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Triumph of the SM at the LHC
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All results at: http://cern.ch/go/pNj7
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Theory prediction
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Predictions and measurements agree over many orders of magnitude

Established SM picture of EWSB
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Big questions remain

Big ideas for what lies beyond the SM
→ Generally predict new particles at the TeV scale
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Direct searches at LHC find no new particles
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1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.04) 0.108 0.34  137 fb 1

1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2
top × BR( 2 ) > = 0.03(0.004) 0.015 0.075  137 fb 1

1911.03947 (2j)Scalar Diquark 0.5 7.5  137 fb 1
1911.03947 (2j)Color Octect Scalar, k2

s = 1/2 0.5 3.7  137 fb 1
1808.01257 (1j + 1 )Higgs  resonance 0.72 3.25  36 fb 1

2106.10509 (1j + 1 )W  resonance 1.5 8  137 fb 1
1712.03143 (2 + 1 ; 2e + 1 ; 2j + 1 )Z  resonance 0.35 4  36 fb 1

1911.03947 (2j)String resonance 0.5 7.9  137 fb 1

CMS preliminary 16-140 fb 1 (13 TeV)
Overview of CMS EXO results

Moriond 2022Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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2001.04521 (2 + 2j)Excited Lepton Contact Interaction 0.2 5.7  77 fb 1
2001.04521 (2e + 2j)Excited Lepton Contact Interaction 0.2 5.6  77 fb 1

2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <36  140 fb 1
2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <24  140 fb 1
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1811.10151 (1 + 1j + pmiss
T )Leptoquark mediator, = 1, B = 0.1, X, DM = 0.1, 800 < MLQ < 1500 GeV 0.3 0.6  77 fb 1

1908.01713 (h + pmiss
T )Z′ 2HDM, gZ′ = 0.8, gDM = 1, tan = 1, m = 100 GeV 0.5 3.1  36 fb 1

1908.01713 (h + pmiss
T )Baryonic Z′, gq = 0.25, gDM = 1, m = 1 GeV <1.6  36 fb 1

2112.11125 (2j + pmiss
T )Z′ mediator (dark QCD), mdark = 20 GeV, rinv = 0.3, dark = peak

dark 1.5 5.1  138 fb 1
1810.10069 (4j)complex sc. med. (dark QCD), m DK = 5 GeV, c XDK = 25 mm <1.54  16 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )pseudoscalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.3  36 fb 1

2107.13021 ( 1j + pmiss
T )pseudoscalar mediator (+j/V), gq = 1, gDM = 1, m = 1 GeV <0.47  101 fb 1

2107.13021 ( 1j + pmiss
T )scalar mediator (fermion portal), u = 1, m = 1 GeV <1.5  101 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )scalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.29  36 fb 1

2103.02708 (2e, 2 )(axial)-vector mediator ( ), gq = 0.1, gDM = 1, g = 0.1, m > mmed/2 0.2 4.64  140 fb 1
2107.13021 ( 1j + pmiss

T )(axial-)vector mediator ( ), gq = 0.25, gDM = 1, m = 1 GeV <1.95  101 fb 1
1911.03947 (2j)(axial-)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.5 2.8  137 fb 1

2103.02708 (2e, 2 )vector mediator ( ), gq = 0.1, gDM = 1, g = 0.01, m > 1 TeV 0.2 1.92  140 fb 1
1911.03761 ( 3j)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.35 0.7  18 fb 1
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1810.10092 (6j)RPV gluinos to 3 quarks <1.5  36 fb 1
1806.01058 (2j)RPV gluino to 4 quarks 0.1 1.41  38 fb 1

1806.01058 (2j)RPV squark to 4 quarks 0.1 0.72  38 fb 1
1808.03124 (2j; 4j)RPV stop to 4 quarks 0.08 0.52  36 fb 1
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2201.02140 (2j)3-brane WED gKK( + g ggg), ggrav = 6, ggKK = 3, = 0.5, m( )/m(gKK) = 0.1 2 4.3  137 fb 1
2202.06075 ( + pmiss

T )split-UED, 2 TeV 0.4 2.8  137 fb 1
1805.06013 ( 7j( , ))non-rotating BH, MD = 4 TeV, nED = 6 <9.7  36 fb 1

1803.08030 (2j)RS QBH (jj), nED = 1 <5.9  36 fb 1
1911.03947 (2j)RS GKK(qq, gg), k/MPl = 0.1 0.5 2.6  137 fb 1

1809.00327 (2 )RS GKK( ), k/MPl = 0.1 <4.1  36 fb 1
2103.02708 (2 )RS GKK( ), k/MPl = 0.1 <4.78  140 fb 1

CMS-PAS-EXO-19-014 ( )ADD QBH ( ), nED = 4 <5  137 fb 1
CMS-PAS-EXO-19-014 (e )ADD QBH (e ), nED = 4 <5.2  137 fb 1

CMS-PAS-EXO-19-014 (e )ADD QBH (e ), nED = 4 <5.6  137 fb 1
1803.08030 (2j)ADD QBH (jj), nED = 6 <8.2  36 fb 1

2107.13021 ( 1j + pmiss
T )ADD GKK emission, nED = 2 <10.8  101 fb 1

1812.10443 (2 , 2 )ADD ( , ) HLZ, nED = 3 <9.1  36 fb 1
1803.08030 (2j)ADD (jj) HLZ, nED = 3 <12  36 fb 1
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1811.03052 ( + 2 )excited muon, fS = f = f ′ = 1, = m * 0.25 3.8  36 fb 1
1811.03052 ( + 2e)excited electron, fS = f = f ′ = 1, = m *

e 0.25 3.9  36 fb 1
1911.03947 (2j)excited light quark (qg), = m *

q 0.5 6.3  137 fb 1
1711.04652 ( + j)excited b quark, fS = f = f ′ = 1, = m *

q 1 1.8  36 fb 1
1711.04652 ( + j)excited light quark (q ), fS = f = f ′ = 1, = m *

q 1 5.5  36 fb 1
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2202.08676 (3 , 4 )Vector like taus,  Singlet 0.125 0.15  137 fb 1
2202.08676 (3 , 4 )Vector like taus,  Doublet 0.1 1.045  137 fb 1

2202.08676 (3 , 4 )Type-III seesaw heavy fermions, Flavor-democratic 0.1 0.98  137 fb 1
1806.10905 ( 1j + + e)MSM, |VeNV*

N|2/(|VeN|2 + |V N|2) = 1.0 0.02 1.6  36 fb 1
1802.02965; 1806.10905 (3 ( , e); 1j + 2 ( , e))MSM, |VeN|2 = 1.0,  |V N|2 = 1.0 0.001 1.43  36 fb 1
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1806.03472 (2 + b)scalar LQ (single prod.), coupling to 3rd gen. fermions, = 1, = 1 <0.74  36 fb 1
2107.13021 ( 1j + pmiss

T )scalar LQ (single prod.), coupling to 1st gen. fermions, = 0, = 1 1 1.6  101 fb 1
1811.00806 (2 + 2j)scalar LQ (pair prod.), coupling to 3rd gen. fermions, = 1 <1.02  36 fb 1

1808.05082 (2 + 2j; + 2j + pmiss
T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 0.5 <1.29  36 fb 1

1811.10151 (1 + 1j + pmiss
T )scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 0.8 1.5  77 fb 1

1808.05082 (2 + 2j)scalar LQ (pair prod.), coupling to 2nd gen. fermions, = 1 <1.53  36 fb 1
1811.01197 (2e + 2j; e + 2j + pmiss

T )scalar LQ (pair prod.), coupling to 1st gen. fermions, = 0.5 <1.27  36 fb 1
1811.01197 (2e + 2j)scalar LQ (pair prod.), coupling to 1st gen. fermions, = 1 <1.44  36 fb 1
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1911.03947 (2j)Axigluon, Coloron, cot = 1 0.5 6.6  137 fb 1
1811.00806 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <3.5  36 fb 1

2112.03949 (2e + 2j)LRSM WR(eNR), MNR = 0.5MWR <4.7  36 fb 1
2112.03949 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <5  36 fb 1

1911.03947 (2j)SSM W′(qq) 0.5 3.6  137 fb 1
2202.06075 ( + pmiss

T )SSM W′( ) 0.4 5.7  137 fb 1
1807.11421 ( + pmiss

T )SSM W′( ) 0.4 4  36 fb 1
1909.04114 (2j)Leptophobic Z′ 0.05 0.45  78 fb 1

CMS-PAS-EXO-19-014 ( )LFV Z′, BR( ) = 10% 0.2 4.1  137 fb 1
CMS-PAS-EXO-19-014 (e )LFV Z′, BR(e ) = 10% 0.2 4.3  137 fb 1

CMS-PAS-EXO-19-014 (e )LFV Z′, BR(e ) = 10% 0.2 5  137 fb 1
2103.02708 (2e, 2 )Superstring Z′ 0.2 4.6  140 fb 1

1905.10331 (1j, 1 )Z′(qq) 0.01 0.125  36 fb 1
1911.03947 (2j)SSM Z′(qq) 0.5 2.9  137 fb 1

2103.02708 (2e, 2 )SSM Z′( ) 0.2 5.15  140 fb 1
1912.04776 (2 )ZD, narrow resonance 0.11 0.2  137 fb 1

1912.04776 (2 )ZD, narrow resonance 0.0115 0.075  137 fb 1

Suggests energy gap between SM and New Physics (NP)

Energy scale hierarchy motivates use of Effective Field Theory (EFT)
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A SM EFT

Effects of heavy NP mapped onto O6
i

ci specify the strength of the new interactions

EFT only valid at E < Λ

Deformations in SM described by O6
i effective interaction
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So how are HVV related EFT couplings measured?

Dedicated (detector-level)
measurements :

Use dedicated discriminants and
full simulation of Signal PDFs

“Anomalous coupling” approach

Interpretations of other
measurements :

2 types : Differential fiducial σ and
simplified template σ (STXS)

Signal parameterised in gen-level
fiducial bins

Focus on dedicated HVV
coupling measurement!
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ggH; 1J; 60 < pH
T < 200 GeV

ggH; > 1J

ggH; 200 < pH
T < 300 GeV

ggH; pH
T > 300 GeV
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HVV anomalous coupling parameterisation

General Lorentz invariant form of HVV (V = W ,Z , γ) scattering amplitude :

Dermot Moran (CIEMAT) May-2022 7 / 16



HVV anomalous coupling parameterisation

General Lorentz invariant form of HVV (V = W ,Z , γ) scattering amplitude :

In particular for V=W,Z :

a1 SM

a2, k1, k
Zγ
2 : CP-Even Anomalous couplings

a3 : CP-Odd Anomalous coupling
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HVV anomalous coupling parameterisation

General Lorentz invariant form of HVV (V = W ,Z , γ) scattering amplitude :

In particular for V=W,Z :

a1 SM

a2, k1, k
Zγ
2 : CP-Even Anomalous couplings

a3 : CP-Odd Anomalous coupling

Can consider SU(2)xU(1) symmetry → Equivalent to SM EFT

Higgs basis EFT : Expressed in terms of mass eigenstates (after EWSB)
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Considering SU(2)xU(1) symmetry

SU(2)xU(1) enforces relations between ZZ,WW,γγ and Zγ couplings :
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Considering SU(2)xU(1) symmetry

SU(2)xU(1) enforces relations between ZZ,WW,γγ and Zγ couplings :

Assume aγγ and aZγ constrained by H→ γγ and H→Zγ measurements

4 independent HVV couplings : a1, a2, a3, k1
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EFT interpretation

Amplitude couplings map directly to EFT couplings :

Full detector simulation of corresponding HVV states

For 1 HVV vertex σ ∝ |a1M1 + a2M2 + a3M3 + k1Mk1|2

Many interference terms!

Use reweighting rather than simulate all required terms
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Dedicated Observables

Exploit full production (VBF,VH) and decay info with ME based discriminants

Can target production mode, Higgs coupling and interference

For example to study a3 in VBF (HZZ) :
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Scans of Higgs basis EFT couplings (HZZ)
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All couplings floating in fit to data
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Scans of Higgs basis EFT couplings (HZZ)
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Dedicated HWW analysis in mature state → Combination with HZZ

Rotate to warsaw basis → In principle could include in global EFT fits
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SUMMARY

Given apparent energy gap between SM and new physics an
EFT approach is well motivated at the LHC

Dedicated (detector-level) analysis to constrain HVV
(V=W/Z) couplings in SM EFT framework

HZZ results available with HWW to follow soon
(+ combination)

Potential to include in global EFT fits
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