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Existing experimental results in searches of CP violating
effects in Higgs coupling measurements

[ATLAS 1602.04516] [CMS 1411.3441]
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So, why do we look for CP-violation in the Higgs sector?

one reason: Matter-antimatter asymmetry

ng

Baryon-to-photon ratio Yz =--=(859£0.11)x107"  [Planck Datd]

asymmetry parameter 1B "B _ 149
Y

Pre-inflation asymmetry would have been washed out

Sakharov conditions: (for dynamical generation of Baryon asymmetry)
e B violation (a

e CP violation

e Departure from thermal equilibrium
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So, why do we look for CP-violation in the Higgs sector?

one reason: Matter-antimatter asymmetry

Baryon-to-photon ratio Ys= % = (8.59+0.11) x 107" [Planck Data]

asymmetry parameter 1B "B _ 149
Y

Pre-inflation asymmetry would have been washed out

Sakharov conditions: (for dynamical generation of Baryon asymmetry)
e B violation / Sphaleron (ﬂ\

e CP violation % not enough ‘\
e Departure from thermal equilibrium % not enough
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Electroweak Baryogenesis

e Spontaneous symmetry breaking after
temperature cooled down during expansion
of early Universe

iy Violent process, formation of bubbles

Sphalerons T s(p:) Oy, Otop Oty

Broken Phase

<d> = 0

Symmetric Phase
<d> =0
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Electroweak Baryogenesis

1. Nucleation and expansion of
bubbles of broken phase

4. To stop equilibration
sphaleron transitions
shut down

B
<0>=x=0 <0>=0
Bubble Wall —>
[Morrissey, Ramsey-Musolf ‘12]
Oxford Higgs Couplings 2019 6

[Kuzmin, Rubakov, Shaposhnikov ‘85]
[Cohen, Kaplan, Nelson "91]

X« X, 2. CP violation at phase interface

responsible for mechanism of
charge separation

~% chiral flux in front of wall

.
( 3. In symmetric phase, very

active sphalerons convert
chiral asymmetry into
baryon asymmetry
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CP violation during Electroweak Baryogenesis

S
||
|
||

3ys [V
() / nL(z) ezRFWS/vw dz

S 2008 J_ oo

entropy density s = 22 /(45)g,.sT2  sphaleron rate I'ys = 6kal,T

["ws 0 10794
Y L _ws CP N CP N 10—85
B L, gs “r

— CPV needs to be order 1

Amount of CP violation in quark sector not
sufficient. Thus need new sources of CP violation.

[Gavela, Hernandez, Orloff, Pene, Quimbay '94]
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Simples gauge-invariant operator upon elw. sym. breaking

HTH)

A2 HUI o+ + c.c.

3L'R

LeffD—(a+5

with @ and 3 complex parameters. After elw sym breaking

Lur> ~(a 55 )vrim — (a4 3955) Torim +cec

v’ SM
l &+5F:y7 >O

L :mf}LfR | \y/geiAhfoR+h.C.

v

L=myffA \y/%oosA hif- z'\y/gsinA hfvs
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New sources of CP-violation can be accommodated in several ways

(not exhaustive)

e Yukawa-Higgs coupling

CP-violating Yukawa-type interactions

mye - L.
]cf\Tff(cos ¢t + iv5sin @) fhpnys

e gauge-Higgs coupling
CP-violating terms between scalar and gauge boson

62~ 2"’
3 Wh FWFM

e Scalar-Higgs coupling
CP-violating terms in the scalar potential

Vi ~ — (m%2®11-®2 + H.C.) + [%% (@I@2>2 + Ag ((I)M)l) ((I)Iq)z) + A7 (CI%(I)Q) (CI)J{(I)2> + H.C.]
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Relation between matter-antimatter asymmetry

and CPV in a concrete model,

A
= 71(¢J{¢1)

+ A1 (¢]d2) (ph0

.,._} assumed all real but m%g

Qo

l.e. 2HDM
5(%@) + As(¢] 1) (562)

Dt 5 [Me(6102)? +he]
2 {mholen + [m%2<¢1¢2> the]+mdy0l6n)},

[Shu and Zhang ‘13]
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Higgs CP properties
eff. operators mediating CP-odd Higgs interactions:

indirect constraints e2

/ E ~77 h2ﬁqu“V Phomns

EDM G712 > 94 TeV
Y
/ massive gauge
‘,/ bosons
gluons
/

mr — .
s =L f(cos ¢y + ivssings) fhpnys  T@rmions
[McKeen, Pospelov, Ritz '12] v

[Delaunay et al '14]
[Brod, Haisch, Zupan 13]
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Higgs CP properties

eff. operators mediating CP-odd Higgs interactions:

@ colliders: e L~
B h*F,, F* photons
Look at interference effects
between
2
h->ZZ*->4| and h->7" Y =>4l 92z B2 W=
pv :
, , 2 massive gauge
[Chen, Harnik, Vega Morales 14]
bosons
[Bolognesi et al 12] 2 3 »
%szhQZw/Z’uy
tau phase in angular distributions of g o= y
o (a0 ?cggh G G" gluons

[Harnik, Martin, Okui, Primulando, Yu ‘13]

Angular correlations in tth
production

»
>

ms - . :
cf|7ff(cos ¢¢ + 1iv58in @) fhpnys fermions

[Buckley, Goncalves ‘15]
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1/o do/dAD;; [1/0.503]

Higgs CP properties

eff. operators mediating CP-odd Higgs interactions:

Weak-boson and gluon fusion ,

(& _ 2 i

5 Gy P F F photons
93 oo BT

9 Ww 157 .

01 I CP even H —— maSS|Ve
00 | CP odd A -eeees | b
gauge bosons

0.06 F g% B hZZ v
0.04 | i 7CZZ v
0.02 -

R R b 1 > 3 gs ~ hZé GV

jj 2 ng nv glUOI'IS
Jet1 e \Je“
A
\cﬂwf(cos ¢¢ + iy58inPr) fhphys fermions
(Y

pT plane pT plane > Jet 2

[Plehn, Ralnwafer, Zeppenfeld ‘01] [Klamke, Zeppenfeld ‘07]
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I i . Qas . as =
Mixed ph‘/SICCll state: Lhge = cOS@ ——hG® G*" +sina —hG® G*"
1270 ! 7y H
— 1
©
—S 0.9 Bkgs
. Higgs(WBF)
9= 0.8 ggH+2j (cz = 0.0)
Jet 2 g 07 — ggH+2] (2 = 0.6)
Jet 1 T 06 — ggH+2j (e =1.2) Jet 1
o ’ .
A b 05 F’I . A
0.4
0.3
0.2
0.1
O A 1

—— m_ and A¢ Loose
——— m, and A¢ Tight

—— MVA and A¢ Tight

[Dolan, Harris,
Jankowiak, MS ‘14]

14 TeV

&

Can constrain/exclude g 10
mixed CP-states 3

L o10?
to o

a <03 with 500 fb™! 1ol

b2 04 06 08
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CP violating interactions of the Higgs boson

[Bernlochner et al ‘18]

ey LA L L L I L L B L L r-~——jgr+o—rom'*v1r a7 T
% | ATLAS E= gg—H default MC + XH ) 8_—14TLAS | l—gg—)l-lldefauItMlC+XH l_'
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OH@ p— H HG G,L“/ , 8—}2 &= XH = VBF+VH+ttH+bbH 8-3 6k S XH = VBF+VHsttH+bbH

T N : Anti k, R =0.4, p_> 30 GeV . " Anti k, R=0.4, p_>30 GeV

o auv ixsa - ' Z :
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cp-violating tth interactions degenerate 5 ] 1 ER il ina A y
. . © 8

with Oy for our observables (blind s N N
o =
5 &

direction)

Use recent ATLAS measurementsin h — vy and h — ZZ* — 44

Need to construct CP sensitive observables in linearised
framework | Af)2 = | Mgy |? + 2Re (ME Mag) + O(A™4).

0(0<Agjj <7) —o(—m < A¢j; <0)

for example: A¢;; = 1 — P2, in Hijj A=
7 Y 0(0<A¢jj<7’(’)‘|‘0’(—ﬂ'<A¢jj<O)

with ATLAS data one finds A= 0.3+0.2
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Future sensitivity can be improved by separating enriched regions of
GF and WBF and by studying H->4l decay angles, e.qg.

(P- X Pi+) - (Pr— X Prr+)
\/(Pl— X Pz+)2 (Pl/— X Pl’+)2 h

cos ® =

o 6 I ]
% A :_ CHG=O, CHWB.:O _Z
=, - g
< °F E
o 0F -
05— — 2F -
[Jae, inHery), HZZ) A Doy, inH@z) E
- [Jag. in Heyy) VBF split, H(Z2) | - [ag, inHoyy). H(ZZ) + ¢, in H(ZZ) .
-1 DAq)jj in H(yy) VBF split, H(ZZ) + ¢ in H(ZZ)— -6 = Aq)jj in H(yy) VBF split, H(ZZ) + ¢, in H(ZZ) -
L | L | L | L C L | L | L | L | L | ]
-20 -10 0 10 20 IR T 0 510 15
) -2
C/A” [TeV™] C /A [TeV?]
Coeflicient
[TeV™2] | 36.1fb" 300 fb~! 3000 fb~*
cya/N? |[—0.19,0.19]|[-0.067,0.067] | [—0.021, 0.021] o .
cay /A | [—11,11] [—3.8,3.8] [—1.2,1.2] Marginalised over other coefficients
cya/N | [-5.9,5.9] [—-2.1,2.1] | [-0.65,0.65]
cawg/N | [-14,14] [—4.9,4.9] [—1.5,1.5]
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CPV in HZZ - a case study

o H->ZZ-> 4| standard candle to search for CPV in Higgs sector

e New physics unlikely fo induce only one new operator

e Easier to disentangle EFT operators in the production, rather than

decay

e Three body phase space
so 3x3-4=5 Kinematical
variables completely
define the final state

® Ignoring the boost
there are 4:

Vs, 0, 0, ¢

Oxford Higgs Couplings 2019
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Michael Spannowsky

@® InZhCoM

03.10.2019



HZ boosted, reconstructed

| | with fat jet
How much information does N
. . . /Z —>
process provide differentially? ? (
q N~ H /IJT‘\\/ \
Free kinematic parameters £ /\ |
5
Vs, ©, 0, ¢ /5]
A
If we separate each variable into 10 bins: Reconstruction: BDRS, ...
1000 numbers per energy bin to [Butterworth, Davidson, Rubin, Salam ‘08]
encapsulate full information [Banerjee, Englert, Gupta, MS 18]

With some analysis, we can reduce
that number to 9 per energy bin
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The ff->HZ interactions are defined by

) 2m2 = ZH Z
ALMIE Ssgh, 2, Zng— wfHf
+ K ﬁZWZ + i £ZWZ
ZZ % UV ZZ %M 778

Process in terms of helicity amplitudes:

q W/Z

Q)
/
s

9 8
1+ | 2 + kzz — idkzz >
gf 2m7,

ng

o 14+o0A cos@gg]? mz
M= =0 =
V2 Co V6
Z
MA=0 —sm@ggf 14+ 6G%, + 2677 + 25
2€oy gf

()
2 2m% )|’

Only a finite number of helicity amplitudes receive corrections up

to Dim-6 order

A —. Z A ~
A4 (5,0,0,5) = ngf S M (3, 0)df5 (0)e

L.R

Finally, 9 terms including 6 infterference terms between different Z

helicities
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Z A(3,0,0,6)|* = arr, sin® ©sin* 0 + ai cos © cos §
L,R

+ a5 (1 + cos? ©)(1 + cos? #) + cos ¢ sin O sin §

x (a1 + afr cos B cos ©) + sin psin O sin §

x (a1 + a3 cos B cos ©) + ary cos 2 sin® © sin? §

+ a7 sin 2@ sin? O sin? .

e 9 coefficient are 9 angular moments for pp > H(Z>ll)
e They contain all kinematic information of the process

To extract use analog to Fourier analysis |P(Q)=> a;xgi(Q)

Find reciprocal vector (weight function)

wi(ﬂ)zz/\ijgj (€2) > / dSY gi(Q)w; (1) =0y

Calculate |ai= / d) P(Q)w;(£2) Dunietz, Quinn, Snyder, Toki & Lipkin (1991)
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Z A(3,0,0,¢)|* = arr sin® ©sin? § + atp cos O cos b
L,R

+ a5 (1 + cos? ©)(1 + cos? #) + cos ¢ sin O sin §

x (a1 + afr cos B cos ©) + sin psin O sin §

X (app +az g' = 5257 O sin” ¢
+ ELTT/ sin 2g£ g2 _ C@C@
— 2 2
¢9 coefficient 49 ~ (1+Co)(1+Cy) pp > H(Z>ll)
e They contain 4 g~ = C,50 5% f the process
° = (C,808¢CoC
To extract use ar 7 prOseHe™e = a;xgi(Q)
g = S,505¢ i
Find reciprocal ve
P g = S5,505CeCy
:;Az‘- g = C,8352 (Q)w;(2) =03
52995@59
CGICla-ru = 7 — =dinietz, Quinn, Snyder, Toki & Lipkin (1991)
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their respective moments

2 A
aLL %[1-{—259%2-{-4&22-{- %(—1-{-4’)’2)]
20’6 5
2 h
arr %'z [1 + 4 (gg—zjgi + fﬁzz) ’}’2]
e 2 h
obr | —Tgn (1425 +waa)r
a? _2 [ 4oz 4 -
arr —GoeLrRz2Y
6’%’[’ _g RZZ’Y
g2 9% 5
Qo 82 [1 + 4 o7 +Kzz | Y ]
. 2
arr’ %nzz

h

Oxford

growth with energy
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= V3/(2mz) and €Lr = ar — ar

1

small, accidental
cancellation

Comparison of amplitude coefficients and

g' = 8855

9° = CoCy

9> =(1+C3§)(1+Cp)
g* =C,50S5s

g° = C,S059CeCl

g° = 5,505

9" =85,5065CoCy
g° = 05,52 52
99 = S2s05(2—353

Michael Spannowsky
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Comparison of amplitude coefficients and 9N sensifive fo
these if Z decay

their respective moments inclusively treated
/
a ﬁ[1+25"‘ + 4Kz +ghﬂ(—1+42) 1 2 g2 v
LL |3 9zz T 3KzZ Py 2 g = S@Sg
Epsilon S N g"zaef‘a i _gg 71 2 _
suppressed o 2 [1+4-(-9_?L+HZZ)#% 9" = Cely
. h 3 2 2
G%T SQ—‘;'[I+4(QQ_Z?L+KZZ)72] g — (1+Ce)(1+09)
4
h —
. . .gf—‘;}?.[l.-h 2.(.22?. d-.fszz)'.yg]. - g C‘PSGSO
° =(C,8059CeC
h _
air —%[1+2(2—z%f-+ﬁ:zz)’)’2] 96 pPOPO~OME
) ) g = 5,5058
G —~GioerpRkzzy--=="""""" . S(p S Q. OnC
i GRpyn 98 = Dy 92 92 eCs
h —
Qe 89—;-[1—%4 (gg—z?i—}-fszz) ,Yz] g = CQ‘PSGSO
9 2 Q2
5 ?r 9" = 520505
T’ 2
v = V3/(2mz) and €Lr = ar — ar Cross-helicity terms. Vanish upon

Inclusive integration over lepton
phase space
Differential analysis a must
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Epsilon
suppressed

CP-even
moments
probe

h
KZZ %Z“VZ,W

CP-odd
moments
probe

Comparison of amplitude coefficients and
their respective moments

Only sensitive to
these if Z decay
inclusively treated

h
g [1 +268%, + dkzz + %’(—1 + 472)]

. h
- g i B snsa) ]
f

27
8'72 g? ZZ FY

/
A
9° = CeCy
g° = (1+C3)(1 +C5)
g* =C,50S5s
g° = C,S059CeCl
g° = SuS50 50
9" = 5,50654CoCs
g° = CQ(PS%Sg
9° = S52,565;

~ h’ v

Oxford

Higgs Couplings 2019
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Cross-helicity terms. Vanish upon
inclusive integration over lepton
phase space
Differential analysis a must
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A Triple Differential observable

15

@ Filtered Distribution

Oxford

—— (CP Even
1.0 4 ~
CP Odd > R':ZZ EZNHZ;“/-
2v
0.5-
MW 0.0 = ‘
g’ = S8,508:CeCs
_0'5..
-1.0 4
-1.5 " T T T
-3 -2 -1 0 2 3

Dominant cross-helicity CP even & odd angular moment

Higgs Couplings 2019
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[Banerjee, Gupta, Reines, MS ‘19]
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Sensitivity result

rates only

o151~~~ 1 T T T T oo

95, <5 x107%

0.10L

0.05|

0.00}
X I
~0.05/
~0.10}
_0'15 | 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
A
og f
ZZ
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Sensitivity result

Inclusive angular moments

0.15-

95, <5 x107%

0.10-

Inclusive moments not
sensitive to CP-odd
coupling

0.05}
~ _
N 0.00
X i

_0.05}

—0.10}

~0.15]
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Sensitivity result

All angular moments

0.15-

95| <5 x 1074

0.10-

CP-odd:
|Ezzl<0.05

0.05L

CP-even:

N 0.00f

~0.05[

~0.10}

~0.15[
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I'Mm
LOOKING
B FOR YOU

summary

CP violation in the Higgs sector a likely ingredient
for electroweak baryogenesis
-> with reasonably large phases

Necessary to exploit all channels simultaneously

It can be beneficial to project onto maximum set of
kinematically independent moments to obtain optimal
sensitivity
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