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Introduction

The data at the LHC indicates the SM is very promising.

The SM fails to give a quantitative explanation of baryon asymmetry of
the Universe. Baryogenesis requires additional CP phases and it is
important to find them.

It is important to constrain CPV Higgs couplings experimentally or
theoretically as model independent as possible.

In particular, the interaction between Higgs and top quark is strongly

related to the fine-tuning problem as well as the stability of the EW
vacuum.

No new particle has been found so far at the LHC. EFT approach is
desirable to study model-independently the CPV Higgs interactions.

Unitarity provides non-trivial and model-independent constraints on the
Wilson coefficients of the EFT operators.



EFT approach

- Effective Field Theory (EFT) provides a powerful framework to study
new type of interactions among the SM degrees of freedom.

- The SM considers all possible D=4 terms that are consistent with Lorentz
and gauge symmetry (exception: QCD 06-term — Michihisa’s talk).

- After EW symmetry breaking, we consider the following CP violating
operators in the Higgs sector up to D=5:

Onrr = hbpysty

Ohnz = h(O,h)ZF |

I Vpo

O, ni = hF,, F" } D=5



* The operators in broken phase may be generated from the
SU(2) x U(1) symmetric higher dimensional operators.

broken phase symmetric phase

hF,, F* <— (H'H)F,, F"
hlZf’)%??Df <« (HTH)\IJLHwR—FhC

h(0,h)Z" «<— S|D, H;|* > vSZ,0"A  2HDM + 1 singlet

h =sina(cos .S +sinfA) 4+ cosaf:--)

* \We work on the following effective Lagrangian:
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Unitarity Constraints

 Unitarity of S-matrix requires partial amplitudes to be less than 1
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StS =1 —> |ay(s)| <1

ag(s) = /dcos OM (s, cos0)Py(cosB)

* This places a non-trivial constrains among couplings because the
Matrix element naively grows as the energy increases.

longitudinal polarisation vector: €r(pw) ~ Ew /mw

fermion spinor: u(pf) ~ v/ Ey high energy
behaviour must be
regulated
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Onpy = hbpysiy

» ~ ChitV/'s

ag(s)| <1 wlp |Chu| <1.24 for A =5TeV
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Onpp = M ™

Longitudinal contribution cancels
Wi,

SN ey ~ E,u,l/,oap?pgeg‘,(pl)ello‘/(pZ) =0 (up to O(mW/E))
Wi,

Most stringent constraint arises from transverse scattering

WT WT
ACrww|? s(s —m?
S— (—I—t+u) — | 5 ‘ ( ;/V) ~ ‘ChWW|25
U S — 1My
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ag(s) <1 = [Chww| <026 for A=5TeV
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Onnz = h(d,h)Z*
e does not contribute to the high energy behaviour for:

tt — hh, hh —VV, hh = hV, VV — hV

e most sensitive process is hh — hh

P ANANNG (+t + u) ~ \Chhz|2

ag(s) <1 = |Chuz| <5.82 for any A
|
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crit. Wilson coef.
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Chair Chzz
Chhz
Chaa
Chaz
Chwiv
Cin
A [GeV]
Wilson Most sensitive  Scaling of | M| Limit at
coefficient channel at large s A =5TeV
Ctth t; — WZ_WZ Ctth\/g 1.24
ChFF VTVT — VTVT CleFS 0.26
Chaa 9r9r = 9r9r C o5 0.09
ChAZ ZTAT — ZTAT C%lAZS 0.36
Cth hh — hh C%LhZ 5.82
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odd
Cin = Ry /yt
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Bad high energy behaviour may be amended by an extra state S
odd 447 odd Wi
j;>’ ng;VVL j;>’ dé:;lv

W f
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A new state is necessary and must satisfy gW Ky & = — gW Ky



- The modification of tth coupling is constrained by the Higgs measurements.
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Branching Ratio

Properties of S: Decay

10° : .y
/'%?dd 4 unitarity sum-rule:
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Properties of S: Production
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crit. Wilson coef.

A [GeV]
Wilson Most sensitive  Scaling of | M| Limit at
coefficient channel at large s A =5TeV
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Onnz = h(9,h)Z"

Event selection (bbtt channel)

- 2 taus with pt > 29, 20GeV, |n|<2.5 (e:=70%)

- 2 jets (not b nor 1) with pt > 25GeV, |n|<4.5

- An(1, j2) > 5

- 2 hardest jets to be b-tagged and |n|<2.5 (eb=70%)
- |mMbpb - Mr|<15GeV, |mwo - mn|<25GeV, mnn>400GeV

Sample After selection [fb]
hhjj (WBF) 1.485 x 1072
hhjj (GF) 5.378 x 10~*
ttjj 1.801 x 1072
tth 5.658 x 107
Zhjj 1.026 x 10~
ZZjj 7.639 x 1077
ZWWijj 2.039 x 10~/
Total background 1.870 x 1072
S/B 1/12.60




Onnz = h(9,h)Z"

Event selection (bbtt channel)

- 2 taus with pt > 29, 20GeV, |n|<2.5 (e:=70%)

- 2 jets (not b nor 1) with pt > 25GeV, |n|<4.5

- An(1, j2) > 5

- 2 hardest jets to be b-tagged and |n|<2.5 (eb=70%)
- |mbb - MK|<15GeV, |m= - mn|<25GeV, Mmnh>400GeV

|
L 14 TeV, 3009 fb—1

projected sensitivity
@ HL-LHC 3ab-1

no systematics

1Crnz| <0.06

owsr (hhjj) /owse (hhij)




Conclusion

It is important to model independently constrain CPV couplings in the
Higgs sector.

« Unitarity provides non-trivial constraints on the strength of effective
operators as well as the new physics scale.

« new CPV operators require additional degrees of freedom (new particle)
to unitarise S-matrix, and give us information to look for those new
particles.

« hhZ operator does not spoil the high energy behaviour of scattering
processes, but we can constrain them by looking at WBF double Higgs
production.
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Vs=8TeV, ILdt =20.3 b ATLAS Preliminary
gg—A—tt, m, =500 GeV
sin(B-o)=1, Type Il 2HDM

—o— (Observed

""" Exp. 95% CL upper limit

- Exp. £ 1o uncertainty
|:| Exp. = 26 uncertainty

1 2 3 4 5 6 7 8 9
tanp

Vs=8TeV, det =20.3fb" ATLAS Preliminary
gg—H-tt, m_ =500 GeV
sin(B-a)=1, Type Il 2HDM

—&— Observed

""" Exp. 95% CL upper limit
- Exp. + 1o uncertainty
|:| Exp. + 26 uncertainty
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Vs=8TeV, ILdt =20.3fb" ATLAS Preliminary

gg—A—tt, m, = 750 GeV
sin(B-o)=1, Type Il 2HDM

—o— (Observed

""" Exp. 95% CL upper limit

- Exp. £ 1o uncertainty
|:| Exp. £ 26 uncertainty
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tanp

Vs=8 TeV,ILdt =20.3fb" ATLAS Preliminary

gg—H-tt, m =750 GeV
sin(B-a)=1, Type Il 2HDM

—=&— Observed

""" Exp. 95% CL upper limit

- Exp. + 1o uncertainty

|:| Exp. + 26 uncertainty
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tanp



TABLE II. Feynman rules relevant for ff — WTW-, P; g denote the right- and left-chirality projectors.

Vertex Feynman rule SM

Wa(p)Wy (k)A,(q) ~Jwlapu(p-k. q) Jw = GSw

Wa(p)W; (K)Z,(q) G5 Capu(ps k. q) 95 = gcw

frw FuruPr gy = 9/2

f]_[Au _g{jy//l 95 :gSWQf

frz, 7u(97LPL + 97 PR) G = (g/cw) (TS — Oys¥)
g% = —(9/cw) Qs
Q%V — <9ng + QJZCL>/2
g]ZCA — (g]ZCL - g]ZCL)/Q’

hff (g4 + ighrs) gh = gmys/ (2my)
g, =0

hW Wy 9y G gy = gmy

hZ,Z, 99

% =+ o) Py




S lpgin) + 009 sk = T = 0: .
—fz—‘zv;’tf(m) (197 + 21974 Pr = msgfas )u(pr) + O(e) » (9)* = glygh/mp = 0: 1,
Q%W@(M) (ah +ighos ) ulpr) + O(9), (9ly)? + 205,55 + iglygh/ms = 0: 1s.



