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CP violation

 Matter-antimatter had an asymmetry of ~10~ at the stage of baryogenesis leading to the
richness of matter in the known Universe

* Sakharov conditions to explain the baryon asymmetry in the Universe (BAU):

> Baryon number violation -
| don't feel

> C and CP violation very QDD today

> Deviation from thermal equilibrium

* No predicted CP-violating interactions in the
Higgs sector of the Standard Model

> CP-odd Higgs couplings to fermions or vector
bosons could hint to physics beyond the SM

> Search for nggS boson anomalous COllpllIlgS Designdoppel GbR - Anna Penkner and Renate Pommerening
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CP violation in the Higgs sector

* Higgs boson predicted to have spin-parity 0* — direct coupling to Z and W bosons
* CP violation in the Higgs sector:

= HVV couplings (V= Z,W bosons)

- studied in 4 lepton final state / VBF production
Phys. Rev. D 104 (2021) 052004 arXiv:2205.05120
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" Run 1

— CMS data

Pure CP odd excluded
already with Run 1 data —
search for anomalous couplings

pseudo experiments

> Yukawa coupling of Higgs to fermions

* gg - H +jets: effective Higgs-gluon coupling via top quark loop
- Phys. Rev. D 104 (2021) 052004

* gg - ttH: direct Yukawa coupling of Higgs to top quarks
- arXiv:2208.02686
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* H - tt decays: exploit spin correlation between tau leptons and their 2xIn(C /L)

decay products . Rev. D 89 (2014), 092007
- JHEP 06 (2022) 012

CI.P
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CP violation in HVV (and ggH)

* Investigating CP violation in HVV with an EFT approach

= Amplitude for Higgs coupling to two spin 1 particles (VV=WW, ZZ, Zy, vy, gg etc.) with operators up to
dimension 6

Tree level CP-even coupling (=0 if absent in SM) CP-even anomalous higher order couplings
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> Effect on cross-section parametrized as the fractional contribution/
of the anomalous coupling to the total cross-section

* Theoretical approach includes also Hyy and Hgg with tree level coupling being set to 0




* Higgs direct and effective couplings to vector bosons
studied both in production and decay

* Decay:
> Target process: H— VV - 4 leptons
> Uses kinematics of leptons in the final state

* Production:

> Target process: Vector Boson Fusion (VBF)

> Higgs CP nature affects kinematics of jets
from the initial state

> Studied in Higgs decays to tt, 4 leptons and yy



http://dx.doi.org/10.1103/PhysRevD.104.052004

CP violation in H - 4 leptons

* First process used to investigate CP violation in the Higgs sector Phys. Rev. D 104 (2021) 052004

> Used in Run 1 to exclude pure pseudoscalar HVV coupling and investigate
other spin hypotheses

CMS

Phys. Rev. D 89 (2014) 092007
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> Analysis with full Run 2 also targets interference terms of anomalous
couplings with other hypothesis using MVA classifiers

_ Pul(O)
2/ Puig (Q) P ()

Events / 2 GeV

Dine (O



http://dx.doi.org/10.1103/PhysRevD.104.052004
http://dx.doi.org/10.1103/PhysRevD.89.092007

* Constraints expressed in several scenarios based on the possible symmetries imposed on the couplings:

> Approach 1: a:NW = al_zz
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* Off-shell Higgs production can provide additional sensitivity to anomalous couplings
> CP-odd anomalous coupling constrained between [-4.6,11] < 10 at 95% CL
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combination with H - 4l for the search of CP violation in production

> When studying Higgs CP in production the H - tt vertex is kept SM-like

> The azimuthal angle between jets coming from the initial state offers
sensitivity to the Higgs CP quantum number

arXiv:2205.05120
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CP properties of Yukawa couplings

* Higgs Yukawa interaction can be parametrized as follows:

my — . B~
“ Ly = _waf('(f + iy Ry) Hiy

> Higgs direct coupling to top quarks investigated in ttH and tH production

* CP-odd anomalous coupling affects top quark(s) kinematics

¢ Investigated with MVA techniques

> Higgs coupling to T leptons investigated in decays via T spin correlation

* CP mixing encoded in oHr ;
- Ke =UTT cos(ocH”)
 Re =TT sin(ocH”) nggs rest

/
* Mixing angle can be accessed via the angle between frame
T decay planes

Universe 2022, 8(5), 256
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* Htt coupling CP structure was probed in
the H - WW, tt (multilepton) yy and ZZ
decays
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* Top quark loop has leading contribution to ggH effective coupling &
— simultaneous fit of CP-odd contribution ggH and ttH
production

|
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> Combination performed under hypothesis that ggH loop is
dominated by top quark

o
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* Modulation of the differential cross-section -
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can be used to probe the CP mixing angle R T I YRR e Universe 2022, 8(5), 256
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CP-even/odd couplings
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* Couplings consistent with SM hypothesis at 68% CL

> Observed (exp.) exclusion of pure CP-odd S P NI |

hypothesis significance = 3.00 (2.60) cp (degrees)
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Summary and prospects

* Higgs boson couplings have been investigated looking for CP-odd contributions which would be

signs of new physics
* Exclusion limits for pure CP-odd Higgs couplings:

> HVV couplings: [f,;| < O(10-3) at 95% CL in
combination with off-shell production

> Htt: |[f|<0.55 at 68% CL
> Hrtt: tan (aHw) < 0.36 at 68% CL

 All analyses exclude pure CP-odd hypothesis and
agree with SM prediction

* Promising future for CP violation studies at Run3,
HL-LHC, and in combination with ATLAS
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