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Standard Model Higgs Mechanism

_|_
o SM includes one Higgs doublet field: ¢ = ( ? )

o Lagrangian of Higgs sector:

Lriggs = (Du@")(DH®) + 2010 — 7(010)?

o Spontaneous symmetry breaking results in
one physical Higgs boson A" and massive Re(4)
W= and Z° vector bosons.

Im{$)

o hY must be CP-even to couple to Z°ZY at tree level
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CP violation

o SM contains only one Higgs boson that therefore needs to be C'P even

o Is there CP violation in addition to the CKM phase -
as a hint for new physics ?

o Different extended Models with CP violation have
different impact on Higgs to SM-particle interactions:

E.g. effects could show up in hZ Z-coupling or
in hTT coupling or in htt coupling

o CP measurement in h — ZZ can exclude a CP-odd
Higgs boson, but not C'P-mixing

o That also means that a complete exclusion of C'P violation
in the Higgs sector is complicated




CP violation in h-tautau coupling

0 CP violation could show up in the h-77 coupling
at the leading order:

o General Lagrangian:

mr _ : _.
Ly =— — K;(cos¢-TT + sin ¢, Tiys7) h,
\

m;

v

(Re(ysr) 77 + Im(yir) TiysT) hy

15
=

o K, can is determined by branching ratio measurements

o ¢, can be measured using the 77 spin correlations

o Using x, and ¢, - specific models can be constrained



CP violation in 2 Higgs Doublet Models

0o 2HD Models — two Higgs doublets ®,, ®3. Choosing the Higgs basis
(only @, has a non-zero vacuum expectation value):

T
)

O, — (G+, (v+ 51 + z'GO)/\/ﬁ) By — (H+, (S2 + z's3)/\/§)T

o  GT, GY - Goldstone fields, HT - charged Higgs-boson field,
S1, S and S3 neutral fields, which are CP-even and -odd

0 Fields in mass basis hi, ho, h3
(h1,ha, h3)" = R(S1,82,83)" (1)
R - real orthogonal 3 x 3 matrix, depends on the Higgs potential

o Yukawa interactions to quarks/leptons in the aligned 2HDM (0908.1554):

Yidg = R+ (Ri2+1Ri3)Cay,
Yiu = Ria+ (Rix—1Ri3)(,

o Additional CP violation due to the parameters (4; and (.

o — CP violation in A77-coupling is different from CP violation in htt-coupling




CP violation in 2 Higgs Doublet Models, Example
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1 ‘ ——— w ——— T 7
0.500¢} 0.500}
0.100¢} 0.100!
< 0.050¢ ‘= 0.050¢
o] @]
= c
@D 0
0.010f - — - cos(f-a)=+0.4 0.010!
0.005} . - ——-cos(f-a)= 0.0 | 0.005!
4 sssscoooc cos(f-a) =-0.4
0001555 5 10 50 e
tangB tang
Type | Type I

o Exclusion ranges, assuming ¢1 = 0° £4° and x, = 1 £ 0.04.
o Exclusion of solid red lines is independent of mixing angle a.

o Dot-dashed blue, dashed black, and dotted black lines correspond
to cos(8 — a) =0.4,0, and —0.4
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CP measurementinh — 77—

o General Lagrangian: Ly = — g, (cos ¢, TT + sin ¢, Tiy57) h

h() AO

CP-even (SM), ¢, =0 CP-odd, ¢, =73
Lnorr = —gr-TTh Lo = — g - Tiy5Th
JPC =0t JPC — -+
L7'7_':17 57_7—_:1 L7—7—-:O, S7-7—-:O
ST?
S st
] - 5 s
- + < | ° (I
T i | ,7-—|—
LT? ' )

Parity and charge conjugation property of a fermion-anti-fermion wave function:
P=(-1)!*! and C = (—-1){+5




CP measurement in h — 77—

o 7 is emitted in the direction
of the 77-Spin in the 7~ rest
frame ( spin analyzer quality of 1)

o w1 in opposite direction
of 71 spin in 7T rest frame

7~ and m* are
preterably antiparallel

gy ST
— —_—
< s
Vr T U
VT D’T
S[ s
| 1
@
I T ! | 7'7L I
I AO I
I I
_ +
TV v 7

7~ and 7T are
preferably parallel




CP measurementin h — 7

1 dl'(h — 777~ + 2v) i
o = = 5= |1 — Tz cos(pep — 2¢7)

F dgpc’p 2 CP

(Dell’Aquila, Nelson, 1989)

wcop is defined in the interval 0 < pop < 27

ppoh-o1t 1> 1" +2v;
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Higgs rest frame Anocur = 407



CP measurementin h — 77—

O We analyze all major 1- and 3-prong tau decay modes:

T = 4+,

T = a+v, > T+2m0 +u,

T SRR i I S 7
T — IO—I—VT%T('—I—T('O—I—VT

T — T+ Us

0 The differential 7 decay width for any 7 decay channel
can be written as:

1

2m.,

dl' (77(87)) =

M|*[1—h"§ | dD
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CP measurement using the 7= impact parameters

0 Determine normalized impact parameter
vectors in lab frame: n_, ny

o Boost n!, = (0,74) into zero momentum
frame of charged prongs, e.g. 7~ n+-ZMF.
Use transverse components with respect
to ¢*, e.g. the 7~ momentum in that

N
frame: n

o
L

YOP T\ 2m—y* if Ofp <0

&
)
G

S
\S]
TT T[T T T T TLTT

where ¢* = arccos(n*™ - R 7)

1/o - do/decp
o
O

]
—_

* . gRE ~ k- & B3 = r
and OfLp =¢* - (A" xXn|7) osl

o Measurement of primary vertex (PV) necessary 0 : . 52 o
1t 1 ¢cp [rad
(additional tracks/underlying event) rad)

e ——————
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CP measurement using the 7= impact parameters

0 Determine normalized impact parameter
vectors in lab frame: n_, ny

o Boost n!, = (0,74) into zero momentum
frame of charged prongs, e.g. 7~ n+-ZMF.
Use transverse components with respect
to ¢*, e.g. the 7~ momentum in that

. avk
frame: n’;
* : *
. 90* L SD Zf OCP Z O ppoh->1t71 > 1" +2v,
— _ 03
& 2 — * if OLp <0 : 2
025
S 0.2:
L
A A —_ E ''''''''''''
where ¢* = arccos(n*™ - R 7) .
= 0.1
= A%k ~ k- Ak — =
and OCP — q_ - (nJ_ XNy ) 0.05 & e N =
E oy = 126 GeV, LHC 14 | 5
. O'_ IIIIIIIII I e I =1 [ .
o Measurement of primary vertex (PV) necessary 0 ; Z 5 E

@cp [rad]

(additional tracks/underlying event) ee—




Determination of ¢, using reconstruction of p momenta
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CP measurementinh — 777~ — pTp~ + 2v at the LHC

0 Desch, Imhof, Was, Worek, hep-ph/0307331
Harnik et al. arXiv:1308.1094

o Decay channel: h — 7777 — pTp~ + 2v

o Reconstruction of p-momenta
necessary (separation of 7% and V)

o Boost all momenta into the 77— -ZMF

(denoted by *). This is different from 025 .- -
o T4 --ocp=s1  CP=-lL.
the original method T N .
0.20f ,". 29 \
o / . / \
O . ) / \ N
+ — ~Ax()— 3 / .’ N N
o In the n7n~-ZMF, calculate ¢ S o156 N ‘ N p
A . : / \ .
and ¢*°T, the normalized transverse (S e ‘ " N
o . A / ‘,. ‘: \e.
vectors of the 7 with respect to their 0.10p - e NN
corresponding charged 7 y'>0 PP > 007+ V.V,
0-05 1 2 3 4 5 6

Pcp [rad]




CP measurementinh — 777~ — pTp~ + 2v at the LHC

0 Defining:

*

©* = arccos ((AﬂOJr ’ (Alio_>
O* _ q*— . (q*J_O-I— < qj_()—)
0 Then ¢ p is defined:

. e i 0" >0
POP T\ 2m—p* if O*<0

0.25}
0.20}
O FEvents need to be separated using §)
S (.15
y’T _ (ET('_ — 7TO) yT _ (E7T+ - ET('O) : 018
- (Er- + Ero) | i (Er+ + Ero) - 0.10}
and selecting y'>0 PP PP+ ViV,
0.05

o 1 2 3 4 5 6
ym > 0ory” <O where y” = ylyl ¢cp [rad]




Combination of impact-parameter and
p - decay plane method
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Combination of methods

o Consider the decay channel
h— 71170 -7 pt:

o Determine impact parameter n_ and p*
decay particle momenta 7

o Boost n” = (0,n_) and momenta
into 7~ 7wt ZMF (denoted by *)

0 (Calculate in this frame the transverse
components 7*~ and ¢*°". Using

*

@™ = arccos ((T'iOJr : ﬂj‘)

0" = (@ <)

then ¢ p is defined:

__— o™ it O >0
PCP =\ 21 —p* if OF <0

, 71 in Lab frame

y’T _ E;JF B E;(:O
— - +
Bl + B
0.25}-.. / ~n """ ~=<CP=+1 CP=-1..-
e == "\t AN
/. 4 /‘\ \
. “ / \
o 020 / / . \ :
i / \ A
O / “ / * \ "
S % \ X
© 015- / . : \ /
5 / \ R
~~ // A '0' \ /
A “ \ " \ 4
i V4 . R \
0.10 , yf_ >0 . RN ’/\
’/ -+ _..’~... <. \\ =
pp > 71T p + ViV,
0.05 - - - - - -
0 1 2 3 4 o) 6

@cp [rad]




Combination of methods

o General structure in 7—7 1+ ZMF:

AR S

¢*~ is the normalized 7~ momentum

p*t is either ¢1°F or AT
P is either ¢ orn’~
o Then one can write the definition as: 0.25/
* ~k -+ Ak —
p* = arccos (pi " - p7) ~0.20|
x O
S
* o Ak— A~k -+ Ak — L)
0" =4q (pl Xpl) S 0.15|
S
and ¢z p 1s defined as 0.10}
—==pp,y >0
. . — . I— + ’ T 0
i P it OF>0 0.05 - UG S % - -
= . 0 1 2 3 4 5 6
rop 2r—p* if O* <0 *
@cp [rad]




Conclusion: Estimation of the expected precision

0 Included all decay channels and all methods

for gluon-gluon fusion process

o LHC 13 TeV, M., > 100 GeV and detector cuts
0 Included simple Detector smearing

o Assumed 2 reconstructed signal+background
events (pp — h/y/Z — 77) per fb

o — ¢, can be measured with an uncertainty of 15° (9°)

for an integrated luminosity of 150fb™" (500fb~1)

o Eventually with a luminosity of 3ab™ ' one may reach ¢, = 3.6°

77 decay channel Ag [%] SJFLB Asip %]
hadron-hadron 16.2 0.5 8.1
lepton-hadron 9.4 0.5 4.7
lepton-lepton 4.5 1/3 1.5
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CP measurementinh — 777~ — pTp~ + 2v at the LHC

0 The differential 7 decay width for any 7 decay channel
can be written as:

d' (77(87)) = M*[1—h787] dd

2m7

o Consider the 77 — p~ 4 v, decay channel:
h=N(2(¢-N) a+¢N)
with ¢ = ¢ — q,o.
In the 7 rest frame it is: ¢+ N = (E = — E0)m.,
Separate events with positive and negative spin analyser using:

E+—FE.a | B, — By
E++Eds 2 E_+FE

Y1 =
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Z,~ boson background

0 Drell-Yan and Z*/v* + jets represent
major and overwhelming background
to the h — 777~ signal

o The production of Z*/~* and its decay
into a pair of 7 leptons does not factorize
as for the Higgs signal process

o pp — 777~ spin density matrix
needs to be calculated

0 Included NLO QCD corrections
in calculation of the Drell-Yan
spin density matrix using standard
techniques

In(1+S/B) w. Events / 10 GeV

w. Data-Bkg.

ATLAS CONF 2013 1()8

YT

-

vvvvvvv

70k ATLAS Preliminary ¢ Data
E . —— H(125)> Tt (u=1.4) =
60F- H— tr VBF+Boosted — 3
: JLdt=203f0" B Others 3
- {s=8TeV S -S:';‘:ft 3
40 ’
30
201
10
0
i ‘LH(12S)—‘T‘;(“=1.4)
L o H(110) = 11 (u=1.8)
10 HE150))-.n(u=s.9):"‘ =
Ofo—e—e—esulim V fgucen ,
60 80 100 120 140 160 180 200

miMC [GeV]




Z,~ boson background

o In dependence of ¢} p = p_ — @, (integrate out ¢ ): 99727 w1

dpep
D NO SO* de endence ...............................
CP p ° ~ * * +
E. =20 GeV b2y = pp
0.20} e S =ad
53 B N i
o No O p dependen(.:e, P s A
if pr cuts are applied. s | " S
so0asp 0 Ttel T o Ry
% b - ~ '\\\ N - //
o No ¢ p dependence = — = - h: no smeating ==
- — - h: with smearing
at NL D. |
O QC R0 Z*/y": with smearing
—— h: subtracted, with smearing
o @ip 1s affected by 0 r 2z 3 4 5 6

measurement uncertainties:
i) Primary vertex resolution (z-direction)

ii) Other smearing effects.

o Signal and background affected similarly

@cp [rad]




Drell-Yan background

0 Drell-Yan LO cross section for
TV — " + v, /U, decay

B1, B2
7T couplings T (aT Ur

1
1 —cosf, cosf_ — > sin @, sin6_ cos(py + ©_)

1

1 —cosf, cosb_ + 5 sin 6, sinf_ cos(py + ¢_)

+a?v’h) (cosfy — cosf-)

Result of parity
violating Z interaction

cos 01, p+: polar and azimuthal angle of pions in their respective

T rest frame with k-

=€,




Photon background for impact parameter method

0 Red line denotes events where 7~ momentum
is preferably parallel (o < 7/4)
to pp — 777~ production plane.

a_ <mn/4

o Blue line: events where 7=~ momentum 1is LASA My = 80 GeV |
: pp—-y —>n'w
preferably perpendicular (a_ > 7/4). 0.000 . o C\)
0 1 2 3 4 5 6
@cp [rad]
e, X P~ n_xpr
COSo_. = N — ' T X ~
&, xp™ | A xp™ |
T A
. . . . —t5 S
o Distribution opposite for Z* exchange:; >
/Z* dominates.
—
>7* <
— —
— 4 S+
€, ...beam axis +Y

A

n_ ... normalized 7~ impact parameter in Lab frame

p™ ... normalized 7~ momentum in Lab frame
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Drell-Yan background for 7~ impact parameter method

o Split events into two classes, where the
7~ momentum is either parallel or perpendicular
to the pp — 777~ production plane:

o Red line denotes event where 7~ momentum
is preferably parallel (a_ < 7/4)

o Dashed blue line denotes event where 7~
is preferably perpendicular (o > 7 /4)

a_ <m/4

do/decp [pb]
(@)
7S

S
—_
=

o Distribution dominated by Z* exchange

0.05} M, =80 GeV
1 R A VAREY oF &
000 1 2 3 4 5 6
¢cp [rad]
€, ...beam axis I
n_ ... normalized 7~ impact parameter in Lab frame A= 19%

/\7-(-_

p™ ... normalized 7~ momentum in Lab frame



Drell-Yan background pp — 777~ — pTp~ + 2v at LHC

Similar for Z*/~v* — p™p~ decay channel, |
however, use p~ and 7~ momenta: fkp\
e, X p’~ pP" Xp’
COSQ_ = |
&, x pr=| [P x pr|

0o Red line denotes event where 7~ momentum
is preferably parallel (a_ < 7/4)

0 Dashed blue line denotes event where 7~
is preferably perpendicular (o > 7/4)

012} y,y,20 a_ < /4
010l 170, Mrs| <2.5 M =80 GeV |
pr =25GeV, pp— Z*/y* = pTp”
. : 0.08; 1 2 3 4 5 6
€, ...beam axis ot [rad]
p™ ... normalized 7~ momentum in Lab frame —

p” ... normalized p~ momentum in Lab frame A= 12%



