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Motivation and theory

» The Standard Model Higgs boson is even under charge-parity (CP) inversion. However, some of the extensions of the
SM predict the existence of a CP-odd component of the Higgs.

» This study is the first direct measurement of the CP nature of the Yukawa coupling between the Higgs and 7 leptons.
The measurement is performed on the H — 77 77 events recorded by the CMS experiment at CERN.

» The Htt coupling can be decomposed into CP-even and CP-odd term:

Ly = —%H@ +w , m; = mass of 7, v=V.E.V. = 246 GeV
CP-even  CP-odd

» Defining the CP mixing angle as ¢, = arctan(i—r)

* ¢, = 0°: CP-even coupling
= ¢, = 90": CP-odd coupling
= Other values: mixed CP coupling (CP violating)

> The goal is to measure ¢ ;.
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¢.-p observable

/> ¢, can be measured using the observable ¢ p
which is defined as the angle between the planes
produced by T+ and 7~ decay products.

Z z Z
¢cpt ¢cp? ¢cpt
PRI PR PRI
/ | ! | / |
N S N S Y
7T 7T 7T
710\
A
5 \ 0<\1
T o
Y o+ Ax+ Y o+ Yot

/> It can be shown that:

& coS(Prp — 2¢,;), [arXiv: 1308.2674]

13 TeV

\\‘\\\\‘\\\\‘ |7
—CP even —CP odd —

—CP mix —Z

do
dpcp
CMS Simulation
:' 7\\\\‘\\\\‘\\\\‘\\
S 0.1
| 2¢
: TT
0.08-
0.06-
0.041
0.02}
: TT — TITT
| [

p‘T >33 GeV

\\\‘\\\\\\\\
0 50 100 150

200 250 300 350
<|>CP(degrees)

Mohammad Hassan Hassanshahi (Imperial College)

Higgs CP measurement in H —» t+7~

10 Nov 2020




Measurement optimizations

» Machine learning techniques (BDT/NN) used to separate signal (H — 1)
from background (Z — 1z, QCD faking 77, etc.)

> A separate classifier (BDT) to identify hadronic T decay channels:
= The purity of all hadronic T decay channels by 10 to 55 %-points.

= The efficiency of the decays with at least one % by 5 to 40 %-points.

» Separately published in a Detector Performance Summary (DPS) note
[CERN-CMS-DP-2020-041].
» =~ 20% improvement in CP sensitivity

» Improved impact parameter reconstruction

» Improved primary vertex (Higgs production position) reconstruction
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Result

» The figure shows the negative log-likelihood scan of ¢.,. The
observed ¢, is found to be 4"+ 17" at 68% CL.

» This excludes the pure CP-odd scenario at 3.2 o significance.

» The result is compatible with the SM prediction within
uncertainties.

» The next-to-minimal supersymmetric model (NMSSM) allows up to
427" CP violation [arxiv: 1508.03255]. Our result exclude a part of the
phase space of this model at 68% CL.

» ¢ = (4 £ 17 (stat) £ 2 (bin-by-bin) £1 (syst) £1 (theory))°
= Result fully statistically dominated — More data to come in the next
couple of years. Stay tuned!
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Event display
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CMS Expariment at the LHC, CERN
‘ Data rbcorded: 2018-Jul-17 03:21:01.157638 GMT

Run [ Event/ LS: 319756 / 2934016220 / 1850
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Event display e

CMS Expenment at the LHC, CERN
Data recorded: 2018-Jul-17 03:21:01.157638 GMY
Run / Event / LS: 319756 / 2934016220 / 1850

Figure 3: Zoomed event display of a proton-proton collision recorded at CMS with a candidate Higgs boson decaying into

two tau leptons. The decay location of the tau, which decays into three charged hadrons, is clearly visible and indicated

with an orange dot, as well as concurrent proton-proton collisions.

https://cms.cern/news/Mirror-mirror-on-the-wall-who-is-the-most-CP-even-of-them-all

Mohammad Hassan Hassanshahi (Imperial College) Higgs CP measurement in H - %7~ 10 Nov 2020 8



Measurement optimizations
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Decay plane methods

> In the figure:
» Left: Impact parameter method

» Middle: p-decay plane method
» Right: Combined method
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More results

» Left: 2D negative log-likelihood scan of k; and K.

» Right: ¢p distribution for the most sensitive channels.
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7 Higgs bosons:  H,,Hy, Hy, A1, Ay, H", H™

5 neutralinos: Xy (i=1,...,5)

H, SM-like

; EDM allowed

; EDM conflict

4

4

5; EDM conflict
5; EDM allowed
3; EDM conflict
3
1
1
2
2

; EDM allowed
; EDM conflict
; EDM allowed
; EDM conflict
; EDM allowed

¢i/m
||l

Figure 16: The phase ¢;, which measures the CP violation in the H;7"7~ coupling, as a function of the mass
of the Higgs boson H;. Only scenarios that feature H> as the SM-like Higgs boson with a mass of 125 GeV are
included. Light colored open points are in conflict with the EDM bounds, whereas dark colored full points respect
the bounds.
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Production Decay

ggH: model dependent (loop)

VBF: CP-odd could be suppressed
(CP-odd: non-renormalizable)
V=2/W

ttH: less allowed CP-odd componentin &

some models (e.g. C2ZHDM Type Il)

G H->bb: Spin information washed out
> . due to hadronization ... —

‘ ‘ H->VV (V=Z/W): CP-odd could be
vy suppressed (CP-odd: non-renormalizable)

H-> 77: model-independent,
complementary to ttH

g

bbH: Much harder than ttH to measure as the sensitivity
of the kinematic shapes o« mixing of the left- & right-

handed helicities o< quark mass

Mohammad Hassan Hassanshahi (Imperial College)

Therefore H — tt is a good channel to look at.
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Spin correlation

» Calculating the partial decay width in the Higgs rest frame (and approximating 5, = \/1 —4mZ/m; =~ 1):

ATy € 1 — 5757 + cos(2y,) (s7-5F) + sin(Qep,,) [(sFx s7) . k7]

in which s and s, are the transverse and longitudinal component of the 7~ spin with respect to k™, the unit vector in
the T~ direction. This can be shown to be equal to:

dFH—rrc o« 1-— SZ_SZ+ + |S;||S;‘-| COS((ps - 2¢TT)

with ¢, showing the angle between s and s7 in the right-handed coordinate system.

» Therefore, the CP of the coupling affects the angle between s7 and s7.
» CP-even Higgs: ¢, = 0° -> dI" peaks at ¢p; = 0° (parallel spins)
» CP-odd Higgs: ¢, = 90° -> dI" peaks at ¢, = 180° (antiparallel spins)

» And the direction of the charged decay products of the two taus are
also correlated (as neutrinos are left-handed)

» Likewise, the signed angle between the decay planes.
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@ A complex 2HDM

V= mfl | D, 1> + m222|<1>2 |2—n1122 ((ID':YI)2 +h.c)
+7(<I>1(D,) + 7((132(1)2) + (P[P )(DD,) + /14(<D1(D2)((D2(D,)+7 (©,P,)+h.c.

and CP is explicitly and not spontaneously broken

0 0
<P >={L ) <d,>=(2
V2 V2

V. . .
mm) [tanp =-2| ratio of vacuum expectation values
v

mm) 2 charged, Ht, and 3 neutral CP-conserving - h, H and A
CP-violating - h;, h, and h,

e m2,, and A, real 2HDM

> e m2,, and A, complex C2HDM

m=) rotation angles in the neutral sector CP-conserving - o
mm) soft breaking parameter CP-violating - &, &, and ag

CP-conserving - m2,,

CP-violating - Re(m2,,)
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Figure 3: C2HDM Type II, hi2s = H;: Yukawa couplings to bottom quarks and tau
leptons (left) and top quarks (right) for sample 1 (dark) and sample 2 (light).
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Figure 4: C2HDM Type 11, h125 = Ha: Yukawa couplings to bottom quarks (left) and top
quarks (right) for sample 1 (dark) and sample 2 (light).




top vs tau

What if the 125 GeV reveals different CP behaviour in two decay channels?

The SM-like Higgs coupling to ZZ(WW) relative to the corresponding SM coupling is

hsWW .
CliHDM = ¢ sin(ff — a)

and c2 cannot be far from 1. But a, is the CP-violating angle and therefore it should
be small. However, the CP-odd component has an extra tanp factor for down quarks
and leptons, but not for the up quarks

Typell __ Typell _ -
Y o = CYapmas — sSalp bottom, tau
S5
Typell __ Typell _ . “2
Yooupu = ©2Yappy = s 1 top

Thus, the SM-like Higgs couplings to the tops could be mainly CP-even while couplings
to the bottoms and taus could be mainly CP-odd.

FONTES, MUHLLEITNER, ROMAO, RS, SILVA, WITTBRODT, JHEP 1802 (2018) 073.
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Indirect measurement

Kud,e=1
This means that the A — bb branching ratio is now 3F '
2 | 2 7 [
- + Br(h — bb 2
Br(h — bb) = (”g ’fg) X Jsm (5.6)
1+ (kZ 4+ 72 — 1) Br(h — bb)sm Higgs (LHC 3000 fb™")
1t Higgs prod. []
while all the other Higgs-decay modes get rescaled to L EDM
el.
w 0f ‘5:
Br(h — X <
Br(h — X) = . fg Jow (5.7)
1+ (k? 4+ &2 — 1) Br(h — bb)sum 1
where X # bb. As inputs we use the naive averages of the ATLAS [2] and CMS collabora-
. . . . -2t el. EDM
tions [1] in different Higgs-decay channels
fiop = 0.72 £ 0.53,  firr = 1.02£0.35, iy = 1.14 £ 0.20, b : : ' : '
(5.8) 3 2 -1 0 1 23 “10 -05 00 05 1.0
aww = 0.78 £0.17, jizz = 1.11+£0.23, Kr Kr

where fix = [o(pp — h)Br(h — X)]/[o(pp — h)Br(h — X)]sm denotes the signal Figure 6. Left: Present constraints on x, and £, from the electron EDM (blue) and Higgs

strengths. We work in the limit where the Higgs couplings to the W and Z bosons are
the SM ones. We keep the effect of kp, 5y in the gg — h and h — 7y vertices (Cf. Eq. (5.4)),
where the former interaction also modifies the Higgs production cross section. Up to these

production (gray), assuming SM values for the remaining Higgs couplings. Right: Possible future
constraints on x, and k., see text for details.

Ky ~ (0.004 — 0.0037) iy + 0.996 4+ 0.003i, 7, ~ (0.004 — 0.0037%) r . (5.9)
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Partial decay width in H - 771~

More generally, and to anticipate the discussions that we will have on the Higgs CP-
properties, for a ® boson with mixed CP-even and CP-odd couplings gq5p o< a + ibys,
the differential rate for the fermionic decay ®(p;) — f(p,s)f(p, §) where s and s denote the
polarization vectors of the fermions and the four-momenta are such that p. = p=4p, is given
by [see Ref. [147] for instance]

dl’ Hf

T (5,8) = W[(|a|2+|b| )(5M3 - mf +mis-5)

+(|al* = |b]?) (p+ SPyS — 5;\[{%5-5 + 'mjs-E — 'mj)
—Re(ab” e, pop!ip” 5757 — 2Im(ab™)m p, - (s + §)] (2.8)

The terms proportional to Re(ab*) and Im(ab®) represent the CP-violating part of the cou-
plings. Averaging over the polarizations of the two fermions, these two terms disappear and
we are left with the two contributions o |a|*(M3 —2m%$—2m%) and o | (M3 —2171?+2m§)
which reproduce the ,‘3? and (3 threshold behaviors of tho pure CP-even (b = 0) and CP-odd

(a = 0) states noted above.
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Impact parameter

Figure 1: Definition of the impact parameter vector n_ in the plane of the decay ¢ —+ 1~ inthe
laboratory frame. Here, p. is the measured @1~ momentum, PV is the T~ production vertex, and k

is the 3-momentum of the t

sensitivity can be achieved by determining the analogous correlations in the 1 1™ ZMF.
One can reconstruct this frame by a Lorentz boost from the laboratory frame with the mea-
sured pion 4-momenta p” = (E.p+). The resulting 1% energies and momenta are E% | p?
with p.. = —p’ . (All quantities in this frame will be denoted by an asterisk.) However, the
true decay planes in this frame can not be reconstructed, because the true impact parameter
vectors in this frame can not be obtained from the measured laboratory-frame 3-vectors n.
Instead we proceed as follows. Denoting the normalized impact parameter vectors in the lab-
oratory frame by fi, we define the two space-like laboratory-frame 4-vectors n. = (0. #-).
These vectors are boosted to the m~ " ZMF, and we obtain n = (ny..n7% ). Next we de-
compose the spatial parts n%. into components parallel and perpendicular to the respective
pion momentum p=.:

n. —I‘:ﬁt'#"l"ﬁ". (7)
where r 7, r are constants. In this way we obtain the unit vectors fi" ", which are orthogonal

to p*, respectively, for each event in a unique fashion. The angle, which takes the role of the

Main visible T~
decay products

nntn”

nrntn n®

true angle between the unsigned normal vectors of the decay planes , Eq. (6), is defined by

Akt A

@ = arccos(R’" A’ ), (8)
where 0 < ¢* < nu. In addition, the CP-odd and T-o0dd triple correlation Ofp = p* - (" x

*

L
violation in Higgs-boson decay. Here p* denotes the normalized 1~ momentum. As —1 <

i) turns out to be an appropriate tool for distinguishing between CP invariance and CP
Ofp < 1,itis convenient to consider, alternatively, the distribution of the angle

A ke

Yep = arccos(p’ - (A" x A7), ©)

We shall show in the next section that (8) and (9) are sensitive and robust observables for

determining the CP nature of a neutral Higgs boson.
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Unrolled ¢.p

¢ ¢CP distribution in bins of MVA for CMS Ii’rellinIzinIarIl/] _ IylrtI _ 111371@‘;(}3;&1\/2
. - (00, 045) : (0.45, 0.6) : (0.6,07) : (0.7, 0.8) : (0.8 09) : (09,10) I Data
1 + m final state. 10 : : : i
- i 3 y — T Embed.
& P = il jet = T,
. . £ 102 =
* Each window shows ¢¢p in [0,27] A
1l — BestfitH — 17
10 S ] T
ld) 1 1 1 11 1 11 1 1 1 1 1 1 1
By
45 10 | | | I | | — PSH = 17
a“%‘ﬂE . : i : i }} — BestfitH — 17
e Bkg. unc.
I3t L IR N A s e L S
0 8 16 24 32 40 48
Bin number \_Y_}
[0,27]

Mohammad Hassan Hassanshahi (Imperial College) Higgs CP measurement in H - %7~ 10 Nov 2020



