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Why Probe SM Charge Parity Violation

- Very early in the universe one might expect equal numbers of baryons
and anti-baryons

- Today the universe is matter dominated (no evidence for anti-galaxies,
etc.)

- From Big Bang Nucleosynthesis obtain the matter/anti-matter asymmetry

To generate this initial asymmetry three conditions must be met
(Sakharov, 1967):

- Baryon number violation

- C and CP violation, if CP is conserved for a reaction which generates a
net number of baryons over anti-baryons there would be a CP conjugate
reaction generating a net number of anti-baryons
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- Departure from thermal equilibrium in thermal equilibrium any baryon
number violating process will be balanced by the inverse reaction
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- CP Violation is an essential aspect of our understanding of the universe
- Can the SM provide the necessary CP violation?
- To date CP violation has been observed only in the quark sector
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Why use the Higgs to Study CP/Anomalous Couplings? R

Higgs couples to SM particles (and potentially couples
anomalously) on the production and the decay side

- Opportunity to look for Anomalous Couplings by
classitying production/decay kinematics

[.0jalvo Higgs CPV Measurements Apr 6, 2018
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Anomalous Couplings

Scattering amplitude describing the interaction between a spin-
zero H boson and two spin-one gauge bosons VV (ZZ, Zy, vy,
WW, gg):

Vgt + )Y +42)* . s
A (HVV) ~ 1 ql 2 q2 ((qilv)ZZ) m%HeVleVZ
A

Q
+ay fy *(1) f*(z) W ;1(/1) j‘t (2),;41/’
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Only tree-level contribution,
a,??=a,"YW (custodial symmetry)
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Anomalous Couplings (example on formalism)

It IS convenient to measure the effective cross-section ratios
rather than the anomalous couplings:

»Cancellation of systematic uncertainties in the ratio
|[Bounded between 0 and 1]

»Does not depend on coupling convention
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Higgs Spin, Anomalous Couplings, CP: Run 1

CMS

Study of the mass and spin-parity of the Higgs boson candidate via its decays to Z boson pairs CMS-
HIG-12-041, CMS arXiv:1212.6639 - fa3 in H—=4£ & hypothesis testing

Measurement of the properties of a Higgs boson in the four-lepton final state CMS arXiv:1312.5353,
CMS-HIG-13-002 - fa3 in H—4£2 & more hypothesis testing

Constraints on the spin-parity and anomalous HVV couplings of the Higgs boson in proton collisions at
7 and 8 TeV CMS arXiv:1411.3441, CMS-HIG-14-018 - fa3,fa2,fA1 in H-WW,ZZ,Zy*,y*y* & testing

Limits on the Higgs boson lifetime and width from its decay to four charged leptons CMS arXiv:
1507.06656, CMS-HIG-14-036 - fAQ in H*—42 offshell

Combined search for anomalous pseudoscalar HVV couplings in VH production and H to VV decay
CMS arXiv:1602.04305, CMS-HIG-14-035 - fa3 in VH(—bb) & combination

ATLAS
Evidence for the spin-0 nature of the Higgs boson using ATLAS data ATLAS arXiv:1307.1432 -
hypothesis testing - {fa3},{fa2} in H-ZZ,WW & hypothesis testing

Higgs CPV Measurements Apr 6, 2018

Study of the spin and parity of the Higgs boson in diboson decays with the ATLAS detector ATLAS
arXiv:1506.05669
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Test of CP Invariance in vector-boson fusion production of the Higgs boson using the Optimal
Observable method in the ditau decay channel with the ATLAS detector ATLAS arXiv:1602.04516 -
{fa3} in VBF(H—T1T)
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Current constraints

CP properties of H(125) have been studied in bosonic decays

CMS is=7TeV.L=5116"1s=8TeV,L=19.7 b’
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| G520 0 0 0 2030
Constraints on anomalous HVV 2 xIn(C, /L)

couplings — additional information on Higgs CP
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Although hypothesis of pure pseudoscalar state is ruled out,
the H(125) state could be a mixture of CP-even and CP-odd
states (with small pseudoscalar component)
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Run 2 HVV ATLAS

arXiv: 1712.02304

ATLAS Study of the tensor structure of the Higgs through additional =
[ ] N
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A


https://arxiv.org/pdf/1712.02304.pdf
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http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-013/

HL-LHC Projections CMS

FTR-16-002 o
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o .. Higgs Boson anomalous couplings
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therefore showing s 77% > 4] %

projections for Scenario 1* my = 125 GeV E

22 o

*All systematic uncertainties are 3 E

kept constant with integrated {2 N o
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Parameters defined on previous slides
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https://cds.cern.ch/record/2266165/files/FTR-16-002-pas.pdf
http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2013-013/

Accessing CP Information: Hff couplings

Only two contributions to Hff

AMHFF) = = L3 (kp +i%0715) 05 vuwend H ..

CP Even CP Odd

Possible to study in ttH, tH and H—T1T

Note: Hff appears in (for example)
gg couplings through the fermion
oop but difficult to discern/affects
tails of pr distribution

[.0jalvo Higgs CPV Measurements Apr 6, 2018
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Accessing CP Information : Impact Parameters

Possible to measure CP using rho decay plane as well as
Impact parameters and MELA:

pp2h-=>11t" a1 a" +2v,

/o - do/dgcp

Higgs CPV Measurements Apr 6, 2018

® Decay H—T1T o ® Production ttH, tH . ¢cp [rad]
yd ..'. // .".
W v\ Low Branching Fraction o
Vo4 l' .:-. u.. A l' L .:.‘.. >
e AN o et e - 11% BRTEh:  DellAquia. Nelson (1989)
& /-"/ L". | LN £(q, l./tt \ &If" : "' \ - - mg mgugm - —~
U A e -"%‘/ A"~ - Similar possibilities with other T DM Q
| N el 't' /,/ 1 ! l 4 { .'. - /,/ v - -
\‘xﬂ’%}i‘\";/’/ % AP - Requires quite a lot of data (HL-LHC)
| e [ e Hff using MELA explored, ttH perhaps more
l'// "//'
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promising than Htt
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https://doi.org/10.1016/0550-3213(89)90211-3
https://arxiv.org/pdf/1606.03107.pdf

Considering the HL-LHC Environment

Run 2 Tau Analyses are already complex due to nature of Tau Decays
»Possibility to perform CP Violation
measurements with di-Tau final states
given enough statistics

Events/bin
=)

T T, VBF

h~h’

Higgs CPV Measurements Apr 6, 2018
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Considering the HL-LHC Environment

Run 2 Tau Analyses are already complex due to nature of Tau Decays
- Large Background Contributions

Higher Pile Up environment present a significant challenge for Taus,
Jets,and Missing Energy
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https://twiki.cern.ch/twiki/bin/viewauth/CMS/TDR17007Preliminary
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauPublicResults#Performance_Plot_for_HL_LHC_Work

Plans for YR

HIG-17-011 will be extrapolated to 3000 fb-1
Expect to have signiticant improvement in expected [imits w.r.t
ECFA'16 public results
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Some points to be considered: w¢Eems @: E

»Most sensitivity is from angles between : R -k

jets - need to understand detector upgrade \\\ o
, S, xpected, v /

effects (jets acceptance) S0 N NG s g
= \\ \Ot S ‘/ 1

_ :\I:: 4;- \\\ \\ “,.",. / / - E

»Should CMS/ATLAS express results in a A A S A

common language (e.g. POs as discussed 2t o L &XT, B

within HXSWG)? L — = =
0—1”“-6.5‘“‘0‘ 0.15‘ 1

» Possibility to separately perform analysis witn
fermionic decays to probe for anomalous HVV
or Hff couplings
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Summary

A Final Note: collaborations are also using differential cross section
measurement to place constraints on CP violating interaction in Higgs sector
(see https://arxiv.org/pdf/1802.04146.pdf

New CP phases are motivated from general baryogenesis arguments

Each measured Higgs coupling can be a test bed for CPV
- h—=T1T is a promising first channel to study at HL-LHC and HE-LHC

For the Yellow Report:

Several scenario assumptions made on how systematic and
theoretical uncertainties will evolve and how detector upgrades will
perform to compensate degradations due to high pileup

Higgs CPV Measurements Apr 6, 2018
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Possibility to either use projections of current and future Run 2
analyses or to attempt to run the analysis from scratch

» Likely a mix will be needed

4
b

17


https://arxiv.org/pdf/1802.04146.pdf
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ATLAS VBF HTT

Run | Results
- Contributions from CP violating interactions between the Higgs
boson and EWK bosons are described using a model
independent EFT

-The strength of CP violation is governed by a parameter d

- F~7 1 T T T T T — T
7 il 2.2 ATLAS —e— Combined (Obs.) =
M f— MSM + d - MCP—Odd q 2 :'-_ \IS = 8 TOV, 2013 fb" . :U"ld (ON.) _f

" Fitlo Optimal Observable = “esiop (00%) -
= - - - Expected (d=0, u=1.55)

—
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Matrix Element Is then a mixture
of CP even and CP Odd
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In the absence of CP violation the
curve Is expected to have a
minimum atd =0 19
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