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Various BSM Higgs studies via WW scattering (=WBF)

Access to Ay, Viewws Vigww in HH at ete- Non.

Access to Ay and Ay in HHH at e+e- resonant

2011.13195, EP)C g1 (2021)3, 260, Gowzalez-Lopez, Herrero, Martinez-sSuarez

Access to Ay in HH at LHC

1R0F7.09736, Nucl.Phys. B 945 (2019) 114687, Arganda, Garela-Gareia, Herrero

FIRST proposal, predictions anod HL-LHC prospects for K; via WBF were done tn our work 3 Years agpo.
Other works focused only on GGF.
Recently, LHC collaborations testing this sensitivity to K; via WBF and setting tmproved constraints.

Access to Ay s Apnpy s Appi s Apaa 1N R at ete- 1 Resonant

2106.11105, EPJC €1 (2021)10, 913, Arco, Heinemeyer, Herrero j

Studied
in EFT

Studied

Heavy H in 2HDM is resonant in WW — hh : efficient window to 4,, In 2HDM

Also recent work ongoing with Roberto Morales, Dantel Domenech, Maria Ramos: NLO BFT ln WW scattering: HEFT and SMEFT

Maria José Herrero, 6th RedLHC Workshop , IFT, UAM, Madrid , 10 May 2022



WW — HH in SM

SM Cross section WW - HH Very subtle cancellations at TeV among channels
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Clear LL dominance explaining the flat behavior with energy : LL >TT >LT+TL : I'T(WiWi > HH)| ~ | T(p+p~ — HH)| *~

Sensitivity to Agyy only in s-channel: manifest at the region close to HH threshold
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HH and HHH production at colliders via VBS (=WBF)

2011.13195, EPJC €1 (R021)3, 260, Gownzalez-Lopez, Herrero, Martinez-sSudrez

For e+e-: other HH and HHH production mechanisms suppressed at TeV respect to WW

e’ Ve
.+"H Similar mechanism
oto—colliders At LHC with leptons
replaced by quarks
*H
e - Ve

Finding correlation/uncorrelation between HHH and HHHH
is one of the Golden Tasks for future colliders (ee and LHC)

Aguy involved in WW —» HH and in WW —» HHH
Agaag only involved in WW —» HHH

Remember that Within SM : VHWW — VVHHWW and VHHH — VVHHHH due toHIn a dOUblet

Any deviation to these correlations may indicate physics BSM
Maria José Herrero, 6th RedLHC Workshop , IFT, UAM, Madrid , 10 May 2022



BSM: WW — HH (and HHH) with LO-HEFT (chi-dim=2)

2011.13195, EPJC €1 (R021)3, 260, Gownzalez-Lopez, Herrero, Martinez-sSudrez
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Behavior with energy (LO-HEFT)

2011.13195, EPJC €1 (2021)3, 260, Gonzalez-Lopez, Herrero, Martinez-sSuarez

Subprocess level

WW — HH

Largest deviations
respect to SM
in LL modes
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o(W~W™* - HH) (pb)
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HH : Strong enhancement

at large \/E for b#a’

Unitarity violation above few TeV
Warning: k,,, = 0 violates unitarity
Sensitivity to k; close to threshold

HHH : Similar behavior at large
\/E as in the SM (shifted upwards)
No unitarity constraints on k3, K,

Max sensitivity to k3 close to
threshold



Sensitivity to LO-HEFT coeffs at ete™ : CLIC 3TeV,5ab™! (also ILC, see paper)

2011.123195, EPJC &1 (R021)3, 260, Gownzalez-Lépez, Hervero, Martinez-Sudrez
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Behavior with energy (NLO-HEFT, chi-dim=4)

Some preLLmear results (D. Domenech, M. Herrero, R. Morales, M. Ramos, 2022)
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t Uv= tothe right of this point prediction enters in the Unitarity Violating region Largest deviations respect to SM in LL modes
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Comparing SMEFT and HEFT : LO and NLO

Lo D cy(0'0)” + con(0'9)
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Some PrcLLmiwar results (D. Domenech, M. Herrero, R. Morales, M. Ramos, 2022)
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HH production also at LHC via WW scattering

1R0F.09736, Nucl.Phys. B 945 (2019) 114687, Arganda, Garela-Garcia, Hervero

8 Q000N H
SR NSty H

gg dominates WW:
difficult search at LHC

‘To Extract’ WW: impose cuts on jets from g3 and g4

Two opposite-sided forward/backward jets with large pseudorapidity gap
and large invariant mass, typically, An; >4, M, > 500 GeV , VBS cuts

ia José Herrero, 6th RedLHC Workshop , IFT, UAM, Madrid , 10 May 2022 10



Our work: first proposal, predictions Ay at LHC via WW — HH and prospects for HL-LHC

1R07.09736, Nucl.Phys. B 945 (2019) 114687, Arganda, Garcia-Garcia, Herrero

Oyor(14 TeV,k = A/Agyy = 1) ~ 32 fb 1-loop, large uncertainties

oyps(14 TeV,k = A/dgyy = 1) ~ 2 b tree, low uncertainties, VBS kinematic
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(Madgraphs used for all collider cross section predictions)
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1500

pp — HHjj — bbbbjj

Large SM back: multijets QCD+ZHjj+ZZjj

Cut oqco [pb] 0zHjj,225j [Pb] OSignal;k=1 [PD]
Basic only 602.72 0.028 5.1-1074
Basic + VBS + HH 6.8-1073 5.5-1076 4.1-107°

0.2 < ARy < 52 +0.475; 0.2 < ARpps < 37> +0.35, My, <1250GeV,  pr, >35GeV

ARy =
b { 0.2 < ARy <1; 0.2 < ARps <1, My, > 1250 GeV,

_ | Mpy —mu 2 Mpps —mp\? !
VBS CUTS: |An;j| >4, Mj; > 500GeV XHH = 0.05mp 0.05mp <

VBS+HH candidate cuts very efficient
[Mbb1, Mbb2] ~[Mu,My] etc (for details see paper)

pp — HHjj — bbyyjj

Lower statistics but cleaner signal
B(H - yy) ~0.2%, B(H — bb) ~ 60 %

Small SM back: mixed QCDEW+ZHjj

pr;, >20GeV; pr, > 18 GeV; [njl <5 |np,y| <2.5;

) Mo — 2 Moo — 2

ARjj ibyy.ybyj > 045 ARpp > 0.2, XHH = Mpp — My + yy —MH <1
0.05mpy 0.05my

VBS CUTS: |Anjj| >4, Mj;>500GeV

VBS+HH candidate cuts very efficient
[Mbb1, Mgagal ~[Mu,Mu] etc (for details see paper)
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Sensitivity to BSM Agpyy at LHC via WW — HH
(parton level) predictions for HL-LHC

1R07.09736, Nucl.Phys.® 945 (2019) 114687, Arganda, Garcia-Gareia, Herrero
bbbbjj events
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Access to 2HDM triple couplings via WW scattering

2106.11105, EPJC 21 (2021)10, 913, Arco, Helnemeyer, Herrero
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Conclusions

WW scattering at colliders
is an efficent window to new Higgs Physics

Multiple Higgs production (HH, HHH,..) will test the
most relevant quantities defining the Higgs potential,
and will clarify possible correlations:

WW scattering will also give access to new resonances,
like extra heavy scalar particles, vector resonances, etc..

Herrero, 6th RedLHC Workshop , IFT, UAM, Madrid , 10 May 2022
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VBS: An efficient way to test the Higgs
Sector of EW Theory within SM and BSM

Equivalence Theorem:
IT(ViVE = ViVD1 = | T(9'¢* > ¢’ | + O(my/y/s)"
At high energies, longitudinal gauge bosons behave as Goldstone bosons

Examples:
I TWWL - WiWD) | = [T ¢~ = ¢*¢)| | TWiZy, » WiZy | ~ | T(p " — ¢t ")

| TOW; W - HH)| ~ | T(¢"¢p~ — HH)| | TOIW; W - HHH) | ~ | T(¢"¢~ — HHH) |



SM: HH and HHH: Dominance of WW scattering

HH production cross section (pb)
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2011.13195, EPJC €1 (2021)3, 260, Gownzalez-Lopez, Herrero, Martinez-Sudrez

W; W, dominates WW and Wy Wy

Maria José Herrero, 6th RedLHC Workshop , IFT, UAM, Madrid , 10 May 2022

(Madgraphs used for all collider cross section predictions)



W's are treated as partons inside electrons. Their “PDFs” allow to compute full cross sections from subprocess. (4
41S. Dawson, Nucl. Phys. B 249 (1985)

o(eTe™ - HHLD) = del dez fxe)f(x)6(WW™ - HH)
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Good approximation for HH, not so good for HHH
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. . . v (X)
Effective W Approximation (EWA): Ws & = Nl Phys B9 (1989 42 LA
Zs considered as partons inside the o' — 11 GO 010 |
prOton [S. Dawson, Nucl. Phys. B 249 (1985) 42]
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We have tested with MG5 the accuracy of o — EChL EWA
3 — EChL MG

various probability functions (SM & EChL

cases). Dawson’s improved formulas work
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Unitarization effects in EFT predictions (example: WZ at LHC)

190F.06668, PRD 100 (2019)9, 096003, Garcia-garcia, Herrero, Morales

WZ. final state I
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- TAM not constraining in this setup
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Allowed, region

95% C.L.

—-- Total exclusion

Warning: the constraints on the anomalous
couplings in EFTs depend strongly on the
procedure to repair the unitarity violation,

unavoidable at TeV energies
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