+ ilﬁj_ﬂj_ + ia_kﬁ—iu 8+]A7J—ML)

| /N —/—

- 78776+ila58+il,aﬁ + g8778+ila+il
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£ = haﬂ( 20, htt0ph + 40, haw OphH” + 20, W1 Ouhap — 2000, h

+ O havd” hg, — 20" R, dphay)
~ ~ ~ ~ ~ ~ ~ 3 ~ ~ ~
+ gaa(iﬂ)@"‘h + gaa(h””hu,,)ao‘h - gaa(hQ)aﬂhaﬁ - f@a(h‘“’huy)aﬂho‘@
+ gaa(ﬁwﬁ;)aaﬁw — o (h*PhY)0LhS + gau(hﬂpﬁ;)ayh - ghaahaah

- gizaaizwaaﬁw + gha,,haﬁaaiwﬁ - gs,uaﬂu hOPO hop + Zs,uafu ho h
- g [Oos—— — 050|204 by 0y MY + f [Oas_— —O_sa_]x% 04 hoyh
2 2 2

s 0y (h¥)oyh— 25__8+(h“ by )04 b — 63__8+(h“”h")8 s By

64
K2

2
—+ as__h6+h8+h+ 6—43__h8+hm,8+h“”
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