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Motivations



Gravity 1s related to many of the deepest puzzles in fundamental physics today.
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Tests of Gravity

experimental

DGP model

large extra-dimensions (ADD)
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Eftective Field Theory Approach

UV completion

model | independent

® Novel ways to test heavy gravitational physics beyond the Standard Models.
e.g. GRSMEFT, most general set of deformations of leading dynamics.

® Different and robust understanding of the properties of UV completions of gravity.

e.g. positivity constraints on Wilson coefficients.



Method



Non-redundant Operator Basis

First main goal: identify most general set of IR deformations, w/o redundancies.

® Group relations:

a.k.a. algebraic 1dentities

F.=-F,
® Equations of motion (EOM):
1.e. field redefinitions
(¢ = —m?¢ +

® Integration by parts (IBP):

l.e. momentum conservation

O1 =05 + QLLO:';L

Important recent progress on these issues by Henning, [Lu, Melia, Murayama '17.



Hilbert Series

Counting independent operators, as invariants of group

G = Lorentz x gauge x global

Euclidean /

N\

SO(4) \p it desired
SUB)e x SU12), xU(1)y ( &
. o . O
built out of (extended) representations, single particle module, e.g. Ry = Ot 11, Oy
(Henning, Lu, Melia, Murayama "17)
H(D,{¢;}) = [ d d ! PE i AH
(D, {i}) = HLorentz () Hgauge (Y) P(D,z) H DA, X T
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Hilbert Series

Counting independent operators, as invariants of group

G = Lorentz x gauge x global

Euclidean / \

30(4) \p if desired
SU(3)C XSU(Q)L X U(l)y ( ¢
. . . . O
built out of (extended) representations, single particle module, e.g. Ry = Ot 1, 0y &
(Henning, Lu, Melia, Murayama "17)
(spurions)
derlvatl\\l;e f\il/elds ’ group integration ‘ chalj;cter
D {¢z ) — / d,uLorentz (37) /d,ugauge H PE [DA XR¢ ] + AH
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momentum generating function plethystic exponential
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Hilbert Series

Counting independent operators, as invariants of group

G = Lorentz x gauge x global

Euclidean / \

SO(4) \p if desired
SUB)e x SU12), xU(1)y ( ¢
R . . . all/¢
built out of (extended) representations, single particle module, e.g. Ry = 01110,y @

HDA¢}) = D k@1 D"

T1ye..,Tm K /]\

number Of operators Of each class
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Group Characters

Characterize the representation r of a group G.

Xr(g) — Trr(g) geiG —> Xr(Z) y <= {Zla R 7Zrank(G)}

Plethystic exponential performs symmetric tensor products at the character level.

rore - or —> Pl - e | Y tol()
n=1

Group integral projects outs invariants.

H(¢I‘7 SR SOI") — /d,u(;(z) PE[¢rXr(Z)] T PE[SOI"XI"(Z)]

® SU(2) fundamental scalar:
2R 2= yA D 35

PE[¢2x2(y)] =1+ x2(y) d2 + x3(y) ¢35 + O(¢°)

H(pa, ¢5) = 1+ dpadl + O(h2, oL)?
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Single Particle Modules

When adding derivatives, we need to take care, besides Lorentz, of EOM and IBP.

® Scalar field EOM: O¢p = —m2p+ - - -
[ ¢ )
8'u¢ . . . .
Ry=|p (101 @ | contains only symmetrized, traceless derivatives.

N

Momentum generating functional generates tower of symmetrized derivatives,

J

Xr,(D,z) =D P(D,z)(1 - D?)

)

Lorentz variables

and accounts for IBP redundancy.

|

H(D,{¢i}) = /d,uLorentz(aj)/dﬂgauge(y>P(D7Qj> HPE[pA-XR¢¢] + AH
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Gravity
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Weyl Tensor

Riemann tensor contains gravitational degrees of freedom — Lorentz reducible.

R,uupa ~ (07 O) D (17 1) 87 (27 O) D (07 2)
R T CRe = 3(CHvee + ¢ CHVPo)

1
R — 1 R9u

Crvpe = Ruvpo = (9ulpBolv = GuloBoln) + 59ulp90] B

Only the Weyl tensor, C, is non-vanishing on-shell, 1.e. on the (vacuum) EOM.

Sen = 1M2, / Poy=gR  —> Ry = gr (Tu — 3T9.)

R = g/wa/

Operators w/ Ricci tensor and Ricci scalar can be redefined as pure matter operators.
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Gravity's Single Particle Module and Character

Bianchi identities imply Weyl tensor EOM and redundancy of Laplacian — in vacuum:
VEC pe =0

VQC/M/,OG — _20)\ ,upozC)\l/a & — QCA l/pozC,u)\a v — C)\ apaC,ul/)\ “

antisymmetric covariant derivatives

V., VoIV =R, PV°

[ Cume

n.,_ V{MCM}W)G
C = Vi Vi Cpyvpo

)

XRc, (D,z) = D? P(D,x) (X(2,0) () = x@3/2,1/2)(®) D + x(1,0)(7) DQ)

N1 /

Lorentz SO(4) group characters
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Applications

16



Pure Gravity

C1 Co =~ dy 2 do | 5 d3~2

(Endlich, Gorbenko, Huang, Senatore "17)

€1 €2 ~ €3 5 €4 ~ 5 €5 €6 5 €7 =5

(Ruhdorfer, JS, Weiler '19)

~ ~

T = Cm/ pUCMVaBCaﬁpo' 1= C/u/ pacuuaﬁé«aﬂpa . C= C/Wpacuupa  C= Cluypaé,ul/pa

F = (VaCupe)(VOCH?7) . F = (VaClupo) (VECH7)

Commentys

Z,7,C,C completely fix spacetime curvature in d = 4 and operator basis w/o derivatives.

1

H(CL,CR) = (1-C3H)(1-C%)(1-C3)(1-C%)
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Pure Gravity

C1 Co =~ dy 2 do | 5 d3~2

(Endlich, Gorbenko, Huang, Senatore "17)

€1 €2 ~ €3 5 €4 ~ 5 €5 €6 5 €7 =5

(Ruhdorfer, JS, Weiler '19)

~ ~ ~

T = C,uz/ POC,UI/Oéﬁcaﬁpa 7 T = C/u/ pOC,ul/OéﬁévaBpa : C — C/u/pac,uupa 7 C — C,ul/paC'qua

F = (VaCupe)(VOCH?7) . F = (VaClupo) (VECH7)

Commentys

Operator basis + Naive Dimensional Analysis implies pure gravity is 1-loop finite.

Renormalization group evolution at 2 loops:

(901 1 A2 1

Wou ~ 120 M2, (4m)?

(Goroft, Sagnotti '86)
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Pure Gravity

C1 C2 =~ dy 2 do 5 d3~2

(Endlich, Gorbenko, Huang, Senatore "17)

€1 €2 ~ €3 5 €4 ~ 5 €5 €6 5 €7 =5

(Ruhdorfer, JS, Weiler '19)

~ ~

T = pr pacuuaﬁcaﬁpa 1= C/u/ pacuuaﬁéaﬂpa . C= ijpacuupa  C= C/u/paé/“/pa

F = (VaCupe)(VOCH?7) . F = (VaClupo) (VECH7)

Commentys

Operators are subject to theoretical constraints from unitarity, locality, causality.

di,d3 >0, doy Sdids, c1251

(Gruzinov, Kleban ‘07
Bellazzini et al. 16
Endlich et al. '17
Camanho et al. '14)
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(Ruhdorfer, JS, Weiler '19)

U(1) Nambu-Goldstone Boson

First-time basis (i.e. non-redundant operators) at dim-6:

—even C 3 c €3 o Vo
L5 = S [(Vad)’]” + 15 (Vud)*(VoVed) + 15Cm 7" Cappo
C4

+ 38 (Canpe ) (Vud)® + 15 Canpo (VH0)(V79) (V7 9)

Hilbert series (i.e. operator counting) at dim-8:

Hg =CF + C2C% + C + do® + 2d¢°D? + dp°D? + dp*D* + d¢p°DCr, + d¢p°DCr
+ dp*CLCRr + d¢*D*Cr, + dp*C7 + d¢p*D*Cgr + dop*C3 + 2d¢°DC%
+ 2dp3DC% + dp*D?*C,Cr + 2dp*D2*C? + dp*C3 + 2d¢p*D*C% + dp>C3,

Comments

(shift-symmetric) Topological terms are missed by the Hilbert series.
(Henning, LLu, Melia, Murayama '17)

Voo YUV po
¢C,u1/pcfclu p 9 gbC,uI/paC'u p
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(Ruhdorfer, JS, Weiler '19)

GRSMEFT

The most general non-redundant set of deformations of the leading GR + SM dynamics.

L = —C pacuuaﬁca 8o + QCW paCuuoﬁCa Boo

A

+2 A2 HTHCWPJCWPU

+ A2 BWBWC pvpo +

- HTHOWPGCWP"

5 BMVB’OJC LV po ‘l— 5 G’uprJC,uz/pa ‘|_ 5 GMVGpGCw/po

A
DWW Clypr +

A
W C

A

A A
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GRSMEFT

The most general non-redundant set of deformations of the leading GR + SM dynamics.

L = —C paCuuaBCa 8o + QC/U/ paCuuoﬁCa Boo

A

+2 A2 HTHCWPJCWPU

+ A2 BWBWC pvpo +

v 2 HHC,,,,Cre

5 BMVB’OJC LV po ‘l— 5 G’uprJC,uz/pa ‘|_ 5 GMVGpGCw/po

A
SV Clypy +

A
DWW C

A

A A

Commenty

All these operators give rise to anomalous 3-point vertices.
g ®
\\\\/\/\/h

A
Al
A 3
Al
A 3
9 .
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GRSMEFT

The most general non-redundant set of deformations of the leading GR + SM dynamics.

L = —C pacuuaﬁca 8o + QC/U/ paCuuoﬁCa Boo

A

+ 2 A2 2 H'H CMJCW” +

+ A2 BWBWC pvpo +

- HTHOWPOOWW

5 BMVB’OJC LV po ‘l— 5 G’uprJCILWpJ ‘|_ 5 GMVGpGCw/pJ

A
SV W Cly s +

A
W“”W”"CWW .

A

A A?

Commenty

Similar operators relevant for the weak gravity conjecture,
subject to constraints from unitarity, locality, causality.

(e.g. Arkani-Hamed et al. '06
Endlich et al. '17
Bellazzini, Lewandowski, JS '19)

Some results are known on (non-)renormalization group evolution.

(Deser et al. '75, ‘81)
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GRSMEFT

Basis of dim-8 operators also counted and constructed.

Structure Ny Ny=1N;=3  Representative Operator
Cc4 3 3 3 (Cipo CHPP7)?

C3H? 2 2 2 HVH(Cl PP CH P Ch 5,0 )
C?H* 2 2 2 (HTH)?(C )y poe CHVPO)
C2X? 18 18 18 B, BPPCH P C 5,4
CH?X? 8 8 8 HTH(CHrow o W)
CcXx? 4 4 4 CrPrWe, We B,
C?H? 12N7 12 108 QLHAR(CpypsCHP7)

C H X? 16N7 16 144 Chupo(Qrot¥dr)T®H W P2
Cyp NTJ%(NN]% + 3Ny — 2) 6 480 €k Clupo (@) o™ uR)(LE o7 ep)
CX?*D 20N7 20 180  Cluwpo (QrA TP QL)W e Po
C?H?*D? 2 2 2 (V H)H(VFH)(Clupo CHYP)
CH?XD? 4 4 4 Cupe(VFH)ITY(VYH)W S PO
C Hy?*D? 67 6 54 Crvpo(Qrot’NPdr)V H
Total 43 + Né(mvj% + 3Ny +160) 103 1009
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GRSMEFT

Basis of dim-8 operators also counted and constructed.

Structure Ny Ny=1N;=3  Representative Operator
ok 3 3 3 (Cipoe CHPP7)2

C3H? 2 2 2 HVH(Cl PP CH P Ch 5,0 )
C?H* 2 2 2 (HTH)?(C )y poe CHVPO)
C2X? 18 18 18 B, BPPCH P C 5,4
CH?X? 8 8 8 HTH(CHrow o W)
CX3 4 4 4 CrPrWe, We B,
C?H? 12N7 12 108 QLHAR(CpypsCHP7)

C H X? 16N7 16 144 Chupo(Qrot¥dr)T®H W P2
Cyp NTJ%(NN]% + 3Ny — 2) 6 480 €k Clupo (@) o™ uR)(LE o7 ep)
CX?*D 20N7 20 180  Cluwpo (QrA TP QL)W e Po
C?H?*D? 2 2 2 (V H)H(VFH)(Clupo CHYP)
CH?XD? 4 4 4 Cupe(VFH)ITY(VYH)W S PO
C Hy?*D? 67 6 54 Crvpo(Qrot’NPdr)V H
Total 43 + Né(mvj% + 3Ny +160) 103 1009
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(e.g. Falkowski '19)



GRSMEFT Probes

Need to fight the Mpi suppression associated with (on-shell) graviton emission.

g/Mp

Generically, experiments will be sensitive to low A scales (for high energy standards).

® Gravitational waves: from BH mergers

(Endlich, Gorbenko, Huang, Senatore '17)

1

F (C,ul/pa C,ul/pa)Q

A2 !
RSCh

Need systems with large curvatures.
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GRSMEFT Probes

Need to fight the Mpi suppression associated with (on-shell) graviton emission.

NQ/MPI

Generically, experiments will be sensitive to low A scales (for high energy standards).

® Proton decay: % (dRCUuuUR)(URCU,OJGR)C”V’OU

(preliminary)

9
@ + L my  mp
P ‘ Fpgermo ™ 4 A*M3, ( A ) M

Q‘ 7_‘_0

e 1034 yr

A/C%B/LL > 1TeV
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Conclusions/Outlook

To test gravity 1s a very important goal.

Tied to deep mysteries of nature.

Basis of operators for EFTs with gravity can be systematically counted — next constructed.

Weyl tensor as basic building block of Hilbert series.

pure gravity.
U(1) NGB.
GRSMEFT.
Method can be applied to higher orders and spacetime dimensions (thanks to B. Henning).

Results consistent with amplitudes approach to EFTs (Falkowski; Durieux, Machado '19).

Much can still be explored within the EFT approach to gravity.

O identify potentiaﬂy interesting probes.
O constraints from unitarity, locality, causality.
0 matching to UV completions.

O renormalization group evolution.

28



Thank you.
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