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No evidence 
for new 
physics

S. Dawson
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ADD GKK + g/q 0 e, µ, τ, γ 1 − 4 j Yes 139 n = 2 2102.1087411.2 TeVMD

ADD non-resonant γγ 2 γ − − 36.7 n = 3 HLZ NLO 1707.041478.6 TeVMS

ADD QBH − 2 j − 37.0 n = 6 1703.091278.9 TeVMth

ADD BH multijet − ≥3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → γγ 2 γ − − 139 k/MPl = 0.1 2102.134054.5 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 1808.023802.3 TeVGKK mass

Bulk RS GKK →WV → #νqq 1 e, µ 2 j / 1 J Yes 139 k/MPl = 1.0 2004.146362.0 TeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥1 b, ≥1J/2j Yes 36.1 Γ/m = 15% 1804.108233.8 TeVgKK mass

2UED / RPP 1 e, µ ≥2 b, ≥3 j Yes 36.1 Tier (1,1), B(A(1,1) → tt) = 1 1803.096781.8 TeVKK mass

SSM Z ′ → ## 2 e, µ − − 139 1903.062485.1 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 36.1 1709.072422.42 TeVZ′ mass
Leptophobic Z ′ → bb − 2 b − 36.1 1805.092992.1 TeVZ′ mass
Leptophobic Z ′ → tt 0 e, µ ≥1 b, ≥2 J Yes 139 Γ/m = 1.2% 2005.051384.1 TeVZ′ mass

SSM W ′ → #ν 1 e, µ − Yes 139 1906.056096.0 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 139 ATLAS-CONF-2021-0255.0 TeVW′ mass

SSM W ′ → tb − ≥1 b, ≥1 J − 139 ATLAS-CONF-2021-0434.4 TeVW′ mass
HVT W ′ →WZ → #νqq model B 1 e, µ 2 j / 1 J Yes 139 gV = 3 2004.146364.3 TeVW′ mass

HVT W ′ →WZ → #ν #′#′ model C 3 e, µ 2 j (VBF) Yes 139 gV cH = 1, gf = 0 ATLAS-CONF-2022-005340 GeVW′ mass

HVT W ′ →WH model B 0 e, µ ≥1 b, ≥2 J 139 gV = 3 2007.052933.2 TeVW′ mass
LRSM WR → µNR 2 µ 1 J − 80 m(NR) = 0.5 TeV, gL = gR 1904.126795.0 TeVWR mass

CI qqqq − 2 j − 37.0 η−LL 1703.0912721.8 TeVΛ
CI ##qq 2 e, µ − − 139 η−LL 2006.1294635.8 TeVΛ
CI eebs 2 e 1 b − 139 g∗ = 1 2105.138471.8 TeVΛ
CI µµbs 2 µ 1 b − 139 g∗ = 1 2105.138472.0 TeVΛ
CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π 1811.023052.57 TeVΛ

Axial-vector med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=0.25, gχ=1, m(χ)=1 GeV 2102.108742.1 TeVmmed

Pseudo-scalar med. (Dirac DM) 0 e,µ, τ, γ 1 − 4 j Yes 139 gq=1, gχ=1, m(χ)=1 GeV 2102.10874376 GeVmmed

Vector med. Z ′-2HDM (Dirac DM) 0 e, µ 2 b Yes 139 tan β=1, gZ =0.8, m(χ)=100 GeV 2108.133913.1 TeVmmed

Pseudo-scalar med. 2HDM+a multi-channel 139 tan β=1, gχ=1, m(χ)=10 GeV ATLAS-CONF-2021-036560 GeVmmed

Scalar LQ 1st gen 2 e ≥2 j Yes 139 β = 1 2006.058721.8 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥2 j Yes 139 β = 1 2006.058721.7 TeVLQ mass

Scalar LQ 3rd gen 1 τ 2 b Yes 139 B(LQu
3 → bτ) = 1 2108.076651.2 TeVLQu

3
mass

Scalar LQ 3rd gen 0 e, µ ≥2 j, ≥2 b Yes 139 B(LQu
3 → tν) = 1 2004.140601.24 TeVLQu

3
mass

Scalar LQ 3rd gen ≥2 e, µ, ≥1 τ ≥1 j, ≥1 b − 139 B(LQd
3 → tτ) = 1 2101.115821.43 TeVLQd

3
mass

Scalar LQ 3rd gen 0 e, µ, ≥1 τ 0 − 2 j, 2 b Yes 139 B(LQd
3 → bν) = 1 2101.125271.26 TeVLQd

3
mass

Vector LQ 3rd gen 1 τ 2 b Yes 139 B(LQV
3 → bτ) = 0.5, Y-M coupl. 2108.076651.77 TeVLQV

3
mass

VLQ TT → Zt + X 2e/2µ/≥3e,µ ≥1 b, ≥1 j − 139 SU(2) doublet ATLAS-CONF-2021-0241.4 TeVT mass
VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet 1808.023431.34 TeVB mass
VLQ T5/3T5/3 |T5/3 →Wt + X 2(SS)/≥3 e,µ ≥1 b, ≥1 j Yes 36.1 B(T5/3 →Wt)= 1, c(T5/3Wt)= 1 1807.118831.64 TeVT5/3 mass

VLQ T → Ht/Zt 1 e, µ ≥1 b, ≥3 j Yes 139 SU(2) singlet, κT = 0.5 ATLAS-CONF-2021-0401.8 TeVT mass

VLQ Y →Wb 1 e, µ ≥1 b, ≥1 j Yes 36.1 B(Y →Wb)= 1, cR (Wb)= 1 1812.073431.85 TeVY mass

VLQ B → Hb 0 e,µ ≥2b, ≥1j, ≥1J − 139 SU(2) doublet, κB= 0.3 ATLAS-CONF-2021-0182.0 TeVB mass

Excited quark q∗ → qg − 2 j − 139 only u∗ and d∗, Λ = m(q∗) 1910.084476.7 TeVq∗ mass

Excited quark q∗ → qγ 1 γ 1 j − 36.7 only u∗ and d∗, Λ = m(q∗) 1709.104405.3 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 36.1 1805.092992.6 TeVb∗ mass
Excited lepton #∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeV!∗ mass
Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 2,3,4 e, µ ≥2 j Yes 139 2202.02039910 GeVN0 mass
LRSM Majorana ν 2 µ 2 j − 36.1 m(WR ) = 4.1 TeV, gL = gR 1809.111053.2 TeVNR mass

Higgs triplet H±± →W ±W ± 2,3,4 e,µ (SS) various Yes 139 DY production 2101.11961350 GeVH±± mass
Higgs triplet H±± → ## 2,3,4 e,µ (SS) − − 139 DY production ATLAS-CONF-2022-0101.08 TeVH±± mass
Higgs triplet H±± → #τ 3 e,µ, τ − − 20.3 DY production, B(H±±

L
→ #τ) = 1 1411.2921400 GeVH±± mass

Multi-charged particles − − − 36.1 DY production, |q| = 5e 1812.036731.22 TeVmulti-charged particle mass

Magnetic monopoles − − − 34.4 DY production, |g | = 1gD , spin 1/2 1905.101302.37 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

partial data

√
s = 13 TeV
full data

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits
Status: March 2022

ATLAS Preliminary∫
L dt = (3.6 – 139) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.

†Small-radius (large-radius) jets are denoted by the letter j (J).

1 TeV



Higgs Couplings look 
like the SM
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• Couplings proportional to mass

Higgs couplings to 
fermions and gauge 
bosons fixed in SM

Higgs couplings can be 
windows to new physics

S. Dawson

SMEFT is tool of choice



Assume a hierarchy of scales

L >> MW where complete theory exists
• Any new particles or symmetries are at this scale
• Expect effects of heavy particles at low scales to be suppressed

MW
Only SM particles in theory at low scales

This is sad scenario where there is 
no intermediate scale physics

Learn about high scale physics by measuring 
coefficients of effective operators with global fits

S. Dawson



SMEFT: SM Effective Field theory
• Assumptions:  New physics decouples L >> v, E
• At the weak scale:  SM SU(3) x SU(2) x U(1) symmetry and SM particles only 
• New physics described by

• New physics contributions contained in coefficients C
• Operators form a complete basis (not unique) 
• L5 and L7 are lepton number violating

LSMEFT = LSM +
L5

⇤
+

L6

⇤2
+

L7

⇤3
+

L8

⇤4
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Assume Higgs is in an 
SU(2) doublet

S. Dawson



Problem #1: Too many operators

• SMEFT studies are typically terminated at dimension-6
• 2499 operators:  Must make assumptions
• Typically assume U(3)5 flavor symmetry: 70 operators
• But…. We know the third generation is heavier
• Let the 3rd generation be different and assume U(2)5 symmetry
• Redo NLO SMEFT fit to EWPO observables with various flavor 

assumptions
• EW+QCD included (QCD has been automated)
• SMEFT calculation can be written as dsSM+dsSMEFT/L2

• Replace dsSM with most accurate SM calculation



W and Z pole observables
• Fit to 14 data points—inputs are Gµ, MZ, a

• Tree level SMEFT expressions depend on 8 combinations of operators (assuming 
flavor independence)

• At NLO in SMEFT, dependence on 32 coefficients

MW ,�W ,�Z ,�h, Al,FB , Ab,FB , Ac,FB , Ab, Ac, Al, Rl, Rb, Rc
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

Cll, C�WB , C�u, C
(3)
�q , C

(1)
�q , C

(3)
�l , C

(1)
�l , C�e, C�D, C�d
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⇒ 2 blind directions at LO (resolved by other measurements)

S. Dawson

Z

(a) (b)

γ

(c)

+ more….Full NLO calculation:

SD, Giardino, 1909.02000

https://arxiv.org/pdf/1909.02000.pdf


Coe�cient LO NLO

C�D [�0.034, 0.041] [-0.039,0.051]

C�WB [�0.080, 0.0021] [�0.098, 0.012]

C�d [�0.81,�0.093] [�1.07,�0.03]

C(3)
�l [�0.025, 0.12] [�0.039, 0.16]

C�u [�0.12, 0.37] [�0.21, 0.41]

C(1)
�l [�0.0086, 0.036] [�0.0072, 0.037]

Cll [�0.085, 0.035] [�0.087, 0.033]

C(1)
�q [�0.060, 0.076] [�0.095, 0.075]

1

NLO SMEFT effects on pole observables
• Fits marginalizing over other coefficients

• Neglect flavor effects
• Contribution from top in loop 

NLO effects  can be important

S. Dawson



Future limits need NLO SMEFT



EWPO with flavor

• Allow coefficients to have flavor dependence
• Some operators contribute both to top pair 

production at the LHC and to EWPO at 1-loop
• For some operators, similar sensitivity

SMEFT message:  CONNECTIONS between data sets
Dawson, Giardino: arXiv:2201.09887
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<latexit sha1_base64="AAQPjHpqp3D2AZxKcGJsAIFDbRk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpRERXss9OKxBfsBbVo22227dLOJuxulhPwPLx4U8ep/8ea/cdvmoK0PBh7vzTAzzws5U9q2v63M2vrG5lZ2O7ezu7d/kD88aqogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1RnfuuRSsUCca+nIXV9PBJsyAjWRupV+3H9IenFxauL8nnSzxfskj0HWiVOSgqQotbPf3UHAYl8KjThWKmOY4fajbHUjHCa5LqRoiEmEzyiHUMF9qly4/nVCTozygANA2lKaDRXf0/E2Fdq6num08d6rJa9mfif14n0sOzGTISRpoIsFg0jjnSAZhGgAZOUaD41BBPJzK2IjLHERJugciYEZ/nlVdK8LDk3Jad+XagU0ziycAKnUAQHbqECd1CDBhCQ8Ayv8GY9WS/Wu/WxaM1Y6cwx/IH1+QMk8pGM</latexit>

C(3,8)
Qq

<latexit sha1_base64="FOoMwfj19yFA6vakqA5CawiTdz8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQQUpWRD0WevHYgv2ANi2b7aZdutnE3Y1SQv6HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ50WcKe0431ZubX1jcyu/XdjZ3ds/KB4etVQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtTWozv/1IpWKhuNfTiLoBHgnmM4K1kfq1QdJ4SPtJGV2g83RQLDkVZw57laCMlCBDfVD86g1DEgdUaMKxUl3kRNpNsNSMcJoWerGiESYTPKJdQwUOqHKT+dWpfWaUoe2H0pTQ9lz9PZHgQKlp4JnOAOuxWvZm4n9eN9b+rZswEcWaCrJY5Mfc1qE9i8AeMkmJ5lNDMJHM3GqTMZaYaBNUwYSAll9eJa3LCrquoMZVqVrO4sjDCZxCGRDcQBXuoA5NICDhGV7hzXqyXqx362PRmrOymWP4A+vzBxc4kYM=</latexit>

C(1,1)
Qq

<latexit sha1_base64="HFqmPYOgN9neiGupk4USY7Et4qA=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUkJKIaI+FXjy2YD+gTctmu2mXbjZxd6OUkP/hxYMiXv0v3vw3btsctPXBwOO9GWbmeRFnStv2t7W2vrG5tZ3bye/u7R8cFo6OWyqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2JrWZ336kUrFQ3OtpRN0AjwTzGcHaSP3aIGk8pP2k5FxWLtJBoWiX7TnQKnEyUoQM9UHhqzcMSRxQoQnHSnUdO9JugqVmhNM034sVjTCZ4BHtGipwQJWbzK9O0blRhsgPpSmh0Vz9PZHgQKlp4JnOAOuxWvZm4n9eN9Z+xU2YiGJNBVks8mOOdIhmEaAhk5RoPjUEE8nMrYiMscREm6DyJgRn+eVV0roqOzdlp3FdrJayOHJwCmdQAgduoQp3UIcmEJDwDK/wZj1ZL9a79bFoXbOymRP4A+vzByHikYo=</latexit>

C(1,8)
Qq

<latexit sha1_base64="Z5zPwFXgu1VQDE7xsBnzCNCH2oE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY+FXjy2YD+gjWWz3bRLN5uwOxFKyN/w4kERr/4Zb/4bt20O2vpg4PHeDDPz/FhwjY7zbRU2Nre2d4q7pb39g8Oj8vFJR0eJoqxNIxGpnk80E1yyNnIUrBcrRkJfsK4/bcz97hNTmkfyAWcx80IyljzglKCRBo1h2sLsMa26l9mwXHFqzgL2OnFzUoEczWH5azCKaBIyiVQQrfuuE6OXEoWcCpaVBolmMaFTMmZ9QyUJmfbSxc2ZfWGUkR1EypREe6H+nkhJqPUs9E1nSHCiV725+J/XTzC481Iu4wSZpMtFQSJsjOx5APaIK0ZRzAwhVHFzq00nRBGKJqaSCcFdfXmddK5q7k3NbV1X6tU8jiKcwTlUwYVbqMM9NKENFGJ4hld4sxLrxXq3PpatBSufOYU/sD5/ADzekRU=</latexit>

C(1)
Qt

<latexit sha1_base64="pYWYeq3l0VMaQXKHF49NBQSvkx4=">AAAB83icbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RjmScPEIiSAJrKRbutDQ7W7argnZ7N/w4kFjvPpnvPlvLLAHBV8yyct7M5mZ58eCa+M436iwsbm1vVPcLe3tHxwelY9PujpKFGUdGolI9XyimeCSdQw3gvVixUjoC/bgT5tz/+GJKc0jeW9mMfNCMpY84JQYKw2aw7Tdzh7Tav0yG5YrTs1ZAK8TNycVyNEalr8Go4gmIZOGCqJ133Vi46VEGU4Fy0qDRLOY0CkZs76lkoRMe+ni5gxfWGWEg0jZkgYv1N8TKQm1noW+7QyJmehVby7+5/UTE9S9lMs4MUzS5aIgEdhEeB4AHnHFqBEzSwhV3N6K6YQoQo2NqWRDcFdfXifdq5p7U3Pb15VGNY+jCGdwDlVw4RYacAct6ACFGJ7hFd5Qgl7QO/pYthZQPnMKf4A+fwARh5D5</latexit>

C(8)
QQ

<latexit sha1_base64="Q3zA2Ni6rxiDEw8MChMvv26j2VQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspGRD0WevHYgv2Adi3ZNNuGZrNLkhXKsn/DiwdFvPpnvPlvTNs9aOuDgcd7M8zM82PBtXHdb6ewsbm1vVPcLe3tHxwelY9POjpKFGVtGolI9XyimeCStQ03gvVixUjoC9b1p425331iSvNIPphZzLyQjCUPOCXGSoPGMG21sse0ii+zYbni1twF0DrBOalAjuaw/DUYRTQJmTRUEK372I2NlxJlOBUsKw0SzWJCp2TM+pZKEjLtpYubM3RhlREKImVLGrRQf0+kJNR6Fvq2MyRmole9ufif109McOelXMaJYZIuFwWJQCZC8wDQiCtGjZhZQqji9lZEJ0QRamxMJRsCXn15nXSuavimhlvXlXo1j6MIZ3AOVcBwC3W4hya0gUIMz/AKb07ivDjvzseyteDkM6fwB87nDwbdkPI=</latexit>

C(1)
QQ

S. Dawson

Z

b

b

1

t

t

Aguilar Saaveddra et al, 1802.07237
Logarithmic contributions of top operators to 
EWPO: de Blas, Chala, Santiago, 1507.00757

https://arxiv.org/pdf/2201.09887.pdf
https://arxiv.org/pdf/1802.07237.pdf
https://arxiv.org/pdf/1507.00757.pdf


Z pole observables constrain SMEFT flavor

-20

0

20

C/
L

2  [T
eV

-2
]

LEP EWPO
FCC-ee (Tera-Z)
ILC (Giga-Z)

95% CL limits from NLO EWPO on 4-fermion operators

<latexit sha1_base64="dMw7pkyeaOPiEeE1fzn19nkf2QU=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXhswX5AG8tms2mXbjZhdyOUkL/hxYMiXv0z3vw3btMctPXBwOO9GWbmeTFnStv2t1Xa2Nza3invVvb2Dw6PqscnPRUlktAuiXgkBx5WlDNBu5ppTgexpDj0OO17s9bC7z9RqVgkHvQ8pm6IJ4IFjGBtpFFrnHb87DGtO5fZuFqzG3YOtE6cgtSgQHtc/Rr5EUlCKjThWKmhY8faTbHUjHCaVUaJojEmMzyhQ0MFDqly0/zmDF0YxUdBJE0JjXL190SKQ6XmoWc6Q6ynatVbiP95w0QHd27KRJxoKshyUZBwpCO0CAD5TFKi+dwQTCQztyIyxRITbWKqmBCc1ZfXSe+q4dw0nM51rVkv4ijDGZxDHRy4hSbcQxu6QCCGZ3iFNyuxXqx362PZWrKKmVP4A+vzByQukQU=</latexit>

C(1)
Qd

<latexit sha1_base64="znxeaz9A/ViN68AGXY+u4VnbKyA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY+FXjxWsLXQxrLZbNqlm03YnQgl5G948aCIV/+MN/+N2zYHbX0w8Hhvhpl5fiK4Rsf5tkpr6xubW+Xtys7u3v5B9fCoq+NUUdahsYhVzyeaCS5ZBzkK1ksUI5Ev2IM/ac38hyemNI/lPU4T5kVkJHnIKUEjDVrDDIP8Mau75/mwWnMazhz2KnELUoMC7WH1axDENI2YRCqI1n3XSdDLiEJOBcsrg1SzhNAJGbG+oZJETHvZ/ObcPjNKYIexMiXRnqu/JzISaT2NfNMZERzrZW8m/uf1UwxvvIzLJEUm6WJRmAobY3sWgB1wxSiKqSGEKm5utemYKELRxFQxIbjLL6+S7kXDvWq4d5e1Zr2IowwncAp1cOEamnALbegAhQSe4RXerNR6sd6tj0VrySpmjuEPrM8fWlKRKA==</latexit>

C(1)
td

<latexit sha1_base64="4GKPhwYgYtKTOitWeUOC+lOwnw4=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GcvGYgHlAsobZyWwyZHZ2mYcQlv0NLx4U8erPePNvnCR70MSChqKqm+6uIOFMadf9dgobm1vbO8Xd0t7+weFR+fiko2IjCW2TmMeyF2BFORO0rZnmtJdIiqOA024wbcz97hOVisXiQc8S6kd4LFjICNZWGjSGactkj2nVu8yG5YpbcxdA68TLSQVyNIflr8EoJiaiQhOOlep7bqL9FEvNCKdZaWAUTTCZ4jHtWypwRJWfLm7O0IVVRiiMpS2h0UL9PZHiSKlZFNjOCOuJWvXm4n9e3+jwzk+ZSIymgiwXhYYjHaN5AGjEJCWazyzBRDJ7KyITLDHRNqaSDcFbfXmddK5q3k3Na11X6tU8jiKcwTlUwYNbqMM9NKENBBJ4hld4c4zz4rw7H8vWgpPPnMIfOJ8/PmmRFg==</latexit>

C(1)
Qu

<latexit sha1_base64="1rKyp2CdmPPgaDERMzioqhxLNqo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh4LvXisYGuhjWWz3bRLN5uwOxFK6N/w4kERr/4Zb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrTkANl0LxFgqUvJNoTqNA8odg3Jj5D09cGxGre5wk3I/oUIlQMIpW6jX6GabTx6zqnU/75Ypbc+cgq8TLSQVyNPvlr94gZmnEFTJJjel6boJ+RjUKJvm01EsNTygb0yHvWqpoxI2fzW+ekjOrDEgYa1sKyVz9PZHRyJhJFNjOiOLILHsz8T+vm2J442dCJSlyxRaLwlQSjMksADIQmjOUE0so08LeStiIasrQxlSyIXjLL6+S9kXNu6p5d5eVejWPowgncApV8OAa6nALTWgBgwSe4RXenNR5cd6dj0VrwclnjuEPnM8fdI2ROQ==</latexit>

C(1)
tu

<latexit sha1_base64="nG9H/hgp+benraBf9kShH6dbvZ0=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRHMM5OIxgnlAsobZyWwyZHZ2mYcQlv0NLx4U8erPePNvnCR70MSChqKqm+6uIOFMadf9dgobm1vbO8Xd0t7+weFR+fiko2IjCW2TmMeyF2BFORO0rZnmtJdIiqOA024wbc797hOVisXiQc8S6kd4LFjICNZWGjSHqTbZY1qtX2bDcsWtuQugdeLlpAI5WsPy12AUExNRoQnHSvU9N9F+iqVmhNOsNDCKJphM8Zj2LRU4ospPFzdn6MIqIxTG0pbQaKH+nkhxpNQsCmxnhPVErXpz8T+vb3RY91MmEqOpIMtFoeFIx2geABoxSYnmM0swkczeisgES0y0jalkQ/BWX14nnauad1Pz7q8rjWoeRxHO4Byq4MEtNOAOWtAGAgk8wyu8OcZ5cd6dj2VrwclnTuEPnM8ffzeRQA==</latexit>

C(8)
tu

<latexit sha1_base64="M4d1ZKW1yAFTEuXYyaVHj738hQw=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoMQL2FXRD0GcvEYwTwgWcPsZDYZMvtwplcIy/6GFw+KePVnvPk3TpI9aGJBQ1HVTXeXF0uh0ba/rcLa+sbmVnG7tLO7t39QPjxq6yhRjLdYJCPV9ajmUoS8hQIl78aK08CTvONNGjO/88SVFlF4j9OYuwEdhcIXjKKR+o1Bio/ZQ1p1zrNBuWLX7DnIKnFyUoEczUH5qz+MWBLwEJmkWvccO0Y3pQoFkzwr9RPNY8omdMR7hoY04NpN5zdn5MwoQ+JHylSIZK7+nkhpoPU08ExnQHGsl72Z+J/XS9C/cVMRxgnykC0W+YkkGJFZAGQoFGcop4ZQpoS5lbAxVZShialkQnCWX14l7Yuac1Vz7i4r9WoeRxFO4BSq4MA11OEWmtACBjE8wyu8WYn1Yr1bH4vWgpXPHMMfWJ8/bmGRNQ==</latexit>

C(1)
tq

<latexit sha1_base64="TWxinwuME/kwuGprV7olHC5WMis=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUkJKoqMdCLx5bsB/QpmWz3bRLN5u4u1FKyP/w4kERr/4Xb/4bt20O2vpg4PHeDDPzvIgzpW3721pZXVvf2Mxt5bd3dvf2CweHTRXGktAGCXko2x5WlDNBG5ppTtuRpDjwOG154+rUbz1SqVgo7vUkom6Ah4L5jGBtpF61n9Qf0l5Sujx3ztJ+oWiX7RnQMnEyUoQMtX7hqzsISRxQoQnHSnUcO9JugqVmhNM0340VjTAZ4yHtGCpwQJWbzK5O0alRBsgPpSmh0Uz9PZHgQKlJ4JnOAOuRWvSm4n9eJ9b+rZswEcWaCjJf5Mcc6RBNI0ADJinRfGIIJpKZWxEZYYmJNkHlTQjO4svLpHlRdq7LTv2qWCllceTgGE6gBA7cQAXuoAYNICDhGV7hzXqyXqx362PeumJlM0fwB9bnDxpIkYU=</latexit>

C(3,1)
Qq

<latexit sha1_base64="AAQPjHpqp3D2AZxKcGJsAIFDbRk=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBahgpRERXss9OKxBfsBbVo22227dLOJuxulhPwPLx4U8ep/8ea/cdvmoK0PBh7vzTAzzws5U9q2v63M2vrG5lZ2O7ezu7d/kD88aqogkoQ2SMAD2fawopwJ2tBMc9oOJcW+x2nLm1RnfuuRSsUCca+nIXV9PBJsyAjWRupV+3H9IenFxauL8nnSzxfskj0HWiVOSgqQotbPf3UHAYl8KjThWKmOY4fajbHUjHCa5LqRoiEmEzyiHUMF9qly4/nVCTozygANA2lKaDRXf0/E2Fdq6num08d6rJa9mfif14n0sOzGTISRpoIsFg0jjnSAZhGgAZOUaD41BBPJzK2IjLHERJugciYEZ/nlVdK8LDk3Jad+XagU0ziycAKnUAQHbqECd1CDBhCQ8Ayv8GY9WS/Wu/WxaM1Y6cwx/IH1+QMk8pGM</latexit>

C(3,8)
Qq

<latexit sha1_base64="FOoMwfj19yFA6vakqA5CawiTdz8=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BItQQUpWRD0WevHYgv2ANi2b7aZdutnE3Y1SQv6HFw+KePW/ePPfuG1z0NYHA4/3ZpiZ50WcKe0431ZubX1jcyu/XdjZ3ds/KB4etVQYS0KbJOSh7HhYUc4EbWqmOe1EkuLA47TtTWozv/1IpWKhuNfTiLoBHgnmM4K1kfq1QdJ4SPtJGV2g83RQLDkVZw57laCMlCBDfVD86g1DEgdUaMKxUl3kRNpNsNSMcJoWerGiESYTPKJdQwUOqHKT+dWpfWaUoe2H0pTQ9lz9PZHgQKlp4JnOAOuxWvZm4n9eN9b+rZswEcWaCrJY5Mfc1qE9i8AeMkmJ5lNDMJHM3GqTMZaYaBNUwYSAll9eJa3LCrquoMZVqVrO4sjDCZxCGRDcQBXuoA5NICDhGV7hzXqyXqx362PRmrOymWP4A+vzBxc4kYM=</latexit>

C(1,1)
Qq

<latexit sha1_base64="HFqmPYOgN9neiGupk4USY7Et4qA=">AAAB9XicbVBNS8NAEJ34WetX1aOXxSJUkJKIaI+FXjy2YD+gTctmu2mXbjZxd6OUkP/hxYMiXv0v3vw3btsctPXBwOO9GWbmeRFnStv2t7W2vrG5tZ3bye/u7R8cFo6OWyqMJaFNEvJQdjysKGeCNjXTnHYiSXHgcdr2JrWZ336kUrFQ3OtpRN0AjwTzGcHaSP3aIGk8pP2k5FxWLtJBoWiX7TnQKnEyUoQM9UHhqzcMSRxQoQnHSnUdO9JugqVmhNM034sVjTCZ4BHtGipwQJWbzK9O0blRhsgPpSmh0Vz9PZHgQKlp4JnOAOuxWvZm4n9eN9Z+xU2YiGJNBVks8mOOdIhmEaAhk5RoPjUEE8nMrYiMscREm6DyJgRn+eVV0roqOzdlp3FdrJayOHJwCmdQAgduoQp3UIcmEJDwDK/wZj1ZL9a79bFoXbOymRP4A+vzByHikYo=</latexit>

C(1,8)
Qq

<latexit sha1_base64="Z5zPwFXgu1VQDE7xsBnzCNCH2oE=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BItQLyURUY+FXjy2YD+gjWWz3bRLN5uwOxFKyN/w4kERr/4Zb/4bt20O2vpg4PHeDDPz/FhwjY7zbRU2Nre2d4q7pb39g8Oj8vFJR0eJoqxNIxGpnk80E1yyNnIUrBcrRkJfsK4/bcz97hNTmkfyAWcx80IyljzglKCRBo1h2sLsMa26l9mwXHFqzgL2OnFzUoEczWH5azCKaBIyiVQQrfuuE6OXEoWcCpaVBolmMaFTMmZ9QyUJmfbSxc2ZfWGUkR1EypREe6H+nkhJqPUs9E1nSHCiV725+J/XTzC481Iu4wSZpMtFQSJsjOx5APaIK0ZRzAwhVHFzq00nRBGKJqaSCcFdfXmddK5q7k3NbV1X6tU8jiKcwTlUwYVbqMM9NKENFGJ4hld4sxLrxXq3PpatBSufOYU/sD5/ADzekRU=</latexit>

C(1)
Qt

<latexit sha1_base64="pYWYeq3l0VMaQXKHF49NBQSvkx4=">AAAB83icbVBNTwIxEJ3iF+IX6tFLIzHBC9k1RjmScPEIiSAJrKRbutDQ7W7argnZ7N/w4kFjvPpnvPlvLLAHBV8yyct7M5mZ58eCa+M436iwsbm1vVPcLe3tHxwelY9PujpKFGUdGolI9XyimeCSdQw3gvVixUjoC/bgT5tz/+GJKc0jeW9mMfNCMpY84JQYKw2aw7Tdzh7Tav0yG5YrTs1ZAK8TNycVyNEalr8Go4gmIZOGCqJ133Vi46VEGU4Fy0qDRLOY0CkZs76lkoRMe+ni5gxfWGWEg0jZkgYv1N8TKQm1noW+7QyJmehVby7+5/UTE9S9lMs4MUzS5aIgEdhEeB4AHnHFqBEzSwhV3N6K6YQoQo2NqWRDcFdfXifdq5p7U3Pb15VGNY+jCGdwDlVw4RYacAct6ACFGJ7hFd5Qgl7QO/pYthZQPnMKf4A+fwARh5D5</latexit>

C(8)
QQ

<latexit sha1_base64="Q3zA2Ni6rxiDEw8MChMvv26j2VQ=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahXspGRD0WevHYgv2Adi3ZNNuGZrNLkhXKsn/DiwdFvPpnvPlvTNs9aOuDgcd7M8zM82PBtXHdb6ewsbm1vVPcLe3tHxwelY9POjpKFGVtGolI9XyimeCStQ03gvVixUjoC9b1p425331iSvNIPphZzLyQjCUPOCXGSoPGMG21sse0ii+zYbni1twF0DrBOalAjuaw/DUYRTQJmTRUEK372I2NlxJlOBUsKw0SzWJCp2TM+pZKEjLtpYubM3RhlREKImVLGrRQf0+kJNR6Fvq2MyRmole9ufif109McOelXMaJYZIuFwWJQCZC8wDQiCtGjZhZQqji9lZEJ0QRamxMJRsCXn15nXSuavimhlvXlXo1j6MIZ3AOVcBwC3W4hya0gUIMz/AKb07ivDjvzseyteDkM6fwB87nDwbdkPI=</latexit>

C(1)
QQ

ILC (Giga-Z) 100 fb-1

FCC-ee (Tera-Z) 150 ab-1

Assume new physics only in 3rd generation



Problem #2:  Why not include dim-8?

• SMEFT

• Problem is that (A6)2 terms are the same order as A8 terms that we have 
dropped when counting in 1/L
• If we only keep A6/L2 terms and drop (A6/L2)2, the cross section is not 

guaranteed to be finite 
• Corrections are O(s/L2) or O(v2/L2)

L ! LSM + ⌃i
C6i

⇤2
O6i + ⌃i

C8i

⇤4
O8i + ...

A2 ⇠| ASM +
A6

⇤2
+ ... |2⇠ A2

SM +
ASMA6

⇤2
+

A2
6

⇤4
+ ....

S. Dawson

* GeoSMEFT gives all orders in v2/L2 for 2- and 3-point functions
Helset, Martin, Trott, 2001.01453

https://arxiv.org/pdf/2001.01453.pdf
https://arxiv.org/pdf/2001.01453.pdf


Goal is to infer BSM physics from patterns of 
coefficients

* These are particularly simple toy models

• Compare models with new 
scalars or new heavy 
top/bottom VLQs at the high 
energy scale

• Do global fits to just the sets 
of operators generated in 
these models

• Fits can restrict high scale 
models

Scale of new physics

Coupling 
strength 
(mixing angle)  
of high scale 
new physics

SD, Homiller, Lane, 2007.01296

Do dimension-8 terms 
invalidate this type of study?

https://arxiv.org/pdf/2007.01296.pdf


Study models with dim-8 contributions
• Model #1:  Top vector-like quark T

• Integrate out T keeping terms to O(1/M4)
• At dim-6, rescale Yukawas from T integration
• At dim-8 
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SD, S. Homiller, M. Sullivan, 2110.06929

https://arxiv.org/pdf/2110.06929.pdf


Dim-8 in TVLQ
• Very small effects from dim-8 …..

λT = 3.0, m� = 2 TeVpp → tth →W+bW-b h, s = 13 TeV
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SD, S. Homiller, M. Sullivan, 2110.06929

https://arxiv.org/pdf/2110.06929.pdf


More complicated model with dim-8 effects
• SMEFT limit of 2HDM to dim-8 
• Consider CP conserving 2HDM:  H1, H2
• Use Higgs basis, so only one doublet (H1)  gets VEV
• Integrate out H2 using covariant derivative expansion
• Theory described by cos(b-a), scalar and fermion masses, tan b
• Take limit MA, MH+, MH0 → ∞ and match to dimension-8 SMEFT Lagrangian

New operators at dim-6 change Higgs-fermion Yukawas and 
Higgs tri-linear,  but don’t generate momentum dependence 

Belusca –Maito et al,1611.01112

https://arxiv.org/pdf/1611.01112.pdf


2HDM to dim-8
• At dim-8, new coefficients generate hVV interactions along with momentum 

dependent  operators contributing to hh, VV production

SD, D. Fontes, S. Homiller, and M. Sullivan, 2205.01561
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https://arxiv.org/pdf/2205.01561.pdf


Scale dependence for CH

• CH modifies Higgs tri-linear
• Affects Higgs coupling limits through 

loop contributions

• CH scaling different than Yukawa like 
terms Type-I 2HDM
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Degrassi, Giardino, Maltoni, Pagani, 1607.04251

https://arxiv.org/pdf/1607.04251.pdf


Conclusions

• SMEFT has richer structure than “out of the 
box” implementation
• Need flavor structure, NLO SMEFT loops
• Necessity for dim-8 terms warrants 

further study
• I have approached it top down (look at 

models)
• Bottoms up approach categorizes operators 

that make large contributions at dim-8
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