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Plan of the talk

1. Main question & Introduction :

Can the Higgs have (hidden) CP violating (CPV) couplings?
Experimental status of the searches for an electron EDM

2. Indirect constraints on CPV Higgs couplings

% EDM constraints: a complete (gauge invariant) calculation

% Higgs rate measurements Focusing on

2HDMs
3. Direct constraints on CPV Higgs couplings

* Differential distributions in Higgs boson productions / decays
% Possible new searches for heavy CPV Higgs bosons

v

Main references for this talk
Altmannshofer, SG, Hamer, Patel, 2009.01258



Higgs and CP violation

In the Standard Model (SM),
%k The only source of CP violation comes from the electroweak sector (CKM phase).
% The Higgs has scalar couplings with SM patrticles.

We need to test these two statements!

From the experimental point of view,
%k The Higgs CP nature is one of the least known properties of the Higgs boson.
3% By now, the CP-odd hypothesis is strongly disfavored.

What if the Higgs is a CP even - CP odd admixture?

Generically, UV scenarios (e.g. 2HDMSs) involve extended Higgs sectors
and the possibility of CPV Higgs couplings.

Baryon asymmetry (typically) requires new sources of CPV
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EDMs, experimental status & prospects

wdy "
Lo = — Z T(fa Ys.J) Fpuw
f
from Altmannshofer, SG, Patel, Profumo, Tuckler, 2002.01400
observable SM theory current exp. projected sens.
d, <107%* e cm <1.1x107*ecm ~ 1073% ecm
dy <107*? e cm <1.9x 107" ecm ~107* ecm
d, <107* e cm < 4.5 %x 107 " ecm ~ 107 ecm
d,, ~ 10732 e cm <3.6x107%%ccm fewx 10~ 28¢ cm
4
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EDMs, experimental status & prospects

wds
Lo = _ZTf(fUW’YSf)FW
f

from Altmannshofer, SG, Patel, Profumo, Tuckler, 2002.01400

observable SM theory current exp. projected sens.
d, <107%* e cm m @
dy <107*? e cm <1.9x 107" ecm ~107* ecm
d, <107* e cm < 4.5 %x 107 " ecm ~ 107 ecm
d,, ’ ~ 10732 e cm <3.6x107%%ccm fewx 10~ 28¢ cm

in the Standard Model:

collaboration collaboration

EDM experiment
@ PSI

Belle Il &
ete- experiments
4

du: g-2 collaboration

d:: Belle collaboration

L example diagrams do: ACME ACME
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EDMs, experimental status & prospects

wds  —
Lot = _ZTf(fUW’YSf)FW
f

from Altmannshofer, SG, Patel, Profumo, Tuckler, 2002.01400

observable SM theory current exp. projected sens.

d, <107* e cm & 11x107%ecm O C ~1073%ecm)

~ 1023 ecm

~ 10719 ecm

d, <107** e cm <1.9x107%ecm
d, <107% e cm < 4.5 x 107" eem
d

" ! ~ 10732 e cm < 3.6 x107%%ecm fewx10~2%e cm

ME

llaboration
Any room left for

Higgs CPV couplings? M experiment

ete- experiments
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Chapter 2:
Indirect probes of Higgs CPV couplings

%k Electron EDM
3k Higgs rate measurements

THE MIRROR DiD NOT S€€M T
BE OPERATING PROPERL\.




EDMs, naive bounds on Higgs CPV couplings
(EFT approach)

If the Higgs has CP violating couplings: LD —7 wa ff+ z’f%f

for example from
dim. 6 operators:
i|H|2éLHeR
16 o
\, \/_Gpme[ -‘fl Te/n) + ﬁt f2(17t/h)J

|| £ 1.7 x 1072

electron EDM bound ‘ 7] < 1.0 x 102
kel S 1.
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EDMs, naive bounds on Higgs CPV couplings
(EFT approach)

If the Higgs has CP violating couplings: LD —7 (kfff+ 2’f’y5f

for example from
dim. 6 operators:
@ c 2éLH8R
\ 16 o \/— _
b 2Gpme [ -‘fl Ti/p) + ht fz(flft/h)J

0 fe| < 1.7 x 1072
e € electron EDM bound ‘ :}: || = 1.0 % 10~2
K¢ .

Gauge dependent contributions to the EDM.

: To achieve a gauge invariant result,

, . — : one needs to add diagrams like: L
Fe " fl./e . ) ) g : UV-divergent. V2SN GEN
or the first time computed in N
Altmannshofer et al, 1503.04830 i I roblem of EFT approach N

Altmannshofer, SG, Hamer, Patel, 2009.01258

S.Gori 5



The complex 2HDM

Most general Higgs potential for a 2HDM with a softly broken Z> symmetry:
‘ ‘ 1 ‘ 1 5 1 ‘
V(®1,89) = m} ®]®; + m%zq’;q)z - 5(1@2 +h.c.) + §>\1(‘I’1@1)2 + §>\2(‘I’:Tz%)2

1 ‘
+ 29(@]1) (@182) + Aa(9]@2)(@01) + 5 (s8] @2)° +hc)

195 GeV Only one independent phase
Higgs /11 P1
ho | =R | o
2 P2 —8aCaq CaCaq Sag
hs A
R = SaSasSag — CaCag —S8aCag — CaSasSag CagsSaj
mass basis used

eigenStateS above 8a8a2Cas T CaSas  SaSas — CaSa2Cas  Ca2Cas
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The complex 2HDM

Most general Higgs potential for a 2HDM with a softly broken Z> symmetry:
‘ ‘ 1 ‘ 1 5 1 ‘
V(®1, Ba) = mi; ] @1 + mi )y — 5(1@2 +h.c)+ §>\1(<I>1‘1>1)2 + ?2(@3%)2

1 ‘
+ 29(@]1) (@182) + Aa(9]@2)(@01) + 5 (s8] @2)° +hc)

195 GeV Only one independent phase
Higgs hi P1
he | =R | o
2 102 _Sacag Cacag 8112
hs A
| R = | 8a8a98as — CaCas —S8aCas — CaSasSas CagSas
mass basis used

eigenStateS above 8a8a2Cas T CaSas  SaSas — CaSa2Cas  Ca2Cas

Set of free parameters (phenomenological):

Mpyy Mpyy Mpgy, Mg+, @ (Or x), s, v, tan3

R 2 g
L = 29(:"7’12), a=8-—7/24x will be a function of
v?sin2f3 these parameters
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Not all parameters are good parameters

Once the spectrum is fixed, the mixing angles cannot be arbitrary.

SG, Hamer, in progress

'\{(6«@“ i & Vacuum (absolute) stability
AN ‘ul /
g . as contours
RN
;’ / Perturbativity
(8% -
. 079 m?2 sin® acos? as + m?2 R2, + m?2 R2
A = i 27 ha T%21 he™UBL L ean? 3
0 g 2 2 2v o0 '[Z 2 2 2
N A — mj COSs” @ Cos a: + Th2R22 + mha’R32 —beot?3
:I v sin” 3
-l v§
0oo1f -
0.5 1 5 10
tan 3
S.Gori (Mpys Mpy, Mpg, mp+) = (125,400, 450,420)GeV, = =0



EDMs, a complete 2HDM study

Many contributions to the electron EDM:

Fermion Charged Gauge boson
Barr-Zee loop Higgs loop loop
E‘ectwmf agnetic  GEM (94)  SEM (97)  SEM(¢) (30) Barr-Zee, 1990
v .‘hk ‘\ /
Neutral current C NC NC
(25)  opy (28)  dw (&) (31) Computed more recently:
ﬁ Abe et al, 1311.4704
Charged current _ /
5 - 555 (29)  8%°() (35)
wé\y-
Kite
Neutral current
eutral curre sNC (38)

§, =
N
|
|

Charged current
s - - 55 (€) (39)

-
-
“
.
a':—
=

Altmannshofer, SG, Hamer, Patel, 2009.01258
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EDMs, a complete 2HDM study

Many contributions to the electron EDM:

Fermion Charged Gauge boson
Barr-Zee loop Higgs loop loop
Electromagnetic  sem 94y 5EM (97)  5EM(2))(30) Barr-Zee, 1990
'Yé\hk ‘\ /

Neutral current NC NC N
o5~ (25) o+ (28)  ow((9)(31) Computed more recently:

. Abe et al, 1311.4704
Charged current - 5SS (29) 5SS(2)\(35) /

r'i-’: r N
,r&: ;?_

Kite

New set of diagrams computed
Neutral current

for the first time
“Kite contributions”

-
N
§ N
|
|
=
P~
o
o
~
(V]
o0
~—

Charged current

co((6))(39) representative diagrams:

-
'.‘_:
|a"p-
=
|
|
=
B.
[

Altmannshofer, SG, Hamer, Patel, 2009.01258

O Note the gauge dependence
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EDMs, a complete 2HDM study, gauge dependence

Fermion Charged Gauge boson

BarrZee loop  Higgs loop loop Notice the gauge dependence if we do
Ele‘*ﬁgm“’ SEM (24)  SEM (27)  6EM(¢) (30) not include the Kite diagrams K/
v hk "
Neutral current 6}‘10 (25) 623 (28) 5‘1;1Vc(§) (31)
Charged current 3 622 (29) 5S°(€) (35)
Kite |

Neutral current

f = = St (38)
hx N 7

Charged current

? - - Sy (€) (39)
“, \}}k .|

Altmannshofer, SG, Hamer, Patel, 2009.01258

d.x10% [e-cm]

SHUE)
()
— 5g&®

Total

----- Total (no kites)

0.5 1.0 1.5 2.0 2.5 3.0
¢ (gauge parameter)
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EDMs, 2HDM results

Example benchmark: Altmannshofer, SG, Hamer, Patel, 2009.01258
TypeI Type II
10:_. . F 'z 1of e ";
5 i:ACME excluded = (Changed Hages SS_ACME excluded g
_:“~ === Gauge (no kites) || | 1
=3 —— Total
===== Total (no kites)
T I
Q 4
L 05
2
=
X
ACME projected ﬁ' 0_1.
0.05}
: : 0.01}
0.5 1 5 10 0.5 1 5 10
tanS '\ tanpf

T " Cancellations
In the decoupling limit: ey
e

2
M
_ _ —927 2
Typel: d.=—-1.06 x 10" “'ecm x ( i ) Im()A5) cos 5[1 +0.07In <1TeV>] )

)2Im(/\5){ sin’ [1 +0.161In (liiV) ] - 1.260052ﬁ}

-

1TeV

TypeII: d. = 0.47 x 107%ecm x (
S.Gori
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EDMs, 2HDM results

Example benchmark: Altmannshofer, SG, Hamer, Patel, 2009.01258
Type I Type II

of s ——— Wimasas ———r :

5 ACME excluded :C#G::vlﬂless i SS_ACME excluded Y

— - ===~ Gauge (no kites) |
e Total

===== Total (no kites) ||

4 . in a “typical” point, the CPV coupling of the Higgs

05 - with top quarks is O(10-4) _YI iy Fys f)h
- with electrons is O(few 10-9) V2

L — e —— -

In the decoupling limit:

2 .
TypeI: d.=—1.06 x 107*eccm x (1}‘?\[) Im()\s) cos®j [1 +0.07In ( M ) ] ,

1 TeV 2
. _ 27 -2 2
Type IT: de = 047 x 10 ecm X ( M ) Im(/\5){ sSin ,8[1 4+ 0.16In (lTeV) ] — 1.26 cos ﬁ}
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Other indirect probes: Higgs rate measurements (1)

my, - (1 = () Type | Type Il
L = — s i —+ 17 Y5 R i h
Yuk v (.f f f fivs f f ) 1 K',ELI) CasCan CayCa
S S
Free parameters for the Higgs pheno: K'c(ilz? Cas Ca _ CazSa
a2, T, tanpf, v ~(;) 38/3 Scﬁ
K'J L @2 . (6D)
only mildly entering through w ts ts
the Higgs self-coupling ’%(1) Sevo st
& Higgs coupling d,l . a2"p
to the other Higgs bosons B

Some rates are easily scaled from the SM predictions:
eg. I'(hy — bb) ~T'(h — bb)sm(|ka|? + |7} ]?)

Some other rates are more complicated: e.g.
o(gg — h) ~ o(gg — h)sm X
X (1.1k2 + 3.6 X 107%k2 — 0.12k,kq + 2.5(2V)2 + 3.6 x 1073(2,))? + 0.19z V)
S.Gori 11



Other indirect probes: Higgs rate measurements (2)

‘\(6\(\6 tg=1 _ tg="5 _ tg=15

?(e 04} 04} 04}
— 02} 02} 02}
o s [ [
>n ~ O0of N oof ¥ oo
' &
'— L
-02 -02 -02F
-04} -04f -04f
AT TR T TS ETE TS SR FREE P E S SR T S S| AT TR TE PR FETEE FREEE ST P T T PR E S S a e | AETENE AT FEEEE PR PR N EE TS FRE NS TR |
-05 -04 -03 -02 -01 00 01 02 03 04 05 -05 -04 -03 -02 -01 00 01 02 03 04 05 -05 -04 -03 -02 -01 00 01 02 03 04 05
X X X
04} 04}
— 02} 02}
o 8 ' -
> o ¥ oo ¥ oo O
>
'— L L
-02} -02F
-04f -04f
........................................................................................................
-05 -04 -03 -02 -01 00 01 02 03 04 05 -05 -04 -03 -02 -01 00 01 02 03 04 05 -05 -04 -03 -02 -01 00 01 02 03 04 05
X X X
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Other indirect probes: Higgs rate measurements (2)

) \(\6 tg=1 ts=5 ts = 15
N | |

Y — -
© : 4 m A A
02| \ \l 02| 02|
I | I [
I L] \ [
0of :I ’ ¥ oo I ’ | I oo i L }
\
L ‘ L L
-0.2 : /[ -02 - -02 -
: | / v v

/
04f v \

Type |

Type1 | @

-04} -04
ST IR PR PR DTN TR PR P PR PR | I PR P TN PR PR PR ST S P J T P ETETE PRV FRETY P BT PR P BT |
-05 -04 -03 -02 -01 00 01 02 03 04 05 -05 -04 -03 -02 -01 00 01 02 03 04 05 -05 -04 -03 -02 -01 00 01 02 03 04 05
X X X

0.4: | l A 04 04
[ Al
_— 02| l. 02f 02]
Q ) | I
% : oo l N ool ‘ ¥ oo ¢ O
g | ' '
= '| I \\ I
mgm =02+ S =02}
Can additional || - ' -
parameter space || \] | ¥ ol ol
be prObed Via RN AN SRR RS RS NRe | :I....I....I....I....I....I....I....I....I....I....l : ...................................................
- 9 )1 00 01 02 03 04 05 -05 -04 -03 -02 -01 00 01 02 03 04 05 -05 -04 -03 -02 -01 00 01 02 03 04 05
direct searches? < . <
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Chapter 3:
Direct probes of Higgs CPV couplings

3k Higgs distributions
%k Signals of CPV from

C—
| don't
. . very ODD
additional Higgs bosons ? ;

feel
today 4

e,

(image: DESY/designdoppel)



Direct searches for Higgs CPV (bosonic)

g (arising at one loop

in the complex 2HDM)

S.Gori

gaww =~

ghzz = —

sin oy 1
tan3 6 x 105 GeV
. (%)
sin oy 1

tan3 5 X 10° GeV

13



Direct searches for Higgs CPV (bosonic)

. pr = + YRS —pv (arising at one loop :
Lot O 2 hZ,.w2 Ihww hWWW in the complex 2HDM)

_ N sin oy 1
Searches for M7 tanp 6 x10° Gev )
_ sin oy 1

- h—T1t with the Higgs produced in vector boson fusion;

- h — bb with the Higgs produced in association
with a vector boson

r < 1

InZZ > 37103 GeV

1 1

5 <

IhZZ ~ 8108 GeV

(137 fb-1, CMS PAS HIG-19-009)

(HL-LHC, 1902.00134)

\

(*) Challenging to probe CPV Higgs mixing angles
arising from this minimal 2HDM

S.Gori 13



Direct searches for Higgs CPV (fermionic)

(arising at tree level

myg - e =
Lyuc D ——= (ks ff + iRy frsf) b (in the complex 2HDM)

.............................................................................................................................................................
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Direct searches for Higgs CPV (fermionic)

%k Search for tth, h—yy:

% Search forh — 777F :

1804.01241

1703.04855

mf — I
Lyuk D —T ("ifff + Z"‘ff’%f) h

~

KR

Kt

ILC, 250 GeV, 2ab-1:
angle canobe measured
with a 4.3 precision

~ |k /K|

CEPC, 250 GeV, 5ab-1:
angle can be measured
with a 2.9° precision

~ |k /K|

(arising at tree level
in the complex 2HDM)
”{.’ _Sa2 _Sa2
(139 fb-1, u ts ts
< 0.93 ATLAS, 2004.04545; 3 Saz  —smyts
CMS, 2003.10866) d,t t
K Typel Typell
—1| < 0.73 (137 fb-1, CMS PAS HIG-20-006)
ET
14
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Direct searches for Higgs CPV (fermionic)

mg = en = (arising at tree level
Lyuk D — v (ks ff + iksfvsf) b in the complex 2HDM)
~ 802 Sa2
K, — -
Ry (139 fb-1, “ ta tg
%k Search for tth, h—=yy: [—| < 0.93 ATLAS, 2004.04545; P San  —sa,tg
Ky CMS, 2003.10866) d,t th
K Typel Typell
% Search forh — 77F : |[—/| < 0.73 (137 fb-, CMS PAS HIG-20-006)
KT ts=1 tg=5 tg=15
_ W (@ N ——
S ILC, 250 GeV, 2ab-': R ) ‘/ \ / N
S angle can be measured i N T | 1AL
& with a 4.3 precision e / B\ _ZZZA\\ _/
i ~ |i;.,/’<,| M;Et}.u'"\'ufn uf-“ VIR T -D:F.s E —0201:;102 530405 4:;5 ) uz—m_;_n:o' oz
[Tp) \
§ CEPC, 250 GeV, 5ab-1: |q‘ \ < !
2 angle can be measured ¢ \‘
S with a 2.9° precision " | ’ ¥ O
~ |7 /K| <[y
A I o S T ol
S.Gori SG, Hamer, in progress I " 14



Additional CPV Higgs coupling probes

An (incomplete) list...

tt Goncalves, Kim, Kong, Wu [2108.01083]
htt, h = bb. Uses boosted Higgs regime and fat-jets to be Higgs-
tagged via the BDRS algorithm.

ZV Farina, Grossman, Robinson [1503.06470]
Takes advantage of interference between continuum background and
signal from gluon initiated events.

gg Dolan, Harris, Jankowiak, Spannowsky [1406.3322]
gg — hjj, h = 1t 1. Uses associated jets for angular analysis.

YY Bishara, Grossman, Harnik, Robinson, Shu, Zupan [1312.2955]
Requires converted photons and angular resolution on leptonic
opening angles.

S.Gori
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Heavy Higgs pheno. CPV signatures

Hs and H2 can lead to striking CPV signatures

Examples:
% both Hs and H2 decaying to WW and ZZ

*H;3—=>HZ, H—2H1 Z
* Hs = Hy H2

S.Gori
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Heavy Higgs pheno. CPV signatures

Hs and H2 can lead to striking CPV signatures

Examples:
% both Hsz and H2> decaying to WW and ZZ
*Hs=> H2Z,H2 > H1 Z Electroweak precision tests (v
% Hz — Hi H2 Higgs rates W)
*... v
Example benchmark = mMn, = mp, — 320 GeV, mpys = my, + 7 GeV, SG. Hamer
type Il): z = —0.04, as = 0.125, Ay = 3, in progress
BR(H3) BR(H2) A,
1 1 e//}b.
[ 5 ) /)
LN B(hy-stt) e
> B(h3~>Zh2) B(h3-tt) > > > @
0.1 E Blhz>WW) E 0.1 E B(hy7h1) E
0 0 0 0
© © s =
(7)) - 17 n B(hy~hihy) n
001 E E o011 § \ =
) > > )
O (&) o O
g B(h3z—~>h1h1) g g g
0.001 strzzm) ) 0.001 sz o
2 / B(ho-g0)
700 800 900 1000 1100 1200 700 800 900 1000 1100 1200

S.Gori mh3 (GeV) mh3 (GeV) 16




Rates for the heavy Higgs CPV signatures

mp, = mp, — 320 GeV, my+ = my,, + 7 GeV,
x = —0.04, a; = 0.125, A, = 3,

Types2 [ ologr=he < o) (*) new proposed search

oxB(hz~>ZZ) <4
10 — CPV decays
5 2 Z
Q Q Some part of the parameter
0 (* 7 space is already probed
1 g oxBhasmhn) L= g by direct searches.
0.5 o o For the specific benchmark,
Y © © .
> | - > the most relevant constraint
l T~
oxBlha—Zha-222) comes from searches for
pp—ttHe), He) —tt
0.1 A WY A 0(\‘ mps 2, 700 GeV
700 800 900 1000 1100 \\((‘ 1200
<
mn3 (GeV) ¢

SG, Hamer, in progress
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Conclusions and outlook

Testing the CP nature of the Higgs should be
a high priority goal for the coming years.

Generically, searches for EDMs set very stringent
constraints on CPV Higgs couplings

(image: DESY/designdoppel)

However, there are regions of parameters not probed by EDMs
(the example discussed in this talk is the complex 2HDM)

[ o
.9 //'G
\(\6\ Cr
%k Higgs rate measurements 3k Higgs distributions

* Signals of CPV from « LHC probes
additional Higgs bosons

(H3—’ Ho Z, Ho = Hi Z)
\ / HS_’H1 H2

Complementarity
S.Gori 18



Other indirect probes: di-boson production

Beyond Higgs measurements, measurements of di-boson production can unveill
the existence of new sources of CPV in triple gauge couplings

For example:

Log D 2220, 7,01 2P0, 7"

my

this CPV operator enters eg. the pp — ZZ production
(together with CP conserving operators)

For a 2HDM realization,
see Belusca-Maito et al. 1710.05563:

cw

ESMEFT O Im (Z;Z%) ( g

/

Parameters of
the 2HDM potential

g ° 7
CMS 1 709'08601 359 fb~' (13 TeV)
T T T T T T
N s
No.ooz ._’/7 _'4 !e "tO!".Q
! ? r ////:Q\\\
0.001 ! / oncazizies »
| - N \\
\
'?L‘* 0 \ 1 \“‘ \\\
\ :
\ ;
\ '.' |
-0.001 > e - -
L @  BestFit (207\\ ~__ ///
Obs. 95% CL (1D) ~~i__ — — -
0.002 Obs. 95% CL (2D) .
——= Exp. 95% CL (2D)
L-eeeees - Exp. 68% CL (2D)
|

I 1

-0.002 -0.001 0
Y

f4

1 1 I
0.001 0.002

Backup



