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On-shell EFT

Standard Lagrangian EFT
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‘Find a basis of operators at given dimension is non-trivial: field

redefinition, equations of motions.

‘Relation to observables is non-trivial because of gauge
redundancy.

 Alternatively, one could use the amplitude, which is related to the
physical observables directly.




2 constructions

Bottom up » HEFT

Top down » SMEFT




Four-point amplitudes

*Four-point amplitudes are phenomenologically interesting

y.



General structures

Little-group index
Mandelstam invariants
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Spinor structures Polynomials

Carrying little- Only depends on

group weights .
and polarizations scattering angle

T

The massive stripped contact-term(SCT) basis
[Durieux, Kitahara, Machado, Shadmi, Weiss ’20] A



Bottom-up: HEFT up to EA2

SU(3) X U(1) gauge invariance (W, Z, h are independent ) +SM fields

» HEFT four-point contact-term

amplitudes




Example: wwhh

The most general 4-point contact terms

127 (12?  [1212)

J

Derive all EA2 contact terms in 2-to-2 amplitude (physical observables)




HEFT up to EA2

(12) = [12], or (12)
helicity category in the massless limit

Massive amplitudes E? contact terms
M(WWhh) Cownn(12)[12], Cipyp, (12)°
M(ZZhh) Chumn(12)[12], O3, (12)°
M (gghh) Coonn(12)?
M (yyhh) Cpn(12)?
M (yZhh) Cznn(12)°
M (hhhh) Chhhh
M(ffhh) Ciinn(12)
M(fefWh) Cfrwnl13](23), C7 /i, (13)[23], Cf i, (13)(23)
M(fefZh) Cfi2n[13](23), Cr/7,(13)[23], C}/7,(13)(23)
M(fe fyh) Crjsy(13)(23)
M(q°qgh) Comoiy (13)(23)
ML) Crirp 7 (12)(34), Cr7 1T (12)[34], Cf /71 (13)[24], C77 5 (14)[23]
Crirr 2 (18)(24), Cff;[12](34), CF7~[18](24), Cf75; T[14](23)

[HL, Ma, Shadmi, Waterbury 23]




HEFT up to EA2

(12) = [12], or (12)
helicity category in the massless limit

Massive amplitudes E? contact terms J
M(WW hh) %vm(lm[l% Civwnn(12)°
M(ZZhh) Chumn(12)[12], O3, (12)°
M (gghh) Coonn(12)?
M(yyhh) CEr,(12)2
M (yZhh) Cznn(12)°
M (hhhh) Chhhh
M(ffhh) Ciinn(12)
M(fefWh) Cfrwnl13](23), C7 /i, (13)[23], Cf i, (13)(23)
M(fefZh) Cfi2n[13](23), Cr/7,(13)[23], C}/7,(13)(23)
M(fe fyh) Crjsy(13)(23)
M(q°qgh) Comoiy (13)(23)
ML) Crirp 7 (12)(34), Cr7 1T (12)[34], Cf /71 (13)[24], C77 5 (14)[23]
Crirr 2 (18)(24), Cff;[12](34), CF7~[18](24), Cf75; T[14](23)

[HL, Ma, Shadmi, Waterbury 23]




Bottom-up construction to full WWhh
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Perturbative unitarity < » Gauge invariance

» determined by factorizable part
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Bottom-up construction to full WWhh
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WWhh: perturbative unitarity

Take high-energy limit for the longitudinal W

00 2

W+ W 00.f C 512

M( +7 7h7 h) D — CW’V[?%h _I_ weh 2
2 QmW

Perturbative unitarity requires
00,f C(I)/[gWh :
9 a’C —_
Cowwhh T 9 =0

Factorizable part is fixed by the 3-point coupling




WWhh: gauge invariance

Take high-energy limit for the transverse W

MW, W, h,h)

00, fac [16)(612)  wn® [ [1361)[6242)  [14£1)[€232)
T Cwwhh 282](1&1) T <313[2§2]<1§1> " 314[252]<1€1>)

Depends on arbitrary spinors 51, «SQ
00 2
C
Requiring independent p J0fac | TWWh _
l WWhh 9

amounts to gauge invariance of high-energy theory

> Gauge invariance and perturbative unitarity are equivalent




HEFT with EA3 and EM

# of independent
HEFT, minimum SMEFT dim’s structures

4.1.8 WtWtw-w-

/

o [12](34](12)(34), [13][24](13)(24) + (3 <> 4) (4;8) #=2
angle <> square [12]°[34](34); PR (6:8) #=2
? 4 ((12][34][13](24), [14][23][13](24)} + (1 ¢> 2) + (3 < 4); PF (6;8) # = 4
[34]2[12](12); PF (6;8) # =2
13][14](23)(24) + (1 <> 2) (6;8) # =1
[12][14](23)(34) + (1 + 2) + (3 > 4); PF (6;8) # =2
[13][23](14)(24) + (3 < 4) (6;8) #=1
{[13]%[24]* + (1 + 2),[13][14][23][24]}; PF (8;8) # =4
[12]%(34)2; PF (8;8) #=2
[24]2(13)2 + [14]%(23)2 + (3 « 4) (8;8) #=1
(4.8)
At E° several new vvvv SCTs become independent in the (4+000), (+ + +0), and (+ + —0)

helicity categories.

[HL, Ma, Shadmi, Waterbury '23]

v
(12][34][142)(34) [12][34][23][134) [12]*(34)[423)

y.



2 constructions

So far: HEFT from bottom-up approach

Now: SMEFT from Top-down approach




Top-down

Starting point: massless on-shell amplitudes
[Durieux, Machado, '19], [Ma, Shu, Xiao ’'19]

*From massless amplitudes of the unbroken theory -> SMEFT low-energy
contact terms



https://arxiv.org/search/hep-ph?searchtype=author&query=Durieux%2C+G

Bolding

[Balkin, Durieux, Kitahara, Shadmi, Weiss ’21]

Higgsing/bolding to obtain the low-energy contact terms

*Massless SCTs featuring just fermions and vectors are simply bolded into
massive SCTs

*Masssless SCT featuring a scalar with a momentum insertion can give @
massive SCT featuring a vector

‘When the scalar is additional Higgs that gets vev, need to take the soft
limit by setting the momentum to zero



https://inspirehep.net/authors/1657351
https://inspirehep.net/authors/1273362
https://inspirehep.net/authors/1274068

Mapping between HEFT and SMEFT
example: WWhh




WWhh

Three-point terms Independent

Four-point terms

* The factorizable part is determined by the three-point couplings. The

non-factorizable (local) four-point term can be determined by
matching to the SMEFT

* In SMEFT, h and WL come from Higgs doubet H, the 4H operator
generates WL WL hh at the leading order

T
V2

H= g+~




Massless dim-6 SMEFT

* Massless SMEFT contact term [Ma, Shu, Xiao '19]
« Each kinematic structure in the physical

amplitudes can be associated with a
specific operator in the Warsaw basis

[HL, Ma, Shadmi, Waterbury '23]

Amplitude |

Contact term

| Warsaw basis operator | Coefficient

T+ lmn

A(H{H§H{H'H™H"™) ik Oy /6 c(ut iy
A(H¢HSH*H') s12T M Oup/2 + Oun/4 oty
A(H¢HSH*H') (513 — 523)T ;" Oup/2 — Oyp/4 cE . 2
A(B*B*H{HY) (12)%8] (Onp £i0pp)/2 BEHH

AB*W!*HHY) (12)%(o")] Ouws £iOnws | Cswnn
AWIHW I+ HeHY) (12)25"74] (Onw +i0uyw)/2 | Civwan
A(g**gP+HeHY) (12)%6456] (Onc £i0yc)/2 | Gonnm
A(LseHsH*H') 127" Ocrr /2 S hunn
A(Q5 " HsH H') (12T} 68 Oan /2 CosnmmH
A(Q u"HSHRH') [12]€imT;'rkW52 Oun /2 COuHHH
A(eCeHEHY) (142)67 OHe/2 Conbrar
A(uSub HEHY) (142)675% Ok /2 Cotin
A(dSdPHEHY) (142)675% Ona/2 o
A(uSd®H HY) (142]€9 68 OHua/2 Coitil
A(LSL HEHY) [142)T75" (0. +0R) /8 | ik
A(LSL HGHY) [142)T7" (0. -0R) /8 | ciii
A(Q5, Q" HEH') 142)T37's% (3055 +05%) /8 | coann
A(Qs, @ HEH") [142)T773% (Ofip—Op)/8 | cogtin
A(LseB* H) [13](23]6 ~i0e/(2v2) ctipn
A(Qg d*BTHY) [13](23]57 8¢ ~i04p/(2V2) CQdBH
A(Q; ;u’BT HY) [13][23] €53, —i0uB/(2V2) COuBH
A(LseW'* HY) [13](23](o")] —iOew /(2V2) e
AQ; ;"W HY) [13][23](c") 3% ~iOaw /(2V2) Codw i
AQ5 wWITHS) | [13][28] (0" el —iOuw /(2V/2) CuwH
A(Qs g HY) [13](23]87 (A4)} —i0ac/(2V2) CodaH
A(QS jubgt H) [13][23]ei; (A1)} —i0uc/(2V2) ChuciH
AWIEWIEWEE) | (12)(23)(31)l 7K (Ow +i0y,) /6 T
Alg**gP¢%%) | 12)(23)B1) 457 | (O £i04)/6 erere




WWhh

Amplitude Contact term Warsaw basis operator | Coefficient
A(H{HSHZH'H™H™) TH™" On/6 it )
TjE Rl — (5 k 5 L4 5 kst ;) A(H{HH*H') s12THM Onp/2+Ono/4 | <y
A(H¢HSH*H') (13 — 823)T 5" Oup/2 — Onn/4 gHiH)Q

A(HCHCH’“HZ) ZJ; T+kl A2(313_323)Tz‘;kl

12](12) = S[1{hoth) 1oy %[12]@2) _ —%su

5[

cy — 3c_ [12](12)
2 A?

Ccy — 3C_ 1
' > WWhh = = 9 = 4(Cuo — ZCHD)

MWW, hh) =

y.



HEFT and SMEFT mapping

Massive d = 6 amplitudes

SMEFT Wilson coefficients

MWW hh) = Cwnn(12)[12] Cwhn = (CEI-:)THP - 3021?%1{)2)/2
M(WLEWEhR) = Ciyyyp,(12)? Civwnn = 26w
M(Z1Z1hh) = O%y,(12)[12) C%onn = 2y
M(Z1Z1hh) = C7;,,(12)? O%2mn = v + SivCopmE + cWSW W i
M(gg+hh) = C, ., (12)2 Coonn = CGomn
M(yzychh) = C5(12) OS50 = svCwwam + CwCBBEE — CWSW B HE
M(v£Zhh) = C$Zhh(12)2 quzhh = SWeW Sy — SWeWCpmn + 3 (st — )W an
-In ==+ helicity of VVhh, M(hhhh) = Chnt Chn = =3¢ty +45 Veqrimye
M(fS frhh) = Cyfp,(12) Ciinn = 3Cupunnv/(2V2)

10 HEFT parameters and -~~~

Cfrwnl13](23)

Chion = (couiin — coati)/2

8 SMEFT parameters M(fe FLWih) = C; 30, (13)[23] Crfn =ty
M(fEFiWh) = Cfir,(13)(23) Ciiwn = Cvywn/?
M(f$f-ZLh) = C;rf_zoh[13]<23> C:L_eSZh = —i\/§c$;}(f;}, C;LL;EZh = _Z(c\;\;ISI-;} + C\;\;(;})/\/ﬁ
M(fef+ZLh) = Crfp,(13)[23] C;erzO;{CT = —iv2c, yn
M(f§ f+Z+h) = CF7,(13)(23) Ciizn = —(swCugnm + cwCagivu)/V2
M(f5 faryxh) = CF5; (13)(23) CTion = (—swegwn + cweyysn)/ V2
M(g5qs92h) = CorioA(13)(23) Caagh = Cwpr/ V2

[HL, Ma, Shadmi, Waterbury ’23]

A



Derive low-energy contact-term amplitudes
example: WWWW




WWWW

A1 /er = [12]%[34)269%6°¢ + [13]7[24]%69¢6% + [14]%[23]25%%6°¢

WeWwlwewe
As/co = ([13])%[24)% + [14)%[23]2)6°°5° + ([12]%[34]* + [14]?[23]?)5%¢5°¢

+([12]2[34]2 + [13])%[24]%)5*d5%¢

S — 2c2[12]7[34]% + (1 + ¢2)([13]%[24] + [14]7[23]?)
T (c1 + 3c2)([13]%[24]* + [14]%[23]%) — 4c2[13][14][23][24]

A



WWWW

LE SMEFT dim

wEWpww L 8

W W, Wiw™ 12]2(34)2 8

W W-_WIwz [13]%(24)* + Sym. 8
13][12][34](24) + Sym. 8

WIW, WIw;
13][14][23](24) + Sym.

WIW, WIW; 12][14](23)(34) + Sym. 8

o 12](34](12)(34)
WL Wy WEWE (13][24](13)(24) + Sym. 8




WWWW

wWow? H,HH" H1I [12]%(s34)  692(5i67 + 6167)

WIW I Wiw; »  0°[12]%[34](34)/A°




HEFT with EA3 and E*M

. Produced by SMEFT at 4-point amplitudes

. Produced by SMEFT at 6-point amplitudes

4.1.8 WIrwWtw-w-

I
=N OB =N N NN

FHFEFHRFHFHFEHRHRHE
I




Summary

*We derive the four-point contact terms of the standard model particles,
keeping terms with up to quartic energy growth. It will complete the 4-point
amplitudes together with the factorizable parts.

*Imposing just the unbroken low-energy symmetry, and treating the
electroweak gauge bosons and the Higgs as independent degrees of
freedom, we obtain the most general HEFT four-point contact-term
amplitudes.

For terms with quadratic energy growth, we also derive the low-energy
SMEFT predictions, via on-shell Higgsing of the massless SMEFT contact
terms, we also provide the mapping to the Warsaw basis.

« Our results provide a formulation of EFT analyses directly in terms of
observable quantities.

Thanks!
A



