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CP Violation — Motivated and Required

e Sakharov’s three conditions for baryogenesis
motivate searches for new sources of CP violation

— Need B violation

— Need C and CP violation

— Need interactions to happen out of thermal equilibrium
e QOur picture of baryogenesis is embarrassingly

incomplete

— SM EW baryogenesis is insufficient

— Strongly motivates new sources of CPV



e
CP and the Higgs

* A natural place to test for CP violating phases is
with Higgs physics
— scalar-pseudoscalar admixture (e.g. scalar potential)
* naively tested via rate suppression

— couplings to gauge bosons (e.g. bosonic CPV)

* for example, tested via acoplanarity measurement in
h>ZZ"->4l

— couplings to fermions (e.g. fermionic CPV)

* our focus: testviah = t 1t = (p*v) (p7v) = ('n®)v (mm°)v

e [Full UV models to connect any given CP phase to a
baryogenesis mechanism is BTSOTW]



S
Outline

* Brief review of current status of Higgs CP properties
 Motivate new measurement in "t~ decay channel

e Sensitivity studies at lepton collider

* Summary
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 These rate measurements only tell half of the story

— Must also test phases (and higher order moments via

: ATLAS-CONF-2015-007
Higgs EFT) CMS [1412.8662] 5



(electroweak) gauge bosons

* ForZZ", measure
acoplanarity
angle @ (angle
between Z, and
Z, decay planes)

e Golden channel

— Everything
measureable, can
reconstruct the
Higgs rest frame
and appropriate
decay planes

ATLAS-CONF-2015-008



Testing CPV in h>VV
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Testing “fermionic” CPV

 The BSM origin of a CPV phase in SM Yukawa
couplings is distinct from possible phases in the
scalar potential or pseudoscalar couplings to gauge
bosons

— Motivates CPV tests in fermionic couplings even if
bosonic CPV coupling tests give null results

— For example, new fermions which mix with SM fermions
could introduce explicit phases in the Yukawa sector



Testing “fermionic” CPV with Higgs

* The tau decay channel for the Higgs is the most

promising system for direct measurement of

fermionic CPV couplings

— Top coupling only probed via loops
or ttH (tH) production

— Bottom quark polarizations generally
washed out by QCD

— Tau channel suffer from lost
information via neutrinos (at hadron
colliders), but still have an

appreciable rate
* Neutrinos are reconstructable at lepton
colliders for particular tau decays

bb
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A Tau Yukawa CPV phase

* A new tau Yukawa phase can be captured by
considering the Lagrangian

Loheno O —Mr TT — Y hT(cos A + ivys sin A) 71

V2

= —M,TT — Y h(’rg(cos A +isin A)my

V2

+c.c.),
— A=0is SM (CP-even)
— A =1/2 is pure CP-odd (and CP conserving)
— A = +1t/4 is maximally CP-violating
— Ais currently unconstrained

* We will assume the y_ magnitude is SM strength o
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A CPV Observable

* Need to minimize lost
information from missing
neutrinos
— Leptonic decays, though

clean, lose even more
information

* Need an intermediate
vector (not scalar) in the
tau decay: focus on the p
vector meson

— Br(tt = p*v) = 26%
— Br(p* >m* ni°) = 100%
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Extracting the phase in Higgs decays

* Tau Yukawa CPV is imprinted on the tau
polarizations relative to each other

— Tau polarizations then get imprinted on the vand p, p
polarization is imparted to the s

e Simplest observable (appropriate for LHC) is p*p~
acoplanarity angle

* New, better observable (appropriate for e*e-

collider) is ©

h —s 7777

— P Ur p+ Vr

—s 1 1. a7,

12



Matrix element calculation

* Can trace how the CP phase A appears in the

squared matrix element by treating the Higgs decay

as a sequence of on-shell 2-body decays
My o x Z Xs.s U~ (CoSA +iyssinA) v’y

s,s’

MT—},OL’ X (E _)H Uy, ﬁ”"u'PL Ur—

Mpsnr X €y (Pr— — Pro)
* Together, gives
Mg o< u,,- (}5??— — }ﬁ,h_o—) P (}51-— + '?T‘LT)
X (cos A +1iy5;sin A)

X (=Prt +m,) (rt — Pros) Prvys

13
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° *x LA .
The Theta Variable
O Nfe
o E..E_ Q)
O =sg [-TT (E_xFE “]A': [ S ]
sgn |v,+-(E_x Ey)| Arccos |E+| !E_} "

PA,S _ _Qei(z,&—@) ‘E+‘ ‘E_‘

In the Higgs rest frame, the “electric” components

. 1
are Ej: _ ”;h [(Jj: . ? p?'j:| Jj: L7 )jjqrﬂi}[j] |0=tau rest frame

* If neutrinos were measured, we would have
complete information to reconstruct tau
momentum, tau and Higgs rest frames

*See backup or [1308.1094] for details 14
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|!€CI‘ — compdare ‘O ! ! CICOp‘CmCII’I‘)’

Truth level ® and truth level ¢* for A = 0
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Lepton collider possibilities

* We obviously cannot directly measure neutrino
momenta

* At alepton collider, have enough constraints to
solve algebraically for neutrino momenta
— Have two neutrino momenta solution sets
* Both solutions give correct Higgs mass

* Weight each solution by half an event
* Necessarily require visible Z decay

— Finite resolution on different Z decay channels will
moderate the O distribution

17
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Lepton collider possibilities

* For Vs =250 GeV FCCee, Zh production is about
0.21 pb

— FCC signal yield (using SM Br(h - tt) and restricting to
visible Z decays) is about 700 events with 1 ab-!
* Restricting to Z - ee, puu decays gives about 60 events
* Hadronic Z decays will help CPV study statistics at price of
worse resolution
— Construct binned likelihood using a sinuisoidal fit to
signal, determine sensitivity by variation of test A
ﬁl Pois (BL- + SA=0|B; + Sf‘:é)
[ s

N
H Pois (BI —+ S@A':O|B@ —+ S?;A:O)
1=1 20
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L
Lepton Collider Prospects

e Systematics will affect high luminosity estimates
e Expect some sensitivity losses from detector
resolution, charged and neutral pion efficiency

— Reconstructing neutrino momenta is equivalent to
knowing the rest frames of the Higgs and tau daughters

* Also expect a NP model giving a nonzero CP phase
could enhance Br(h - tT)

Colliders LHC HL-LHC FCCee (1 ab™!) FCCee (5 ab™!) FCCee (10 ab™!)
Accuracy(lo) 25°  8.0° 5.5° 2.5° 1.7°

23



e
Summary

 New CP phases are strongly motivated from general
baryogenesis arguments

 Many physics studies are needed to motivate and enhance
the physics case of future machines

 Have a new suite of measurements to perform in Higgs
physics
— Fermionic CP phases play a special role

— Should have some sensitivity with LHC and HL-LHC
— Precision measurement possible with FCCee

Colliders LHC HL-LHC FCCee (1 ab™!) FCCee (5 ab™!) FCCee (10 ab™!)
Accuracy(lo) 25°  8.0° 5.5° 2.5° 1.7°

24






dmixture constraints from signal strengths

-1 -1
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Testing CPV'in Higgs decays to

(electroweak) gauge bosons
e Using Higgs EFT, assuming spin-0, write dimension-6
operators for scalar coupling to dibosons

e Perform simultaneous fit to coefficients of non-SM
coupling structures based on differential

distribution

2
m 1 1 1 o~
L(H ) ~ alTZHZ”Z‘U _I_ m—)zm%HZ#DZH - EQZHZFUZ‘]_“f - EQSHZ}“/Z}HJ

1
ww@ i 1 2 v L WW IR —
A
1
1 ZHZ 0 FHY Z’THF;WZ o Zry [ %y, _1 7Y Hv _1 Ty HV T
m5HZ,,0, a, o — a5 HF" 2, — Sa3 "HEFyy, — Sa3 "HEF,,

()

2

CMS [1411.3441]

* Can also test spin-2 -
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Electroweak diboson results

 Thus far, measurements consistent with SM

SE 7 WU =777, 77
8 IIIT_fllﬁi%%
S i LA R R PR
“ //// ZIWE v
(i %/%,“/%%%%%%

. fa3 = 1 excluded at 99.98% CL
faz < 0.43 (0.40) at a 95% CL for the positive (negative) phase

CMS [1411.3441] 29



e
The h - TF T experimental status

* Both experiments have evidence and are actively

searching in all Tt decay modes amnas ] oy T Uty
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A Tau Yukawa CPV phase

* From an effective field theory perspective, can
readily generate a tau Yukawa phase via the
addition of a dimension 6 operator

HTH

)HE;L’TR + c.c.

— ot and B are generally complex

— After inserting Higgs vevs, use the 1, redefinition to get
2

v S
o+ dp — y:h[ > O:'

SM v°

— Then, the Higgs coupling to tausis vy, + 283 e

Also see, e.g. Kearney, Pierce, Weiner [1207.7062] 31
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Matrix element calculation assumptions
Mfull X ﬁ'y— (}6?1'— - }6770_) PL (?61'_ + Tn’?')
X (cos A +1iy5;sin A)
X (_féTJF + Tn"?') (}é’?TJF - }‘éﬂ'u_l_) JDL(U.UJr

* Neglect ¥ exchange (spatially separated; the t’s are
boosted and back-to-back in the Higgs rest frame)

e All intermediate particles assumed on-shell

* Neglect m*—mnt® mass difference

e Obtain Mg < U, g (emﬁr— - e_mﬁﬁ)ﬁpﬂ»’;fr
with ¢+ =p..+ — po+

— Recall p, polarization is generally aligned with q, 23
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Calculating the Theta Variable

* Introduce the variable i/ =y, ¢} + rp.
with coefficients , _ 2¢=p-+ _ d4xp-

T 2 142 . . ?
ms + ms Ppt Prt

m2 — 4m;
r= ~ 0.14.

m2 1 2
mz —+mg

 We then write the squared matrix element as
M|* ¢ Px s+ Pa.g+ Pa s+ PX g

where the most interesting piece is
PA, S = _GQIA [(k— 'pT+)(1{?+ 'pT—) o (pT_ 'pTJF)(k— 'k%—)
— i€,0p0 K pY_ ]{?i prr] . (26)

34



.
Calculating the Theta Variable

Pa,s = =22 [(k_-prs )(kypr-) = (pr—pre ) (k- ki)
— i€ po K pL KL pTi]. (26)
* We can define an antisymmetric 2"-rank tensor
FY° =kyple —kiple = —FLF
Pa g =e*2 (%F_WFE” + iewpg Ff’”Ff)

* Or, even better, identify “electric” and “magnetic”

components L. =F, B\= —56”‘%}‘}%

Pas = —e*2[(E_ +iB_)-(Ey +iBy)]

35



Calculating the Theta Variable

FE =k ple — kL ply

e We can calculate

_ __vH
- +

Bi ZﬁTiinZﬁTiXEi

e Specialize to Higgs rest frame (back-to-back taus)

— E,B, and E_B_planes are parallel

— Motivate a new acoplanarity
between E,v, and E v_planes

— —

E. -E_

O = sgn ['E}Jr (E_ XE+)] Arccos[ 5=
4| |E-

PA,S = —261(23_@) ‘E+‘ ‘E_‘

|

Higgs rest frame

By
k\
. E+
3 /7
/] 9 : ) "
2 \O E_v'
\ ) ==
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Purple = Cosine fit to SM 100 - amplitude is the same but
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50
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Tau measurement details

 Method relies on reconstructing neutral and

charged pions with good resolution and efficiency
CMS,\s =7 TeV, 36 pb’

JUTTIT

o

reconstructed t decay mode
=
=

=

CMS Simulation,\'s = 7 TeV

| |
0.02 0.01 0.91
0.13 0.83 0.04
0.85 0.16 0.05
T l IEJ'EO(:FEO) l TUTTT

generated t decay mode

o
o

relative yield
o
()]

0.4

® Data
OdZ—-xx
[ W+jets
- ttewk
B acD

TT

v

0 JTITIT

reconstructed T decay mode
CMS JINST 7, P01001 (2012) [arXiv:1109.6034 [physics.ins-det]]
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Measuring Higgs to TT

* Use SVFit to reconstruct m__ (creates likelihood
function based on observed kinematics)

— Anticipating the CP phase measurement, focus on the

fully hadronic analysis
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e
Measuring Higgs to TT

* Use SVFit to reconstruct m__ (creates likelihood
function based on observed kinematics)

— Anticipating the CP phase measurement, focus on the
fully hadronic analysis

CMS Preliminary, Vs=7-8

TeV, L=24.3 fb!, H-1t

Process 1-Jet VBF
Z— TT 428 4+ 90 47 + 28
QCD 210 £ 31 | 61 £ 10
EWK 41 £9 4+1
tt 29 £+ 6 242
Total Background | 709 =95 | 114 £ 30
H— 77T 9+ 4 442
Observed 718 120
Signal Eff.

go— H 2.52-107% [ 499 -10°
qq— H 5.93-107* | 1.20 -1073
qq— Httor VH | 9.13-107* | 3.59 -107°

I
m, = 125 GeV

Hu

eu

T.T

h"h

E’Eh

ut,

VH—-1t+l

Combined
'] I

CMS PAS-HIG-13-004

Combined: n=1.1+0.4

2

4

best fit for 6/, 40




L
ILC, FCCee, CEPC comparison

 For Vs =250 GeV ILC, polarized beams, Zh
production is about 0.30 pb

* With unpolarized beams (FCC-ee or CEPC), cross
section is about 30% less

e |LC signal yield (using SM Br(h - tt) and restricting
to visible Z decays) is 990 events with 1 ab!
luminosity

Octe——hZ 0.30 pb
Br(h = 7777) 6.1%
Br(r— — 7~ nv) 26%
Br(Z — visibles) 80%

Nevents 990
41



.
LHC prospects

* Consider h+j events (“boosted” t,_4T,.4 Sample)
e At the LHC, need to approximate neutrino momenta

— Have (8-2-2-2=) 2 unknown four-momentum
components
— Will use collinear approximation for neutrino momenta

* |In this approximation, O is identical to pp acoplanarity angle

e Other approximations considered tended to wash out or
distort the sinuisoidal shape of the © distribution

— First proposal to measure A at the LHC with prompt tau
decays and kinematics
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‘!eq‘ Vs. !o”meqr dpprommq!lon

Truth level ® and ® from the collinear approximation for A = 0

0.10 —
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- —mmm=  COIL
0.08
= I
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2, 0.06
=]
L
N
= i
§ 0.04)
Z
0.02/ Collinear amplitude is .
' about 25% of the truth
- O amplitude
00— 1z 3
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 —
LHC14 simulation details

* Use MadGraph5 for h+j and Z+j events at LHC14

— Mimic cuts for 1-jet, hadronic taus Higgs search category

— Impose preselection of p.(j) > 140 GeV, |n(j)| < 2.5

— Normalize to MCFM NLO o(h+j)=2.0 pb, o(Z+j)=420 pb

— No pileup or detector simulation, aside from tau-tagging
efficiencies

* Pileup degrades primary vertex determination for charged pion
tracks and adds ECAL deposits that reduce neutral pion
resolution

* Tracking and detector resolution will clearly smear the ©
distribution
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e
Yields for 3 ab™' LHC

* Signal region:
MET > 40 GeV, p;(p) > 45 GeV, |n(p)| < 2.1,
m.,; > 120 GeV

— Inject an additional 10% contribution to (flat) Zj
background to account for QCD multijets

hj Z ]
Inclusive o 2.0 pb 420 pb
Br(r777~ decay) 6.1% 3.4%
Br(r~ = 7 7"v) 26% 26%
Cut efficiency 18% 0.24%
Nevents 1100 1800

for 3 ab™ with t-tagging 50% efficiency

N events

45



L
Yields for 3 ab™' LHC

* Consider T tagging efficiency benchmarks of 50%
and 70%, use likelihood analysis testing different A

7}, efficiency 50% 70%

30 L =550 fb™* L = 300 fb~*

50 L =1500 fb~* L =700 fb~!
Accuracy(L = 3ab™ ') 11.5° 8.0°

— Discriminating pure scalar vs. pure pseudoscalar at 3o
requires 550 (300) fb! with 50% (70%) t tagging
efficiency

— For 50, require 1500 (700) fb-* with 50% (70%) t tagging
efficiency

e Again, detector effects and pileup are neglected 4



Improving the measurement of the tau™

Yukawa CP phase for LHC

e Consider including MET information for LHC
analyses

— e.g. MELA-type likelihood incorporating signal
hypotheses with different A

* Consider other tau decay modes or add decay
vertex information

* Improve tau tagging efficiency
* Dedicated di-tau hadronic trigger

* Consider VBF production, Zh production

— For VBF, 3 ab, expect 52k m*n®v m i total events (no
cuts)

* S/Bis about 0.4 from ATLAS 8 TeV BDT analysis 47
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ATLAS Update

* Use BDT output to categorize events

IIE:! 1 03 - —e— Data - _g ;._l__ —e— Data 1
E F I:l Background (u=1.4) :UJ: B |:| Background (u=1.4) |
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1 02 = H(125)—1z (u=1) i B H(125)->1t (u=1) .
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ATLAS Update

* Use BDT output to categorize events
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ATLAS Update

* Focus on fully hadronic channel
— Main backgrounds are still irreducible Z ->tt and QCD

multijets
Process/Category VBF Boosted
BDT score bin edges | 0.85-0.9 0.9-0.95 0.95-1.0 0.85-0.9 0.9-0.95 0.95-1.0
ggF 0.39+0.17 | 0.35+0.16 | 2.0+0.9 22+0.8 25+1.0 23+09
VBF 0.57+0.18 | 0.72+0.22 | 59«18 | 055+0.17 | 0.61 £0.19 | 0.57 +£0.17
WH < 0.05 < 0.05 < 0.05 0.34+0.11 [ 0.40+0.12 | 0.44 £0.14
ZH < 0.05 < 0.05 < 0.05 0.22+0.07 | 0.22 +£0.07 | 0.22 £0.07
Z—thr 3.2+ 0.6 3.4+ 0.7 53+1.0 157+ 1.7 | 123+1.8 9.7+ 1.6
Multijet 3.3+£0.6 29+0.6 59+09 52+0.6 3.7+0.5 | 1.40 £0.22
Others 0.38+0.09 [ 049 +0.12 | 0.64 £0.13 | 1.49+027 | 28«05 | 0.07+0.02
Total Background 6.9+ 1.3 6.8 +1.3 11.8+£2.6 | 224+25 | 18828 | 11.2+1.9
Total Signal 097029 | 1.09 +0.31 | 8.0+2.2 33+1.0 3.8+1.2 3.6 +1.1
S/B 0.14 0.16 0.67 0.15 0.2 0.32
Data 6 6 19 20 16 15
ATLAS-CONF-2013-108 52




au measurement details

Table 1. Branching fractions of the dominant hadronic decays of the 7 lepton and the symbol and mass of
any intermediate resonance [9]. The / stands for both 7 and K, but in this analysis the 7 mass is assigned to

all charged particles. The table is symmetric under charge conjugation.

t misidentification rate for jets

Decay mode Resonance | Mass (MeV/c?) | Branching fraction (%)
T —h v; 11.6%
T — h nlv; p- 770 26.0%
T —h 1’7V, a; 1200 9.5%
T~ —h h"h v; a; 1200 9.8%
T —h hth 7', 4.8%
CMS,\'s =7 TeV, 36 pb CMS Simulation,\'s =7 TeV
\ \ \ 170> 1 | \
. O
O PTDR, W+jet N
o PTDR, QCDu O 1 .0 ® HPS loose
- -m-TaNC, W+jet o 1 208~ = HPS medium
| --@-- TaNC, QCDu | "'q—) Ao HPS tight
- HPS, W+jet =
--@-- HPS, QCDu - 06— |
10-2 - — % M—.—l—.—‘—ﬂ—:_._‘_“i—.—'_i_‘
1 @ [ 4
L :If.r-ﬂﬂf* P S
] o ——
0.2 -
) * !
Olmul ' :
107 | 0 50 100

\ \ \
0.1 0.2 0.3 0.4 0.5 0.6

expected efficiency

generated p:“ (GeV/c)

CMS JINST 7, P01001 (2012) [arXiv:1109.6034 [physics.ins-det]]
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Tau measurement details

Table 4. The MC predicted 7, misidentification rates and the measured data-to-MC ratios, integrated over
the pt and n phase space typical for the Z — 77 analysis.

Algorithm QCD QCDu W + jets
MC (%) | Data/MC | MC (%) | Data/MC | MC (%) | Data/MC

HPS “loose™ 1.0 1.00£0.04 1.0 1.07£0.01 1.5 0.99 £0.04
HPS “medium” 0.4 1.024+0.06 0.4 1.05£+0.02 0.6 1.04=0.06
HPS “tight” 0.2 0.94+0.09 0.2 1.06 £0.02 0.3 1.08 =0.09
TaNC “loose™ 2.1 1.054+0.04 1.9 1.124+0.01 3.0 1.02=0.05
TaNC “medium” 1.3 1.054+0.05 0.9 1.08 £0.02 1.6 0.98 =0.07
TaNC “tight” 0.5 0.98 +=0.07 0.4 1.06 =0.02 0.8 0.95+0.09

CMS JINST 7, P01001 (2012) [arXiv:1109.6034 [physics.ins-det]] 54



