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Standard Model Effective Field Theory

Two objectives for formal developments:
® |Improve computational ability

® Expose structure
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Theory developments for theorists Theory developments for experimentalists
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Theory developments for theorists

Operator basis

® Hilbert series
[Lehman, Martin '15]
[Henning et.al. '15-'17,'22]

[-]

® Automated tools for matching
[CoDEx, Matchmakereft, STrEAM,
Matchete, SuperTracer, MatchingTools]

® Results to dimension 12
[Li et.al. '20-'22]
[Murphy '20]

[Harlander et.al. 23]

On-shell methods

® On-shell basis
[Ma et.al. '19,'21,'22]
[Aoude et.al. '19,'20]
[Shadmi et.al. "20]

[..]

® On-shell matching
[De Angelis, Durieux '23]

® Recursion relations

® On-shell RGE

[Cheung, Shen '15] CE/RW
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Theory developments for experimentalists

Entanglement Positivity Geometry
[Aoude et.al. '22,'23] [Adams et.al. '06] [Alonso et.al. '15-'17]
[Severi, Vryonidou '22] [Bellazzini, Riva '18] [Craig et.al. '20-'23]
[...] [Riembau '22] [AH et.al. '19-'22]
[Remmen, Rodd '19-'22] [Assi et.al. '23]
[.-] [Jenkins et.al. 23]

]
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Scalar sector of the SMEFT

N _ 1 ($2tidn
Higgs field H = 7 <¢4 N i¢3>

£ = Las(@) 00N ")~ vio) + ...

2

® g1y(¢): metric in field space
* V(¢): potential

® ...: higher-derivative operators, e.g., Ayki(9)(9,0) (0"¢)” (9, 0)K (8 o)*
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Field redefinitions

We can redefine the fields
R ()

The derivative of the scalar transforms as a vector

§ /
O’ — ( Sg;j”) Oue?

Therefore, the metric transforms as a tensor

K L
gu(¢) — (52?(¢)> (52?(¢)> grL(p)




Field-space geometry

Christoffel symbol

! 1L
Mk = 58" (guk +8&LKk,J — &K,L)
Riemann curvature

R i = OkTL + Tl — (K < L)

Covariant derivative V|
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Amplitudes and geometry

Two-derivative theory

A2121314 :R11I31214S34 + R1112l3l4524

Examples: A(W W, — W W) and A(W, W, — hh) [Alonso et.al. '15]
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Amplitudes and geometry

Two-derivative theory

A2i2i3l'4 :Ri1f3i2i4s34 4 Ri1i2f3i4524
Examples: A(W W, — W W) and A(W, W, — hh) [Alonso et.al. '15]

+vi5 Ri1i3i2i4s34 + vi5 Ri1i2i3i4(524 _|_ 545)

Amplitudes depend on geometric invariants! [Volkov '73]



Fermion Geometry

Add fermions [Assi et.al. '23]

L= Escalar + %’kﬁ (¢)(1Z'37“Bu¢r) + iwﬁrl(¢)(Du¢)l(&ﬁ’Yﬂwr) - TZﬁMﬁr(¢)¢r

Define fermion metric, where w,:?)trl = wpy = %&k,—,r

8 (pw ) (WT)z
Bab = | —(Yw™)py 0 kep
—(W)ps  —kpr 0
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Amplitudes and geometry

Fermion-scalar scattering

ApIT'J Z(L_]FPJ Up) IT?FpIJ

Examples: A(y1) — W W,) and A(tp1p — hh) [Assi et.al. 23]

cﬁw
\



Amplitudes and geometry

Fermion-scalar scattering

ApITJ :(L_JFPJ Up) F?FpIJ

Examples: A(tp1) — W, W,) and A(yn) — hh) [Assi et.al. '23]

ApiFIK :(BFPJUp)?KRFpIJ + (UFPKUp)@Jf_?Fp/K

LHC is measuring the Higgs geometry!



Efficiency in computations

Numerical results for Higgs decay to two photons [Hays et.al. '20]

Feverr(h = 77)

15} ~ 1— 788K + 3947 (£7)2 — 351 (Ll — Cg) 7™
Font (h—77)

+ 9798 (€% +0.80 €F), — 1.02E8)5) + 2228 5G°) W

n 2283 &) (C& +0.66 ¢, —0.88 C8) )
"'(6) EI(_I()D) m m m 2
where
f-lﬁvw ~ fiﬁew — |:C"(_I652 + 0.29 6,(_16‘/)‘/ —0.54 &I(-I6V)VB:|
fn Gew _ [ (8 C(8 c@ c8
N e = [E3+029 (), + Ty o) — 054 Tl )
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Efficiency in computations

All that is coming from a single component of this covariant amplitude

1
AnBI :EvlgAB[ab]Z
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Renormalization Group Equations
We can calculate the RGE for the geometric quantities [AH, Jenkins, Manohar '22]

d
(167T2)Md7/LRIKJL =3 {%’YRIKJL + RN [V?(MNKL) (i i)+ (tw tM;K)}
+ R M [_%(tN;M “ti;e) + 4t - tM?K)}
+ RIKMN {_%(tN;M : tJ;L) + 4(tN?L ) tM;J)]

+tlKJo L) —Uea L) - K+« J,Ke L)

where

(t1s - ter) = (Vta)g B (Vitek)
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1-loop divergence
The 1-loop divergence can be calculated from the second variation of the action
1
25=73 / d*x |gu(Dum) (D)’ + X'y’
The infinite part of the 1-loop functional integral is ['t Hooft, '73]
1 4,1 1 2
AS = w/d X [ﬁTI'[Y’uVY'uV] + §TI'[X ]i|

where

[YuV]IJ = [DuvDu]lJ



1-loop divergence for scalars

The 1-loop divergence can be calculated from the second variation of the action

525 = 5 [ dx [gu(Dun (D"n) = Rin (D) (D) s’ = (V9 3V’

Covariant geometric quantities

(Yol = R (Do) (Dyd)" + V teFS



1-loop effective action for scalars and gauge fields

The 1-loop divergence can be calculated from the second variation of the action

1 . . o
525 = 5 / d*x [gij(Dw)’(D“n)J + X,-m'ﬂ

Covariant geometric quantities

[Y/W]ij = Rijk/(DuZ)k(DuZ)l + 6jzhé/:ucu

(Du2) = [(D”d))ll

A
Flu
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SMEFT RGE at dimension eight

. 20 6 2
8CI(-116)D2 = —06 6CH66CH4[| — 12 6CH66CH4D2 + (352)\ + 20gf + 3g22> ( CH4D)
161 6 2 6 6
( 23\ + 8g1 + 55 3) ("Chrepe ) + (647 — 282 + 1283 ) "Cppars Coo

6 6 6 6 32 6 6
- 22g22 Crag Cape + 6g12 Cropy Cpappe — §g1g2 Crary Cure

+8g3 6CH4D26CW2 w2 + 687 6CH4D2 6CB2 H2 T %35’13'2 6CH4D2 6CWBH2

+512 (°C H2)2 + (1921 +4g2) (°Cye H2)2 + (641 + 12¢7) (°C H2)2

+ (—3g12 —3g3 ) (6CWBH2)2 + ?é’l& 6CW2H26CWBH2 + §g1g2 6CB2H26CWBH2
n (68)\ n %gf . 361 ) ), + (—8A +7g7 + 137g22) "Chipe



Outlook

Summary:

® Scattering amplitudes depend on geometry
e Geometry exposes structure and simplifies computations

e |HC is measuring the Higgs geometry!



Thank you!
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Amplitudes and geometry

Four-derivative interactions

Ai’f\'g"“ :%)\11'21314512534 + %)\11131214513524 + %)\12131114523514
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Amplitudes and geometry

Four-derivative interactions

i1 i2 i3 1y i1hi3i 1y i1i3izi 1y i2izini
A41,>2\3425)\12345125344-5)\1324513524—1—5)\2314523514

Amplitudes depend on geometric invariants!
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Geometric Soft Theorem

A new soft theorem for any theory of scalars (no potential)
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Geometric Soft Theorem

A new soft theorem for any theory of scalars (no potential)

. i erini i AR
(IIT;IOAn—i-ln =V An !
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Geometric Soft Theorem

A new soft theorem for any theory of scalars (no potential)

i1eini i Al
I|m An+1" =V Az

With a potential

o Vive o
| Al ini =V/AlLin " Ja (1 +gh— )A’l"'Ja"'In
|m n+1 Z (pa + q) 23 q 8/33
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Field basis invariance

Even though the soft theorem contains a covariant derivative (which acts on masses)
and q“8 - (which acts on momenta), the full soft theorem preserves the on-shell
condltlon

i 0 2 iy ia feejaeein
(V +Z p+q m2(1+qap>>(aéja—\/ja)olf =0



Examples: two-derivative theory

Soft limit of four-particle amplitude

pa—0 pa—0

lim AF0 = Jim (RARRisy, + RiERs), ) = 0 = VAL ‘
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Examples: two-derivative theory

Soft limit of four-particle amplitude

lim AJ2H = lim (RR5Rsy, 4 RIEBgy, ) = 0 = VAL
pPa— pa—

Soft limit of five-particle amplitude

lim AI51[2[3I4I5 — lim (vl3 R1114/215545 v R1113/215$35 v R1112/315525
ps—0 p5—0

+ VI5 R1113I2I4S34 + VI5 R1112I3I4(524 + 545)>
v (Ri1i3i2i4s34 + Ri1i2i3i4524) _ vi5A2i2i3i4




Examples: potential

Soft limit of four-particle amplitude

lim AJ2S% = lim | —V/ARsi 3"

pa—0 psa—0 ;
3 Vi4 V.ia

_ V14A111213 +
azl pa + p4) 123

512 — mJ? 513 — M

Vitiaj V-i3i4 Vi V-i2i4
J 4 J
J

Afdari

Vil i4j V.i2i3
+ 2 )

—m?
514 mJ




Examples: higher-derivative interactions

Soft limit of four-particle amplitude

||m0 AZI)Q\I3I4 _ ||m0 (%)\11121314512534 + 1)\11131214513524 + 1)\12131114523514) —0= VI4A11/2I3
Pa—>
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Examples: higher-derivative interactions

Soft limit of four-particle amplitude

. i i2izi - 1\ i i2i3i 1y i1i3ipi 1y iz 0 — T4 plii2i3
lemoA417>2\34:JJ20(5A1234512534+§>\1324513S24+§>\2314523514) —0—V4A3’>\

Soft limit of five-particle amplitude

|im0 A’51I213I4’5 = |im0 (%V’5>\’1’2’3'4512534 + %V’5>\’1’3’2'4513524 + %VIS)\’21311’4S23514 + Cyclic)
ps—> ps—

5 (1y\ihisi 1\ iishai 1\ bisii _ i piLi2ia
=V" (§A’1’2’3’4512534 + A1 51354 + 5 A5 4523514) = VoA,
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Example: pions

Two-derivative theory with vanishing soft limit [Adler '65]
Soft limit of (n + 1)-particle amplitude

I|mOA:}+1'"’ =V'Al"" =0
q—

Equivalent to Vs Ri2isia — (0 . Adler zero holds for symmetric cosets, where the
curvature is covariantly constant.



Example: Nambu-Goldstone bosons

Take a theory with some nonlinearly realized symmetry and a vanishing potential.
The Lagrangian is invariant under the symmetry transformation

¢! — o'+ /Cl(qi)), K : Killing vector

Soft theorem can be recast

n
i i i L s o
lim KiAL Y = KV AL = 37V Al

a=1

(e.g. [Kampf, Novotny, Shifman, Trnka, '20] ) /w}



Double soft theorem

We also have a new double soft theorem (vanishing potential)

lim A2+2lnlalb — % ~ She R’a’b’c AII"'JC"'In + v(lavlb)Aq +in
qa,qp—0 c;éa b Sac + She

This generalizes the double-soft theorem for pions [Arkani-Hamed, Cachazo, Kaplan, '08]



Triple soft theorem

We also have a new triple soft theorem (vanishing potential)

lim  Alinisibic
rdprqc—0 "3
_ Z (%Sad_sbdealbld v/c ka Rlalbld ) AfL-id-in
n
diabe \ Sad T Sbd Jd 3 Sad + Sbd + Scd Jd
Sac — She ,
+i—= R""’""C VAL 4 (a4 €) + (b <€)

Sab + Sac + Sbc
+ v(lavlbvlc)Ag “in

This has no analog for pions.



Gauge fields

We can add gauge fields to the Lagrangian

£= 2 80(6)(Du0)!(D"0)’ — % gas()FL Fo

with
(Du) = 0,0" + ABtg

th(¢): Killing vector



Combined field-space metric

We now combine the two metrics g;; and gag

8ij =

8l 0
0 —gasnuw

From this metric, we define a covariant derivative V and a curvature Rijki
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Scattering Amplitudes

From this we calculate the scattering of two gauge bosons + scalars from gy, gas

Ak = 3V 18as[12)?
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Scattering Amplitudes

From this we calculate the scattering of two gauge bosons + scalars from gy, gas

Ak = 3V 18as[12)?

Ak = 3VIV sgasl12)”
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Scattering Amplitudes

From this we calculate the scattering of two gauge bosons + scalars from gy, gag

Al = 3Vigas[12)?

Akt = 3ViVgas[12]

Aldiuk = 3VuVVk)gas[12]?

1
+ %VLgAB[D]z% [s3a(Rike — 2Rik) + sas(Riku — 2Rike) + sas(Ruke + Rikar)]

7
CERN

\
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Geometric Soft Theorem

A new soft theorem for any theory of scalars + gauge bosons

. iLerind i A
¢|7[>n0 An+1n =V An "
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Examples

We take the soft limit for four particles

lim Aj";u = %@/VJgAB[m]2 = ?JAJAFEI
ps—0
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Examples

We take the soft limit for four particles

lim A%L, = 3ViVigas(l2]® = VAL
psa—0

We take the soft limit for five particles
im At = lim 1VV 12]?
pL'i"O AABIIK pL'i‘O 2V(ViVk)gas(l2]
1
+ %VLgAB[12]2; [s3a(Ruke — 2Rik) + s3s(Rikue — 2Ruke) + sas(Rike + RikuL)]
45

_ T Attt
- vKAAB/J

CERN >I



Fields vs particles

First, we expand around the vev
o=+ 3
At the vev, we can flatten the metric and diagonalize the mass matrix using tetrads

gu(v)el(v)el (v) = o5,

Vis(v)ej(v)ef (v) = m7d

The tetrad is the overlap of the mass eigenstate with the scalar field

(&7 (x)|0) =e”(v)e™™> ﬁ@l



LSZ reduction and tetrads

The scattering amplitude is

Alin(py o pa)6P(py -+ pn) =(pi - pir|0)

which is related to the correlator using LSZ reduction

n

(p - P10y =(=)" [T lim (p3 — mi)ep | (T (p1)--- & (pn))

2 2
a=1Pa—M;,

Wavefunction normalization factors are tetrads!



Proof of theorem

Start with the Euler-Lagrange equations

oL oL
8#‘7/“:@:8/[_ where \7/ _W

Inserting this into correlators gives

>
0, = |lm All ot — 3Ok 8110u(¢7 0" ))ext
(o) = 3//4/1---/" + §<8/gJK8;L¢J6M¢K — 01030k V&’ ) et




On-shell recursion

We can use the soft theorem in recursion relations

1 dzA
An(o) :%f Z Res cht <Z




