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LHC 
measurements 
look “SM-like”

Theory/experiment 
agreement over many orders 
of magnitude and for many 
different processes
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� = 22.5 + 4.7 � 3.4 + 6.6 � 5.5 fb (data)
NLO QCD + EW (theory) 140 EPJC 83 (2023) 496

� = 0.55 ± 0.14 + 0.15 � 0.13 pb (data)
Sherpa 2.2.2 (theory) 79.8 PLB 798 (2019) 134913

� = 0.82 ± 0.01 ± 0.08 pb (data)
NLO QCD (theory) 139 PRL 129 (2022) 061803

� = 176 + 52 � 48 ± 24 fb (data)
HELAC-NLO (theory) 20.3 JHEP 11, 172 (2015)

� = 860 ± 40 ± 40 fb (data)
NLO + NNLL (theory) 140 arXiv:2312.04450

� = 369 + 86 � 79 ± 44 fb (data)
MCFM (theory) 20.3 JHEP 11 (2015) 172

� = 880 ± 50 ± 70 fb (data)
NNLO QCD + NLO EW (theory) 140 JHEP 05 (2024) 131

� = 4.8 ± 0.8 + 1.6 � 1.3 pb (data)
NLO+NNL (theory) 20.3 PLB 756 (2016) 228-246

� = 8.2 ± 0.6 + 3.4 � 2.8 pb (data)
NLO+NNL (theory) 140 JHEP 06 (2023) 191

� = 6.7 ± 0.7 + 0.5 � 0.4 pb (data)
NNLO (theory) 4.6 JHEP 03 (2013) 128

PLB 735 (2014) 311

� = 7.3 ± 0.4 + 0.4 � 0.3 pb (data)
NNLO (theory) 20.3 JHEP 01 (2017) 099

� = 17.3 ± 0.6 ± 0.8 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 36.1 PRD 97 (2018) 032005

� = 16.9 ± 0.7 ± 0.7 pb (data)
Matrix (NNLO) & Sherpa (NLO) (theory) 29.0 PLB 855 (2024) 138764

� = 19 + 1.4 � 1.3 ± 1 pb (data)
MATRIX (NNLO) (theory) 4.6 EPJC 72 (2012) 2173

� = 24.3 ± 0.6 ± 0.9 pb (data)
MATRIX (NNLO) (theory) 20.3 PRD 93, 092004 (2016)

� = 51 ± 0.8 ± 2.3 pb (data)
MATRIX (NNLO) (theory) 36.1 EPJC 79 (2019) 535

� = 51.9 ± 2 ± 4.4 pb (data)
NNLO (theory) 4.6 PRD 87 (2013) 112001

PRL 113 (2014) 212001

� = 68.2 ± 1.2 ± 4.6 pb (data)
NNLO (theory) 20.3 PLB 763, 114 (2016)

� = 130.04 ± 1.7 ± 10.6 pb (data)
NNLO (theory) 36.1 EPJC 79 (2019) 884

� = 22.1 + 6.7 � 5.3 + 3.3 � 2.7 pb (data)
LHC-HXSWG YR4 (theory) 4.5 EPJC 76 (2016) 6

� = 27.7 ± 3 + 2.3 � 1.9 pb (data)
LHC-HXSWG YR4 (theory) 20.3 EPJC 76 (2016) 6

� = 55.5 ± 3.2 + 2.4 � 2.2 pb (data)
LHC-HXSWG YR4 (theory) 139 JHEP 05 (2023) 028

� = 58.2 ± 7.5 ± 4.5 pb (data)
LHC-HXSWG YR4 (theory) 31.4 EPJC 84 (2024) 78

� = 16.8 ± 2.9 ± 3.9 pb (data)
NLO+NLL (theory) 2.0 PLB 716, 142-159 (2012)

� = 23 ± 1.3 + 3.4 � 3.7 pb (data)
NLO+NLL (theory) 20.3 JHEP 01, 064 (2016)

� = 94 ± 10 + 28 � 23 pb (data)
NLO+NNLL (theory) 3.2 JHEP 01 (2018) 63

� = 27.1 + 4.4 � 4.1 + 4.4 � 3.7 pb (data)
MCFM (NNLO) (theory) 0.3 PLB 854 (2024) 138726

� = 68 ± 2 ± 8 pb (data)
MCFM (NNLO) (theory) 4.6 PRD 90, 112006 (2014)

� = 89.6 ± 1.7 + 7.2 � 6.4 pb (data)
MCFM (NNLO) (theory) 20.3 EPJC 77 (2017) 531

� = 221 ± 1 ± 13 pb (data)
MCFM (NNLO) (theory) 140 JHEP 05 (2024) 305

� = 67.5 ± 0.9 ± 2.6 pb (data)
LHC TOP WG (theory) 0.3 JHEP 06 (2023) 138

� = 182.9 ± 3.1 ± 6.4 pb (data)
LHC TOP WG (theory) 4.6 EPJC 74 (2014) 3109

� = 242.9 ± 1.7 ± 8.6 pb (data)
LHC TOP WG (theory) 20.2 EPJC 74 (2014) 3109

� = 829 ± 1 ± 15.4 pb (data)
LHC TOP WG (theory) 140 JHEP 07 (2023) 141

� = 850 ± 3 ± 27 pb (data)
LHC TOP WG (theory) 29.0 PLB 848 (2024) 138376

� = 20.11 ± 0.04 ± 0.35 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 29.53 ± 0.03 ± 0.77 nb (data)
DYNNLO+CT14 NNLO (theory) 4.6 JHEP 02 (2017) 117

� = 34.24 ± 0.03 ± 0.92 nb (data)
DYNNLO+CT14 NNLO (theory) 20.2 JHEP 02 (2017) 117

� = 60.18 ± 0.2 ± 1.78 nb (data)
DYTURBO + CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 59.12 ± 0.029 ± 1.6 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 29.0 PLB 854 (2024) 138725

� = 67.334 ± 0.06 ± 0.74 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 98.71 ± 0.028 ± 2.191 nb (data)
DYNNLO + CT14NNLO (theory) 4.6 EPJC 77 (2017) 367

� = 112.69 ± 3.1 nb (data)
DYNNLO + CT14NNLO (theory) 20.2 EPJC 79 (2019) 760

� = 190.1 ± 0.4 ± 4.2 nb (data)
DYTURBO + CT18 (NNLO+NNLL) (theory) 0.3 arXiv:2404.06204

� = 187 ± 0.1 ± 6.5 nb (data)
DYTURBO+CT18 (NNLO+NNLL) (theory) 29.0 PLB 854 (2024) 138725

� = 95.35 ± 0.38 ± 1.3 mb (data)
COMPETE HPR1R2 (theory) 8⇥10�8 Nucl. Phys. B (2014) 486

� = 96.07 ± 0.18 ± 0.91 mb (data)
COMPETE HPR1R2 (theory) 50⇥10�8 PLB 761 (2016) 158

� = 104.7 ± 0.22 ± 1.07 mb (data)
COMPETE HPR1R2 (theory) 34⇥10�8 EPJC 83 (2023) 441
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Status: June 2024

ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV
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No new par*cles discovered (yet?)

Model ℓ, γ Jets† Emiss
T
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ADD GKK + g/q 0 e, µ 1 − 4 j Yes 36.1 n = 2 1711.033017.7 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 1703.092178.9 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH 1606.022658.2 TeVMth

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

RS1 GKK → γγ 2 γ − − 36.7 k/MPl = 0.1 1707.041474.1 TeVGKK mass

Bulk RS GKK →WW /ZZ multi-channel 36.1 k/MPl = 1.0 CERN-EP-2018-1792.3 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 ′ → ℓℓ 2 e, µ − − 36.1 1707.024244.5 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 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 36.1 Γ/m = 1% 1804.108233.0 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 79.8 ATLAS-CONF-2018-0175.6 TeVW′ mass

SSM W ′ → τν 1 τ − Yes 36.1 1801.069923.7 TeVW′ mass

HVT V ′ →WV → qqqq model B 0 e, µ 2 J − 79.8 gV = 3 ATLAS-CONF-2018-0164.15 TeVV′ mass

HVT V ′ →WH/ZH model B multi-channel 36.1 gV = 3 1712.065182.93 TeVV′ mass

LRSM W ′
R
→ tb multi-channel 36.1 CERN-EP-2018-1423.25 TeVW′ mass

CI qqqq − 2 j − 37.0 η−LL 1703.0921721.8 TeVΛ

CI ℓℓqq 2 e, µ − − 36.1 η−LL 1707.0242440.0 TeVΛ

CI tttt ≥1 e,µ ≥1 b, ≥1 j Yes 36.1 |C4t | = 4π CERN-EP-2018-1742.57 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 gq=0.25, gχ=1.0, m(χ) = 1 GeV 1711.033011.55 TeVmmed

Colored scalar mediator (Dirac DM) 0 e, µ 1 − 4 j Yes 36.1 g=1.0, m(χ) = 1 GeV 1711.033011.67 TeVmmed

VVχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV 1608.02372700 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 1605.060351.1 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 1605.060351.05 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht/Zt/Wb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.37 TeVT mass

VLQ BB →Wt/Zb + X multi-channel 36.1 SU(2) doublet ATLAS-CONF-2018-0321.34 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 CERN-EP-2018-1711.64 TeVT5/3 mass

VLQ Y →Wb + X 1 e, µ ≥ 1 b, ≥ 1j Yes 3.2 B(Y →Wb)= 1, c(YWb)= 1/
√
2 ATLAS-CONF-2016-0721.44 TeVY mass

VLQ B → Hb + X 0 e,µ, 2 γ ≥ 1 b, ≥ 1j Yes 79.8 κB= 0.5 ATLAS-CONF-2018-0241.21 TeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

Excited quark q∗ → qg − 2 j − 37.0 only u∗ and d∗, Λ = m(q∗) 1703.091276.0 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 ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

Type III Seesaw 1 e, µ ≥ 2 j Yes 79.8 ATLAS-CONF-2018-020560 GeVN0 mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2,3,4 e,µ (SS) − − 36.1 DY production 1710.09748870 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, B(H±±
L
→ ℓτ) = 1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Upper Exclusion Limits
Status: July 2018

ATLAS Preliminary∫
L dt = (3.2 – 79.8) 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).

Many limits exceed 1 TeV
S. Dawson 3



 Assume New Physics is very heavy
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 (decoupling!)

MW Only SM par<cles in theory at low scales

This is sad scenario where there is 
no intermediate scale physics

• Learn about high scale physics by measuring interac<ons of 
effec<ve low energy theory

• We don’t need to know the complete theory 
S. Dawson
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Effective Theories are tools for BSM searches

• Use SM effective field theory

• Consistent approach that can be systematically improved
• New physics effects contained in coefficients C
• L is generically scale of new physics

• Expansion in 1/L2 and in 1/(16p2)
• Theory is renormalizable order-by-order in 1/L

• What can we learn about BSM physics in this framework?

Ln = ⌃iC
n
i O

n
i

<latexit sha1_base64="vTZN0xOEoyxUTkYNbS+pR0hi2P0=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KrM1LGtC6HQjQvBivYB7Thk0rQNzWSGJCOUoRt/xY0LRdz6Ge78GzNtBRU9cC+Hc+4lucePGJXKsj6MzMLi0vJKdjW3tr6xuWVu7zRlGAtMGjhkoWj7SBJGOWkoqhhpR4KgwGek5Y9qqd+6I0LSkN+ocUTcAA047VOMlJY8c+/C42fdazoIkEdrHr3l8DLtnpm3CqeVUtEpQatgWWW7aKekWHaOHWhrJUUezFH3zPduL8RxQLjCDEnZsa1IuQkSimJGJrluLEmE8AgNSEdTjgIi3WR6wAQeaqUH+6HQxRWcqt83EhRIOQ58PRkgNZS/vVT8y+vEql9xE8qjWBGOZw/1YwZVCNM0YI8KghUba4KwoPqvEA+RQFjpzHI6hK9L4f+kWSzYTuHkyslXK/M4smAfHIAjYIMyqIJzUAcNgMEEPIAn8GzcG4/Gi/E6G80Y851d8APG2ycaEJYW</latexit>
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<latexit sha1_base64="d2AX0ZWtlRI3VyHN5Vlog8dmR3U="></latexit>

<latexit sha1_base64="t8vfAaOQdwWLwgNX+9WXHMN5KdU="></latexit>
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We will consider a dimension-6 SMEFT expansion 
S. Dawson 5



Lepton colliders offer new opportuni?es

• Running at √s=240 GeV enhances the ZH rate

S. Dawson

• Rate measured to O(.5%) 

accuracy at √s =240 GeV 
• Sensitive to modifications of eeZ 

and ZZH vertices, along with 
Higgs couplings

6



• Note 4-point interaction enhanced by (energy)2 relative to SM:

• At tree level, depends on

• At tree level,  ZZH and ZHg vertices also have dependence on momentum 
sensitive operators

New Interac*ons in SMEFT
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<latexit sha1_base64="Z/xMAIikyj5ySy293oiMtm50DHs="></latexit>
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<latexit sha1_base64="7SX2BJxMTJWHlR1V5S6aOGSjVVo="></latexit>

C�D, C�⇤, C�e, C1
�l, C3

�l, Cll

Linear rescaling of ZZH vertex 4-pt vertex, eeZ vertex

Relationship between v and GFeeZ vertex

No contribution 
from Higgs tri-
linear at tree level

<latexit sha1_base64="Kc2wzc9V74RbvV4OjHpkxwJu1fg=">AAACDnicdVDLSgMxFM34rPVVdekmWAouZJiZ1rbuSrtxWcE+oB2GTJppQzMPkoxQhvoDbvwVNy4UcevanX9jpq1SRQ8Ezj3nXm7ucSNGhTSMD21ldW19YzOzld3e2d3bzx0ctkUYc0xaOGQh77pIEEYD0pJUMtKNOEG+y0jHHTdSv3NDuKBhcC0nEbF9NAyoRzGSSnJyhYaT9KMRhZ369AzeflfLRX3q5PKGflEtW+cWNHTDqFjFckqsSskqQlMpKfJggaaTe+8PQhz7JJCYISF6phFJO0FcUszINNuPBYkQHqMh6SkaIJ8IO5mdM4UFpQygF3L1Agln6vJEgnwhJr6rOn0kR+K3l4p/eb1YelU7oUEUSxLg+SIvZlCGMM0GDignWLKJIghzqv4K8QhxhKVKMKtC+LoU/k/alm6WdfOqlK9VF3FkwDE4AafABBVQA5egCVoAgzvwAJ7As3avPWov2uu8dUVbzByBH9DePgGMwZso</latexit>

C�WB , C�W , C�B

S. Dawson 7



SM NLO, NNLO

• SM NLO EW  ✅
• SM NNLO mixed EW/QCD ✅
• State of the art: SM NNLO EW

• We are contributing to a piece of this 
program: SMEFT NLO EW

• Compute contributions  ~

SM, e+e-→-ZH @ √s=240 GeV

<latexit sha1_base64="oBTjCviZ1oiZ6yby8hQV/FSIPB8="></latexit>

Ci

⇤216⇡2

2305.16547

S. Dawson 8

https://arxiv.org/pdf/2305.16547


Higgstrahlung at NLO EW SMEFT
• Complete NLO calculation including all dimension-6 operators 

• (~70 SMEFT operators contribute in ~ 35 combinations)
• Sensitive to poorly constrained interactions that first arise at NLO
• One-loop virtual + tree level real photon emission

• Generate with FeynArts → FeynCalc → Package-X
• Renormalize on-shell for MW, MZ,         for Wilson Coefficients, Ci(µ)
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Higgs tri-linear coupling, 4-fermion operators, 

+ many more

<latexit sha1_base64="0xlO7homDt5gfSr2CgGjhBUjjRo=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFZK0tnVX6MZlBfuANJTJdNIOnUzCPIQS+htuXCji1p9x5984aSuo6IELh3Pu5d57wpRRqRznwypsbG5t7xR3S3v7B4dH5eOTnky0wKSLE5aIQYgkYZSTrqKKkUEqCIpDRvrhrJ37/XsiJE34nZqnJIjRhNOIYqSMNGyPMqIXvutWq8GoXHHs62bdu/KgYztOw6vWc+I1al4VukbJUQFrdEbl9+E4wTomXGGGpPRdJ1VBhoSimJFFaaglSRGeoQnxDeUoJjLIljcv4IVRxjBKhCmu4FL9PpGhWMp5HJrOGKmp/O3l4l+er1XUDDLKU60Ix6tFkWZQJTAPAI6pIFixuSEIC2puhXiKBMLKxFQyIXx9Cv8nPc9267Z7W6u0vHUcRXAGzsElcEEDtMAN6IAuwCAFD+AJPFvaerRerNdVa8Faz5yCH7DePgE81pEg</latexit>

Ceu[1133]
<latexit sha1_base64="sOr5aAyNpavwLeKLKtjgwlczELg=">AAAB7XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hibeut0IvHCvYD2lA22027drMJuxuhlP4HLx4U8er/8ea/cdNWUNEHA4/3ZpiZFyScKe04H1ZubX1jcyu/XdjZ3ds/KB4etVWcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTTBqZ37mnUrFY3OppQv0IjwQLGcHaSO3GoJ+M2aBYcuyrWsW79JBjO07Vu6hkxKuWvQvkGiVDCVZoDorv/WFM0ogKTThWquc6ifZnWGpGOJ0X+qmiCSYTPKI9QwWOqPJni2vn6MwoQxTG0pTQaKF+n5jhSKlpFJjOCOux+u1l4l9eL9VhzZ8xkaSaCrJcFKYc6Rhlr6Mhk5RoPjUEE8nMrYiMscREm4AKJoSvT9H/pO3ZbsV2b8qlureKIw8ncArn4EIV6nANTWgBgTt4gCd4tmLr0XqxXpetOWs1cww/YL19ArXRjy8=</latexit>
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MS

S. Dawson
* Complete results at h`ps://gitlab.com/smeb/eehz
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SMEFT Operators Present at LO

• Consider future measurements at:
• √s=240 GeV with a precision of 

0.5% on total rate
• √s=365 and 500 GeV with a 

precision of 1%
• For both polarized and unpolarized 

beams
• Single parameter bounds in general 

very similar at LO and NLO with no 
significant energy dependence

• For most operators, FCC-ee 
significantly improves bounds

Global single parameter fit limits from 2012.02779 

Single Parameter Fits

S. Dawson 10

https://arxiv.org/pdf/2012.02779


SMEFT Operators Present at LO

• Differences between LO and NLO limits in 
correlated fits can be large

• We have done consistent calculation including 
terms of order:

 
• Assuming (LO SMEFT)2 contribution is 

dominant gives idea of uncertainties of results
• (We don’t have full 1/L4 results.  This requires 

dimension-8, along with double insertions in 
loops)

* Partial 1/L4 includes squaring 1/L2 
amplitudes and using 1/L4 relations 
for redefinitions of coupling constantsS. Dawson 11
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Finite Contributions Matter

• Logarithmic contribufons can be 
found from renormalizafon 
group evolufon (RGE)

• Finite contribufons require 
complete NLO calculafon 

• Finite pieces somefmes larger 
than logarithms

• A priori, we don’t know if finite 
pieces or logs will dominate
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e+e- → ZH is window to many new 
interactions
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2• Sensitivity to Higgs tri-linear correlated with other contributions
• Calculate to 1/L2 so results are linear bands

• How do future constraints compare with existing information?
• Assume .5% accuracy on total cross section measurement at 

√s=240 GeV,  1% at  √s=365 GeV
• Limits from Z-pole depend on flavor assumptions

• Compare with global fits using MFV and flavor-blind 
operators
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Sensitivity to top operators in e+e- → ZH 
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• Example of a case where 
correlafon can be ignored

• Excellent current limits on top 
quark Yukawa from LHC Higgs 
measurements

Higgs self-interactions, CfGlobal fits: 2012.02779, 2404.12809
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Sensi*vity to Higgs tri-linear
• Correlafons can have large energy/ 

polarizafon dependence
• In SMEFT, CfD  and Cf◻ contribute to 

many processes other than 
modificafon of ZZH vertex

• In SMEFT, Cf is correlated with many 
operators

• Eventually, our results will contribute to 
global NLO EW SMEFT fit
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Sensitivity to CP violation
• Higgstrahlung at e+e- colliders is sensi<ve to CP viola<on in the 

gauge sector at NLO 
• At tree level and to O(1/L2), CP viola<ng dimension-6 operators do 

not interfere with the SM contribu<on from e+e- → ZH (since SM 
contribu<on is real and CP viola<ng piece is imaginary)

• At one-loop, there is a contribu<on from imaginary part of loop 
integrals
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CP violation at future e+e- colliders
• Define CP viola<ng asymmetry

• CP viola<on in the gauge sector is strongly limited by 
eEDMs
• eEDM depends on SMEFT coefficients

• RGE evolu<on generates 
• Limits from angular observables at LHC from H→ 4 lepton

eEDM, LHC, e+e- probes of CP 
violation are complementary
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Higgstrahlung

ATLAS

S. Dawson

eEDM: 2109.15085, 1810.09413
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H → l+l-Z at NLO EW in SMEFT

• Result follows from e+e-→ ZH calculation
• Using narrow width approximation, can 

find dominant contributions to H → 4 
leptons at NLO EW in dimension-6 SMEFT
• Combine with previous NLO Z →l+l- results

• Virtual photon contributions have 
divergences that cancel against H→ l+l-Zg, 
which are treated with standard dipole 
subtraction 

S. Dawson 18

NLO

LO

CϕB CϕD Cϕ□ CϕW CϕWB Cϕe[ii] Cϕl
(1)[ii] Cϕl

(3)[ii] Cϕl
(3)[jj]Cll[1221]

0.005

0.010

0.050

0.100

|Γ
iS
M

E
F

T
|/
Γ

N
L

O

S
M

[T
e
V
/Λ

]2

* C=1, L=1 TeV

2411.08952 , 2304.00029

https://arxiv.org/pdf/2411.08952
https://arxiv.org/pdf/2304.00029


H→ 4 lepton decays at EW NLO

• Consider a 10% measurement of 
H→ 4l

• Combine with known Z → l+l- at NLO 
SMEFT EW to find full H → 4l at NLO 
in NWA

• Correlafons change shape at NLO

S. Dawson 19



Conclusions

• Have completed NLO EW SMEFT calcula7on of e+e- →ZH with all 
contribu7ons included
• Results are available for public use

• Studied impact of NLO correc7ons on total rate
• Small effects in single parameter fits 
• Significant correla=ons between effects of operators that first appear at NLO 
• Combina=on of measurements at different energies has poten=ally large impact

• Future: 
• Combine NLO EW Z pole calcula=ons, complete NLO EW Higgs decay rates, and NLO 

EW e+e- → ZH rates for improved sensi=vity
• Working towards a global fit that is accurate at NLO EW order with dimension-6 

SMEFT

S. Dawson 20


