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e
CP and the Higgs

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

* A natural place to test for CP violating phases is
with Higgs physics
— scalar-pseudoscalar admixture
— couplings to gauge bosons
— couplings to fermions

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



.
Outline

* Review current status of CP tests in Higgs physics,
Higgs decay to taus

e Constructing the © variable

e Sensitivity studies at colliders

— Discuss both e*e” machines and LHC (first proposal for an
LHC measurement)

— Comparison with previous proposals

* Summary



Ignal strength constraints

— o(statistical)
— o(syst.incl.theo.)
o(theory)
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[Separate channel measurements cannot be
combined without assumptions!]



‘es’ring !!5 in H!!

* Measure acoplanarity angle (angle between Z, and
Z, decay planes)

ATLAS-CONF-2013-013



Testing CPV in hZZ

* Measure acoplanarity angle (angle between Z, and

Z, decay planes)
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Testing CPV in hZZ

* Can test combination of hZ 7% and th?“" couplings
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Testing CPV in hZZ

* Can test combination of hZ 7% and th?“" couplings

A= U—lei‘}ie;:v (alg;wm%{ + ap Judv + A3€vap q{ltqg) = A1+ A+ Az
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Testing CPV in Yukawa couplings

e Source of a BSM CPV phase in SM Yukawa couplings
is distinct from possible phases in the scalar

potential or pseudoscalar couplings to gauge
bosons

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

 The Higgs decay to taus 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 washed out by QCD



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
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ATLAS Update

* Use BDT output to categorize events
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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 (November 28, 2013!) 14




PN ATLAS Prelim.

LHC Summary

CMS combined: p=1.1+0.4
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.
A Tau Yukawa CPV phase

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

HTH
Leg D —(a: - 3 12 )HfJ_;L’TR + c.c.

— ot and B are generally complex

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

2

a—l—dp oM >0

— Then, the Higgs coupling to taus is “yEI\’{

16



A Tau Yukawa CPV phase

 The new phase can thus be captured by considering

the Lagrangian

Loheno O —Mr TT — I h7(cos A +ivssin A)7

V2

= M, TT — Y. h(TE(COS A +1isin A)TR

\/§

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

17



Extracting the phase in Higgs decays

* Need a tau decay that preserves polarization
information
— Some information always lost in escaping neutrinos
— Use decay via the p* vector meson (Br = 26%)

h — 771
S _|__
— P U p Uy

— 7Y V- atad V- .

18



Matrix element calculation

* Will trace how 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

19



e
Matrix element calculation assumptions

Mean X Uy - (Pr— — pro-) P (Pr— + m)
X (cos A +1iy5;sin A)
X (—=pr++my) (Prt — Pros) PLu,+
* 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*—mt® mass difference
y Obtaln Mfull X ﬁ'f"_ q_ (eiﬁﬁ’?‘_ o e_iAﬁT+)g—|—PLfUr/+
with ¢ =p.+ — p o+

20



N
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)

21



.
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)]

22



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'
\ ) ==

" ®




.
Calculating the Theta Variable

© = sgn [ﬁ’r* ( 28 XEJF)] | I‘CCOSL _}+HE}]
E 3 |
< 9ei(2A—0) ‘E? ‘ ‘E}_‘

In the Higgs rest frame, the “electric” components

are g _ ”;h

1
[(Ji —7) Pri| (y4 + 7 )p,ﬁoi}[}] |, = tau rest frame

If neutrinos were measured, we would have
complete information to reconstruct tau

momentum, tau and Higgs rest frames
29+ P _ GxPr=

m2 +m2  ppx-pex

mf) —4m?

r=—= — =~ 0.14.
m2 4+ m? 24

Y+ =
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|!€CI‘ — compdre ! ! CICOp‘CmCII’I‘)’

Truth level ® and truth level ¢* for A = 0
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0.08.

0.04!

Normalized yield

O amplitude is
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_ amplitude by 50% |
oo~~~ . .. ...l

0.021

-3 -2 —1 0 1 2 3
*Bower, Pierzchala, Was, Worek [hep-ph/02042%] .

Worek [hep-ph/0305082] N 26



.
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

* Necessarily require visible Z decay P‘Z'égf‘f?:s.’.".'?’.’.“f'*:=.1.2."’. v
. . . L — SM all ffh
* Both solutions give correct Higgs mass — | —2n !
"'_9\,300- — WW fusion -
* Weight each solution by half an event 5 ! 2Zfusion ]
*8200- -
7]
B
100
O

800 250 300 350 400 450 500
ILC TDR Volume 2 \s (GeV)



!ep‘on CO”I!GF — reconslruc\e!

010 Truth level ® and reconstructed ® at the ILC for A =0

Normalized yield

0.02!

0.00

0.04!

. truth
—=== reconstructed .
p==
I
[ S
j Reconstructed amplitude _
~ degraded by 30%
—|3' " '—I2' " '—Il' 1 3
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Lepton collider possibilities

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

e Signal yield (using SM Higgs to taus decay width and
restricting to visible Z decays) is 990 events with 1

ab™ luminosity Ple, (08,03, M125GeV
— SM all ffh
— —Zh
Oete— —hZ 0.30 pb "’9\,300 = — WW fusion -
Br(h — 7+77) 6.1% 5 £ e
Br(r— — 7 7'v) 26% §2DO
Br(Z — visibles) 80% 2
€100
Nevents 990 O

0
200 250 300 3350 400 450 500
ILC TDR Volume 2 \'s (GeV)




Lepton collider possibilities

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

— Signal yield (using SM Higgs to taus decay width and
restricting to visible Z decays) is 990 events with 1 ab-!

— Construct binned likelihood using a sinuisoidal fit to
signal, determine sensitivity by variation of test A

With 1 ab! of ILC Vs=250 GeV, N
expect 16 discrimination of 4.4° [1 Pois (B; + S2="|B; + S£=°)
(compared* to 6° using ¢ e

oo N
[albeit included backgrounds Pois (B; + SA=0|B; + SA=0)
and detector effects]) i=1

*Desch, Imhof, Was, Worek [hep-ph/0307331] 31



LHC prospects

e Can also study this phase at the LHC
— Consider h+j events (can also consider VBF production)

— Will use collinear approximation for neutrino momenta
* In this approximation, © is identical to ¢*

— First proposal to measure A at the LHC with prompt tau
decays and kinematics

32



W_

Truth level ® and ® from the collinear approximation for A = 0
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0.08
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2, 0.06
=]
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§ 0.04
Z
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S
Signal and background generation

* Use MadGraphb5 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

34



.
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

col

hj Z ]
Inclusive o 2.0 pb 420 pb
Br(777~ decay) 6.1% 3.4%
Br(r™ — 7 7w'v) 26% 26%
Cut efficiency 18% 0.24%
Nevents 1100 1800

35



L
Yields for 3 ab™' LHC

* Consider T tagging efficiency benchmarks of 50%
and 70%, use similar likelihood analysis as before

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



Improving the measurement of the tau™

Yukawa CP phase

e Consider including MET information for LHC
analyses

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

* Consider other tau decay modes
* I[mprove tau tagging efficiency

* Add decay vertex information

* Consider VBF production

37



Summary

* New CP phases are motivated from general
baryogenesis arguments

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

— Look forward to discussion with experimentalists to

implement this analysis in future Higgs studies
ILC, 250 GeV, 1 ab!

Oete——shz 0.30 pb LHC, 14 TeV
Br(h — 7777) 6.1%
Br(r— — ’ﬂ'_ﬂ'ol/) 26% T, efficiency 50% 70%
Br(Z — visibles) 80% 30 L =550 fb~! L =300 fb~"
Nevents 990 50 L=1500 fb~" L =700fb""
Accuracy 4.4° Accuracy(L =3 ab™!) 11.5° 8.0° 33
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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%
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‘cuu measurement ae’rqi‘s

CMS Simulation,\'s = 7 TeV CMS,\'s =7 TeV, 36 pb”
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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
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