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The Higgs discovery

After decades of work, the Higgs discovery was a big
success for particle physics.
— Where are we a decade later?

— What have we learned about the Higgs in the mean
time?

— What is still left to explore?
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Ten years later, we have entered the Higgs precision era.
So far, all Higgs measurements agree with the SM predictions within the experimental and theoretical uncertainties.
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Ten years later, we have entered the Higgs precision era.
So far, all Higgs measurements agree with the SM predictions within the experimental and theoretical uncertainties.

So, everything left to do is to confirm the SM with even more precision?
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Motivation for future Higgs measurements

So, everything left to do is to confirm the SM with even more precision? — No!

* Most couplings are measured with ~ 10% precision.
— BSM effects could be hidden within the uncertainties.

. . . Origin of EWSB?
« Some Higgs properties are only weakly constrained. -
Universe to Hidden Sectors?
e Existing measurements already provide strong guidance for BSM model

building.

* Many types of BSM physics can be linked to the Higgs. -
Fundamental
or Composite?

CPV and
Baryogenesis
Is it unique? Origin of masses?
Origin of Flavor?

[Snowmass 2209.07510]
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Motivation for future Higgs measurements

So, everything left to do is to confirm the SM with even more precision? — No!

* Most couplings are measured with ~ 10% precision.
— BSM effects could be hidden within the uncertainties.

. . . Origin of EWSB?
* Some Higgs properties are only weakly constrained. Thermal History of Higgs Portal
to Hidden Sectors?

Universe
* Existing measurements already provide strong guidance for BSM model
* Many types of BSM physics can be linked to the Higgs. "

Is it unique? Origin of masses?
Origin of Flavor?

[Snowmass 2209.07510]

= Strong motivation for on-going and future Higgs precision programs.
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What is still left to explore?

Have we found the SM Higgs?
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What we don’t know about the Higgs (yet)

Many Higgs properties only weakly constrained, e.g.:

Higgs width/BSM decay channels,

SM: T}, = 4.1 MeV,
Higgs potential,
SM: V(®) = ——thDTCD +

light Yukawas,
SM: yf X mf/v,

Higgs CP properties,
SM: Higgs is CP-even.

P

L (ot0),
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What we don’t know about the Higgs

Many Higgs properties only weakly constrained, e.g.:

Higgs width/BSM decay channels,

SM: T}, = 4.1 MeV,
Higgs potential,

P

1 - + m,zl + 2
SM: V(D) = —Emhcb (D+m(q) (D) ,

(

light Yukawas,
SM: yf X mf/v,

Higgs CP properties,

SM: Higgs is CP-even.

\

J

Henning Bahl

S/(S+B) weighted events / GeV

(yet)

19.7 b (8 TeV) + 5.1 b (7 TeV)

sk

Y
2.5;—
1.5;—
1B

05

E i o=11400%

CMs S/(S+B) weighted sum

Ho oy

¢ Data

m, = 124.70 + 0.34 GeV

— S+B fits (weighted sum)
++=+++ B component

P

200
100

0

.......................................

.

=100

! | *x*xl ) 8 I .
PRttt ity

V(O)

n M ol il aals ! il PRSP
110 115 120 125 130 135 140 145 150

m,, (GeV)

v = 246 GeV

[figure by J. Braathen]



TTT] T T T T
ATLAS Run 2

S>> -

E:>’ ’ )

" : = T rex,

Light Yukawa couplings ;.. e |
:

. b
Leptons Quarks

Lo || < | - |3

—
2
N
III|III| T IIIIIII| T IIIIIII| I IIIIIII|

$

Force carriers Higgs boson

o1

_;0

| IIII| 1 IIIIIII| | lIIIIII| 1 IIIIIII|

~
0 gt

Electron

1 g ; ]
0.8:_Illlll 1 1 11 III| 1 1 IIIIII| 1 1 IIIIII| I_:
10~ 1 10 102

Particle mass [GeV]

KpOr K,
R
——
|

H=0—H
—Pp—H

Muon

t b

Top Bottom

Henning Bahl



TTT] T T T T
ATLAS Run 2

m,

vV vev

K

! Ko =Kt

I k. is a free parameter

RN

or

107"

SM prediction

Light Yukawa couplings

®
e
v/

Top Bottom

e
Fvev

K

1072

. b
Leptons Quarks

Lo || < | - |3

10°°

$

Force carriers Higgs boson

o1

_;0

| IIII| 1 IIIIIII| | lIIIIII| 1 IIIIIII|

~
0 gt

Electron

1 g ; ]
0'8:_|||||l 1 L vl 1 Lol 1 Lol |_:
10~ 1 10 102

Particle mass [GeV]

KpOr K,
R
——
|

H=0—H
—Pp—H

Muon

b

Henning Bahl



s> [T R a
E¢ [ ATLASRun2

> E 3
. . i § !Kc=’ft E
Light Yukawa couplings ;. e -
ELL|“>’ 10 E_ SM prediction _E
< B -
10 b E
E Leptons Quarks E
Nl _‘
e, - E ] - I
= Force carriers Higgs boson ]
10 | o El E
;14:;::.' T l_:
S 12F .
« f l g -

1 I z
| 't ! ]
08, il bl i i L

107" 1 10 10?
Particle mass [GeV]

Muon

Top Bottom

Henning Bahl



N AN AL E
g2 [ ATLASRun2
" ' i §K0=Kt
IoNt Yukawa couplings S .
ELL|“>’ 10 SM prediction
'
A%

v b
Leptons Quarks

Lo || < | - |3

—
2
N
IIIIIII| T IIIIIII| T IIIIIII| I IIIIIII|

$

Force carriers Higgs boson

o1

e
it
IN
| T
0

1 *||||

0.8 IIII| 1 1 II'IIIl 1 t IIIIII| 1 1 IIIIII| 1
107" 1 10 10?
Particle mass [GeV]

——

N
[Tr T T T T [

bbb ol v vl vl 1

—

Muon

Top Bottom

Henning Bahl



s> [T R a
E¢ [ ATLASRun2

> E 3
. . i § !Kc=’ft E
Light Yukawa couplings ;. e -
ELL|“>’ 10 E_ SM prediction _E
< B -
10 b E
E Leptons Quarks E
Nl _‘
e, - E ] - I
= Force carriers Higgs boson ]
10 | o El E
;14:;::.' T l_:
S 12F .
« f l g -

1 I z
| 't ! ]
08, il bl i i L

107" 1 10 10?
Particle mass [GeV]

Top Bottom

Henning Bahl



s> [T R a
E¢ [ ATLASRun2

> E 3
. . i § !Kc=’ft E
Light Yukawa couplings ;. e -
ELL|“>’ 10 E_ SM prediction _E
< B -
10 b E
E Leptons Quarks E
Nl _‘
e, - E ] - I
= Force carriers Higgs boson ]
10 | o El E
;14:;::.' T l_:
S 12F .
« f l g -

1 I z
| 't ! ]
08, il bl i i L

107" 1 10 10?
Particle mass [GeV]

Top Bottom

Henning Bahl



s> [T R N
g2 L ATLAS Run 2

> E 3
" . i E §K0=Kt ;
Light Yukawa couplings A -
ELL|§ 107 E_ SM prediction _E
< B -
102 =
E ‘rb =
= Leptons Quarks 3
Nl _‘
o, a. - ancE
= Force carriers Higgs boson ]
10 | o El E
Electron §<> 14__“”| IR T T T T L B R R |__
< y S 12f l ]
- C g . ]

1 I z
| 't ! ]
08, b bl vt el

107" 1 10 10?
Particle mass [GeV]

Top Bottom

Henning Bahl



TTT] T T T T
ATLAS Run 2

s[>
S ]

. o vy = E

Z C §K0=Kt ]

Light Yukawa couplings 5. e |
E|“>’ 10 E_ SM prediction _E

« B -

102 A =

E T Leptons Quarks E

Nl _‘

iy o, - Bn:E

= Force carriers Higgs boson ]

10 | o El E

Electron 5314_4'::.| T l__

) S 12F l E

LL [ -

T Iz g .

z l 't !

080 b vl ot il

107" 1 10 10?
Particle mass [GeV]

Future,collider?,

Top Bottom

Henning Bahl



TTT] T T T T
ATLAS Run 2

s[>
g2

> 15_ =

" . i E §K0=Kt §

Light Yukawa couplings 5. e -

ELL|§ 107 E_ SM prediction _E

W = 3

~ ~ ]

102 A =

E T Leptons Quarks E

Nl _‘

0, o - oneE

= Force carriers Higgs boson ]

Future,collider?, 104 o @ .

Electron §<> 14:_“'" IR T T T T L B R R |_:

S 12[ l E

b r i

T Iz g .

z l 't !

080 b vl ot il

107" 1 10 10?
Particle mass [GeV]

Future,collider?,

Top Bottom

Henning Bahl



s> RN T T ]
&2 L ATLAS Run 2
> E E
" . fj ; ! Kc=K; E
| t u a Wa C O u I n S © 1_ ¥ «,is afree parameter N
ELL|§ 107 E_ SM prediction _E
« E ]
0% b =
= Leptons Quarks 3
Nl _‘
0, 0. ony
= Force carriers Higgs boson ]
10 | o El E
5<>14:4'::.| T :_:
S 12F l E
'S [ J
~ 1: ; . g :
0'8:_|||1|l Lo vl It Ll Lol |_:
10™ 1 10 10

Particle mass [GeV]

t b

Henning Bahl



s> RN T T ]
&2 L ATLAS Run 2
> E E
" . fj ; ! Kc=K; E
| t u a Wa C O u I n S © 1_ ¥ «,is afree parameter N
ELL|§ 107 E_ SM prediction _E
« E ]
0% b =
= Leptons Quarks 3
Nl _‘
0, 0. ony
= Force carriers Higgs boson ]
10 | o El E
5<>14:4'::.| T :_:
S 12F l E
'S [ J
~ 1: ; . g :
0'8:_|||1|l Lo vl It Ll Lol |_:
10™ 1 10 10

Particle mass [GeV]

t b

Henning Bahl



Light Yukawa couplings
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» Established existence of 3™ generation Yukawas.
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» Also first evidence for 2"d generation muon
coupling.

* Constraining the other Yukawa couplings to their
SM values will be difficult even in the future.
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» Also first evidence for 2"d generation muon
coupling.
* Constraining the other Yukawa couplings to their
SM values will be difficult even in the future.
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* Motivation: new sources of CP violation are necessary to explain the baryon asymmetry of the Universe.
 We know the Higgs boson is not a CP-odd state but it could be a CP-admixed state.

* Parameterize CP-odd interactions using EFT framework by adding dimension-6 operators to the SM:

* Gauge boson interactions: ®ToW, ,W*,®t®B, B*, ®T®B, B*, dTdG,, GH

* Fermion interactions: @T®(Qud®), dTd(Qdd), @Td(Qed) with complex Wilson coefficients
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The CP nature of the Higgs boson
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* Motivation: new sources of CP violation are necessary to explain the baryon asymmetry of the Universe.
 We know the Higgs boson is not a CP-odd state but it could be a CP-admixed state.

* Parameterize CP-odd interactions using EFT framework by adding dimension-6 operators to the SM:

* Gauge boson interactions: ®ToW, ,W*,®t®B, B*, ®T®B, B*, dTdG,, GH
* Fermion interactions: @T®(Qud®), dTd(Qdd), @Td(Qed) with complex Wilson coefficients

SM
L Rewrite: Ly = — > %f(cf+i755f) fH,

f:u,d?c?'s’t’b?e?/“L’T
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The CP nature of the Higgs boson

* Motivation: new sources of CP violation are necessary to explain the baryon asymmetry of the Universe.
 We know the Higgs boson is not a CP-odd state but it could be a CP-admixed state.

* Parameterize CP-odd interactions using EFT framework by adding dimension-6 operators to the SM:

* Gauge boson interactions: ®ToW, ,W*,®t®B, B*, ®T®B, B*, dTdG,, GH
* Fermion interactions: @T®(Qud®), dTd(Qdd), @Td(Qed) with complex Wilson coefficients

L Rewrite: Ly = — >

f=u,d,c’s7t’b’e7/""’7-
» What is the current status?

f(Cf +47v5Cy) fH,

S
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* CP structure of HWW, HZZ interactions is comparably well-
constrained. [aTiAs,cvs:..,2002.05315, 2104.12152,2109.13808,2202.06923,2205.05120]
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* CP structure of HWW, HZZ interactions is comparably well-
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Fermions )
* The CP structure of the Hf f, Hyy, Hgg interactions is far less
known.
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* CP structure of HWW, HZZ interactions is comparably well-
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Which CP structures are accessible at the LHC?

* CP structure of HWW, HZZ interactions is comparably well-
constrained. [aTiAs,cvs:..,2002.05315, 2104.12152,2109.13808,2202.06923,2205.05120]

Fermions )
* The CP structure of the Hf f, Hyy, Hgg interactions is far less
known.

Electron * Most BSM theories predict largest CP violation in
Hff,Hyy,Hgg couplings.

Muon

» What about future colliders?

t
Top %Fomn?

Henning Bahl 10



Future collider outlook G aron o TS

cpP — ['CPodd 4 T"CPeven

[Snowmass Higgs CP report, 2205.07715] H—X H—X
Collider pp pp ete” ete” ete” ete™ e p vy pwtp puTu | target
E (GeV) 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 |(theory)
L (fb™1h) 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000
HZZ/HWWJ4.0-10"°)2.5-107° « 3.9-107°29-107° 1.3-107° 3.0-10°° v v V v | <107°
H~y~y 0.50 V4 -~ -~ —~ - - 006 - - | <1072
HZ~ ~1 V4 -~ - x ~1 - - - - | <1072
Hgg 0.011 V4 - —~ - - - - - - | <1072
Htt 0.05 v/ - —~ 0.29 0.08 v - - Vo <1072
Hrr 0.008 V4 0.01 0.01 0.02 0.06 - v/ /| <1072
Hup — — — — - - - - v - | <107

Henning Bahl 11



Future collider outlook g
S Hgs Co report, 200 07715 Limits seton: JCF = pePedi TGP
Collider pp pp ete” ete” ete” ete™ e p vy pwtp puTu | target
E (GeV) 14,000 100,000 250 350 500 1,000 1,300 125 125 3,000 |(theory)
L (fb™1h) 3,000 30,000 250 350 500 1,000 1,000 250 20 1,000
HZZ/HWWJ4.0-10"°)2.5-107° « 3.9-107°29-107° 1.3-107° 3.0-10°° v v V v | <107°
H~y~y 0.50 V4 -~ - —~ - - 006 - - | <1072
HZ~ ~1 V4 — — = ~1 - - - - | <1072
Hgg 0.011 V4 - —~ - - - - - - | <1072
Htt 0.05 v/ - —~ 0.29 0.08 v - - Vo <1072
Hrr 0.008 V4 0.01 0.01 0.02 0.06 - v/ /| <1072
Hup — — — — - - - - v - | <107

New ideas/techniques are needed to make the most of current and future data!

Henning Bahl
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Constraining CP violation

CP violation in the Higgs sector can be constrained using:

* Pure CP-odd observables:
e Unambiguous markers for CP violation: e.g.

* EDM measurements,
e decayangleinH - tt7~.

» Typically requires to access polarization of
particles coupling to the Higgs.

* Experimentally difficult for many LHC processes
(i.e., top-associated Higgs production).

« Almost impossible for H - bbor H = u*tu~

Henning Bahl 12



HtH+tW H

Constraining CP violation

1.0}
0.5
CP violation in the Higgs sector can be constrained using: s 0.0
—
—0.5
—1.0f
* Pure CP-even observables: ~15
* Many rate measurements are indirectly sensitive: e.g. | 20 o 1 2
Ct
ggH ° [HB et al., 2007.08542]
* Subtle effects in kinematic distributions of CP-even - . L o )
observables (e.g. pr y in ttH). 035} (i (paston) |
) 0.30t lab-frame
5
* Deviations from SM need not be due to CP violation 205
— degeneracies with non-CPV BSM effects. Z 0.20}
Eo 15—
g —
ZO 0.10f
0.05} ]
0-00 200 400 600 800

Pr.H
[HB et al., to appear]
Henning Bahl 13



Constraining CP violation

CP violation in the Higgs sector can be constrained using:

parameter () > Qggi:y \}/-%f:o\:\
* Multivariate analyses: l NG & s> 0.
. . . . . latent 2 *:\ - Mlt‘:’ 7%&\' ,,/tj:»}‘ ;/// ’
* Exploit full kinematic information \))\\)))* >t gc%*'o —l
using machine learning. T — (2, 20) — ., ' A
argmin L{g] — 7(z|0) —>
e Often mixes CP-even and CP-odd — t(z, 2|6) o approvina
augmented data 1kel TOU(
Observables. , ratio
° H|gh SenS|t|V|ty Simulation Machine Learning
. [e.g. simulation-based inference, Brehmer et al.,1805.00013, ...]

=)

Can be difficult to reinterpret.

Exploit and combine all three complementary approaches to learn as much

as possible!

Henning Bahl



Improving LHC CP measurements

Higgs + 2 jet production as an exemplary process

[HB et al., 2309.03146]

Henning Bahl
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Higgs + 2jet production (ggF2j)

Why is ggF2j production interesting for Higgs CP tests? [Hankele, Klamke, Zeppenfeld 06,07, ...
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Higgs + 2jet production (ggF2j)

Why is ggF2j production interesting for Higgs CP tests? [Hankele, Klamke, Zeppenfeld 06,07, ...
* Gluon fusion is the largest Higgs production channel — wealth of data.
* Two additional jets in the final state allow to construct CP-odd observables

— direct CP test.



Higgs + 2jet production (ggF2j)

heavy-top limit

Why is ggF2j production interesting for Higgs CP tests? [Hankele, Klamke, Zeppenfeld 06,07, ...
* Gluon fusion is the largest Higgs production channel — wealth of data.
* Two additional jets in the final state allow to construct CP-odd observables

— direct CP test.

* Allows for indirect constraint of CP character of top-Yukawa interaction.

Henning Bahl



ooF2j— amplitude structure

(a) gg-initiated (b) gg-initiated (c) gg-initiated
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ooF2j— amplitude structure

(a) gg-initiated (b) gg-initiated (c) gg-initiated

* Effective Lagrangian (after integrating out the top quark, SM: ¢, = 1, ¢; = 0):

1

Lhgg = — 7%,

i (_ :—;chﬁvG“'W + Z_;ggGﬁlv 5“"“’) (heavy top limit enforced by py cut)
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ooF2j— amplitude structure

(a) gg-initiated (b) gg-initiated (c) gg-initiated

* Effective Lagrangian (after integrating out the top quark, SM: ¢, = 1, ¢; = 0):

1

Lugg = ~ v

i (_ :—;chﬁvG“'W + Z_;ggGﬁlv 5“"“’) (heavy top limit enforced by py cut)

 Amplitude splits up into three pieces:

2 ~ ~
|MggF2j| = CﬁlMevenlz + 2CgCgRe[~7V[even]v[odd*] + C‘él]\/[oddl2
L )

| |
interference
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ooF2j— amplitude structure

(a) gg-initiated (b) gg-initiated (c) gg-initiated

* Effective Lagrangian (after integrating out the top quark, SM: ¢, = 1, ¢; = 0):

1

Lugg = ~ v

v

H (_ :—;chﬁvG“'W + Z_;ggGﬁv 5“"“’) (heavy top limit enforced by py cut)

 Amplitude splits up into three pieces:

2 ~ ~
|MggF2j| = CﬁlMevenlz + 2CgCgRe[~7V[even]v[odd*] + C‘él]\/[oddl2
L )

| |
interference

* Existing measurements focus on CP-odd A¢;; observable to constrain interference term.

Henning Bahl



Analysis flow

]
\ VBF |
\

X = ggF2j, VBF

Classifier

1PUMeven!?)

Limits X-

Classifier X- |,
production

production

Classifier

P(Interf.)

* Focuson H — yy decay channel.
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Analysis flow

¢ X = ggF2j, VBF
\ VBF |
\

| Meven|”

Classifier

; 'P(|Meven|2)
Classifier X- Limits X-
production production

Classifier

P(Interf.)

* Focuson H — yy decay channel.
* Two signal regions: ggF2j-SR, VBF-SR

Henning Bahl



Analysis flow

VBF |

X = ggF2j, VBF

‘ Classifier
P(|Meven|®)

Classifier X-
| production |

Limits X-
production

Classifier
1 P(ntert.)

* Focuson H — yy decay channel.
* Two signal regions: ggF2j-SR, VBF-SR

* For each signal region: train classifier to distinguish signal (ggF2j) from background (VBF, VH).
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Analysis flow

VBF |

X = ggF2j, VBF

Classifier

NP1 Meven!?)

Classifier X-
| production |

Limits X-
production

Classifier

| P(Interf.)

{W odd

- e

* Focuson H — yy decay channel.
* Two signal regions: ggF2j-SR, VBF-SR

* For each signal region: train classifier to distinguish signal (ggF2j) from background (VBF, VH).

* Then, train two classifiers to distinguish
|~7V[even|2 VS. |~7V[odd|2 - P(l]v[ezvenl)r and
* (positive intf.) vs (negative intf) = P(Interf.).

Henning Bahl



Analysis flow

VBF |

X = ggF2j, VBF

| Meven|”

Classifier

/1P| Meven!?)

Limits X-

J Classifier X-
‘ production

production

\ Classifier
| P(Interf.)

\ 2|
|[Moqdl |

* Focuson H — yy decay channel.
* Two signal regions: ggF2j-SR, VBF-SR
* For each signal region: train classifier to distinguish signal (ggF2j) from background (VBF, VH).
* Then, train two classifiers to distinguish
|~7V[even|2 Vs. |~7\/[odd|2 - P(l]v[ezvenl)r and
* (positive intf.) vs (negative intf) = P(Interf.).
* Build two observables: CP-even P(cj) and CP-odd P, — P_.

Henning Bahl



ggF2j signal region

2 2

Adis AX PP Ple)  Ox
1.0;‘£=139fb_1 ‘ 1-0;'£=139fb_1 ;

15 ' 15

10 10

5 i B
—1.0 _ ggl'2j-SR _

I T T IR R s T S R [ D 0
—-1.0-0.5 0.0 0.5 1.0 0 —1.0-0.5 0.0 0.5 1.0

Cy Cyq

» ggF2jsignal region outperforms VBF signal region (not shown),
Agj; limit is significantly worse.

Henning Bahl



Interpretation in terms of top-Yukawa coupling

(¢t, &) free
| ' |

 Effective Lagrangian (SM: ¢, = 1,¢; = 0) 0.6-£ _q30m-l T e ]
[ et LHC fit |
SM B _\;__\\V-.'..,. |
yt e . ~ 0.3 \\\ ?\"5..\"..
Lo = —Z=t(c; + i75¢;) tH I AR ]
yuk \/ﬁ ( t ’)/5 t) i \\\\\ \\"._.-\\\.."
R e E
S 0.0r - -
. . E ...'/' /’ // 4 '//
* If no colored BSM particles at low energies: - P g
g = Cp, Gy =€ —0.31 e ;
g tr g t - S o
—0.6[ : . -
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Interpretation in terms of top-Yukawa coupling

(¢t, &) free
| ' |

* Effective Lagrangian (SM: ¢; = 1,¢; = 0) 0.6F ' == ggF'2j .
- :lggfb _____ —— LHC fit |
M 0.3 i .
S 0.0F T N
* If no colored BSM particles at low energies: - /;,'/,
Cg = Ct, Cg = C¢ e ke .
—0.6 S B
0.6 0.8 1.0 1.2
Ct
* Competitive with global LHC fit (which is dominated by ggH XS and H — yy BR constraints).

Less model-dependent than global fit to mainly XS measurements.

Henning Bahl



A smiT Time
EDM

Spin

Complementarity with EDM
measurements

What do EDM measurements tell us about the Higgs CP nature?

[HB et al., 2202.11753; see also Brod et al., 2203.03736]

Henning Bahl




Complementarity with EDM constraints

* Several EDMs are sensitive to CP violation in the Higgs sector.

e Consider here only constraints from theoretically cleanest EDM: the electron EDM.
[Brod et al.,1310.1385,1503.04830, 1810.12303, 2203.03736;Panico et al.,1810.09413;Altmannshofer et al.,2009.01258]

* Limit by ACME collaboration: deACME = 1.1-10"%% cm at 90% CL. (acME, Nature 562 (2018) 7727, 355-360]

Henning Bahl
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Complementarity with EDM constraints

Several EDMs are sensitive to CP violation in the Higgs sector.

Consider here only constraints from theoretically cleanest EDM: the electron EDM.
[Brod et al.,1310.1385,1503.04830, 1810.12303, 2203.03736;Panico et al.,1810.09413;Altmannshofer et al.,2009.01258]

Limit by ACME collaboration: deACME = 1.1-10"%% cm at 90% CL. (acME, Nature 562 (2018) 7727, 355-360]
de

* JACME = c.(870.0¢; + 3.9¢, + 3.4C, + +-+) + C.(610.1¢; + 3.1¢cp + 2.8c;, — 1082.6¢cy + -++)
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Complementarity with EDM constraints

* Several EDMs are sensitive to CP violation in the Higgs sector.

e Consider here only constraints from theoretically cleanest EDM: the electron EDM.
[Brod et al.,1310.1385,1503.04830, 1810.12303, 2203.03736;Panico et al.,1810.09413;Altmannshofer et al.,2009.01258]

* Limit by ACME collaboration: deACME = 1.1-10"%% cm at 90% CL. (acME, Nature 562 (2018) 7727, 355-360]
. ﬁ ~ ¢,(870.0¢; + 3.9¢, + 3.4¢; + -+ ) + €,(610.1¢c; + 3.1¢cp, + 2.8¢c; — 1082.6¢ + ++)
e

* Bounds strongly depend on assumptions about electron-Yukawa coupling.

Henning Bahl 22



Complementarity with EDM constraints: t and t

Ratio of baryon asymmetry
to observation

5 X10—3 (Ct7 ét) free X10_2 (optimistic upper bound)
[ — oo o] 90
i —— yY1A/ygps ]
1 _ ......................... ......................... _ 925
- ———————— §—— -0.01__2. _______ E________.- écq
=
VAT 1] T Sttumummmeet S IR JEN St R 40.0 =
L ~m
- ] >
S [ OO pRSUN: N O—— SR SRRSO —2.5
4-5.0
1 I 1 L

Very strong constraints on CP-odd
top-Yukawa coupling.
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Complementarity with EDM constraints: t and t

Ratio of baryon asymmetry
to observation

% 10—3 (Ct7 ét) free X 10—2 (optimistic upper bound) 15
- : " F— LHC90% CL

: — LHC 90% CL | i : : : ]

L — 6EDM 90% CL ] 5.0 L — eEDM 90% CL | ]

. 5 | - g | T i /e W N NS N
- s a e ] OF T o

1 R . e = DY : ]

5 0.0F

(¢r, Cr) free

|
o
o
VIA obs
YB / YB
VIA obs
YB / YB

] —0.5F
] —2.5 r

~1.0 :_ ............... ................. ................. ................. ................. ................ :

1 50 SN TS N T T D b

0.8 0.9 1.0 1.1 1.2 -1.5 —-1.0 -0.5 0.0 0.5 1.0 1.5
Cr

CP-odd 7 coupling can contribute significantly

Very strong constraints on CP-odd
to baryon asymmetry.

top-Yukawa coupling.

Henning Bahl
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Complementarity with EDM constraints: t and t

x10~2

x10~3

(ct, €) free

— LHC 90% CL _{
eEDM 90% CL |
—— YNA/yghs

P o o o

Very strong constraints on CP-odd
top-Yukawa coupling.

Ratio of baryon asymmetry
to observation
(optimistic upper bound)

5.0

Henning Bahl

(¢r, Cr) free

1.5

W — Yg/h\/yé)bs

1.0

0.5

[ —— LHC90% CL |:
eEDM 90% CL  :

5 0.0F

—0.5

—1.0}

—1.5

b5 —-1.0 =05 0.0 0.

5
Cr

<

VIA obs
YB / YB

CP-odd 7 coupling can contribute significantly

to

baryon asymmetry.

— updated EDM measurement almost
completely excludes green area

[Roussy et al., 2212.11841]
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EDM > L

[see also Fuchs et al.,1911.08495]

C

?
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EDM > L

[see also Fuchs et al.,1911.08495]

C

?

No.
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EDM > L

[see also Fuchs et al.,1911.08495]

(cu, 51%) free

C? No.

30 _ .................................................. T _ —-3.0
[— LHCQO%ECL : -
15 F VI ) ) S S — S 4-1.5
== YNIA/ygbs : i "
I : i %m
] S~
zoi O e o TS e _- 0.0 <:‘\
>
-——————-—F————————é———1Aoo———————————-: ;>5Q
_]_5 I AU PSPPSRI .................................................. _ 1.5
— 30 b .................................................. 4 3.0
I | ]
—-3.0 —1.5 0.0 1.5 3.0

=

Henning Bahl

CP-insensitive H - u*u~ rate
measurement outperforms EDM
constraint.
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Dependence on electron-Yukawa coupling

1.5

1.0 1

0.5

0.0

—0.5 7

—1.0 7

—1.5

(Ctacevétaé%) fr?e

. T
= LHC 90% CL
eEDM 90% CL :
ce €10.8,1.2]
— YgIA/YBbS

|
-—1.0=

IPPPPTPPPETIY TETPTTPPPPPPPIP PP TTTITTPPPPIRE XX [XTI IECTRRTPRRRRE:" = [P

e - —— i ———— ]

F___
= ———
A\

3 |

—
Y
-

—00 ==
——20 ==

o ———— ————
—— - ——— —

—-04 —0.2

o=
o
=N T
N\ ¥
o
e~

Electron Yukawa-coupling only very weakly
constrained (g, < 268 at 95% CL).

If c, smaller, eEDM significantly weakened.

Moreover, we can fine-tune CP-odd electron-
Yukawa coupling such that d, < d2“ME.

Neutron EDM has similar dependence on first-
generation quark-Yukawa couplings.



Dependence on electron-Yukawa coupling

s * Electron Yukawa-coupling only very weakl
(Ctv Ce, Ct, Ce) free pling Y Yy Yy

1.5 — — constrained (g, < 268 at 95% CL).
= LHC 90% CL ¢ :
¢EDM 90% CL : ol
-— co€[0,2]
10 4. Co €[0.8,1.2] [l g S

R YgIA/YEbS

* If ¢, smaller, eEDM significantly weakened.

- — e —— i ————

* Moreover, we can fine-tune CP-odd electron-
Yukawa coupling such that d, < d2“ME.

* Neutron EDM has similar dependence on first-
generation quark-Yukawa couplings.
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Dependence on electron-Yukawa coupling

(Cta Ce, éh 66) fr:ee

1.5 —
—— LHC 90% CL
eEDM 90% CL : )
== ¢ €10,2]
].0 T == ce€[0.8,1.2]
—— YgIA/YB?bS
0.5 ........... .................... ..............................
]
0.0 5 5 Il 5 :
5 Pt L 5
: ’,*‘.‘ @ 1o :
LT S 1o :
e 7, 111 5
_05 _’.:;. , ............ //r ..... 7(. ........... R BRI ! RS SRR
: PR Lnd :
: Pid Vs [ :
I SR o :
;7 7 :
—1. P R / .............. P foopepe ZRRETTTICCITERN TEPT-TTTPERReE
1.0 o7 il 11 5
r : / 111 :
N R4 [ g
4 [ | :
~15 - : .
—04 —-0.2 0.0 0.2 0.4
Ct

* Electron Yukawa-coupling only very weakly
constrained (g, < 268 at 95% CL).

* If ¢, smaller, eEDM significantly weakened.

* Moreover, we can fine-tune CP-odd electron-
Yukawa coupling such that d, < d2“ME.

* Neutron EDM has similar dependence on first-
generation quark-Yukawa couplings.

LHC bounds important since they do not

depend on 15t gen. Yukawa couplings.
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* The Higgs is not the last missing puzzle piece of the SM but
could be the link to many BSM scenarios.
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Conclusions

The Higgs is not the last missing puzzle piece of the SM but
could be the link to many BSM scenarios.
Many Higgs properties still need to be determined:
e Light Yukawas,
* Higgs CP structure,
* Higgs potential,
* Higgs width,
Higgs CP nature:
 The Higgs boson could be a CP-admixed state.
* Novel analysis methods promise significant
improvements.
* |Important interplay between LHC and EDM
measurements.
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Conclusions

The Higgs is not the last missing puzzle piece of the SM but
could be the link to many BSM scenarios.
Many Higgs properties still need to be determined:
e Light Yukawas,
* Higgs CP structure,
* Higgs potential,
* Higgs width,
Higgs CP nature:
 The Higgs boson could be a CP-admixed state.
* Novel analysis methods promise significant
improvements.
* |Important interplay between LHC and EDM
measurements.

» The Higgs will keep us busy for many decades to come!

Henning Bahl
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Appendix



Higgs width constraints

_IIIIIIIIIIIIIIIllllll|]||||||l|||lll

g:, 20 =~ ATLAS — - Obs-Stat. only -
- r —— Obs-Sys ]
N - : -
) 18: On + Off-shell combined — - Exp-Stat. only 1
16E-13 TeV, 139 fb" — Exp-Sys =

[ Obs-Stat. only: 1.1ig:§ Exp-Stat. only: 1-0ﬁ§j§ ]

14 obs-sys: 1 Rt Exp-Sys: 1.0° 0 B

12} E

: .

10 - ]

8k =

6 =

AN T T N

26N\ g

| Ll 1l | Ll 1 1 I L1 1 I Ll 1 1 I L1l I—

OO
of
(é)]

Henning Bahl

1 15 2 25 3 35 4
[ATLAS, 2304.01532] ']
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Starting point — 1 flavor fits: T

[HB et al.,2202.11753]

1.5 1.5
1.0 b 1.0 b
0.5 F 0.5F
5 0.0 > 0.0
—05F —0.5F
—1.0F —1.0F
JEPY) SRS 0N SRS PO TP VU il S COPE DY JOUS U PEL N
~-1.5-1.0-05 00 05 1.0 15 -1.5-1.0-05 00 05 1.0 15
Cr Cr
Without CMS H — 7t CP analysis. With CMS H — t7 CP analysis.

« Without CMS H — t7 CP analysis ring-like structure since I'y_,.; X cZ + ¢Z (similar for muon-Yukawa
coupling).
 With CMS H — 71 CP analysis, we can differentiate between CP-even and CP-odd tau-Yukawa coupling.

Henning Bahl 30



1 flavor fits: b

[HB et al.,2202.11753]

_(cy, Gp) free Ax?

Ring-like structure since T'y_,p, X cf + CF.
Bottom-Yukawa coupling, however, also affects ggH rate:

o 290H o~ 11cf + 2,66 = 0.1ccpft .

O-gg—>H

Negative ¢, values disfavored since ggH rate is enhanced by
~ 20%.

Direct bottom CP measurements very difficult.

Indirect CP constraints will remain important for the bottom-Yukawa coupling.

Henning Bahl
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Top-Yukawa coupling

* Probe top-Yukawa coupling at the loop-level via gg - H, H — yy, g8 — ZH:



Top-Yukawa coupling

* Probe top-Yukawa coupling at the loop-level via gg - H, H - yy, gg —> ZH:

g —wyus00)

~|1.1cf + 2.6¢¢

— 0.1¢icp — 0.2¢,Cp + -+, disfavors large ¢;.

Henning Bahl
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Top-Yukawa coupling

* Probe top-Yukawa coupling at the loop-level via gg - H, H - yy, gg —> ZH:

/e 1111 1 NG 7 5
i alaaal - | I = t
g vy 1 t N Y

o —-H ~ ~ A~ . ~
o ki =r— =|1L.1cf + 2.6¢¢ |- 0.1c,cp — 0.26,E + -+, disfavors large &.

THo s . .
© ki = % ~ 1.6¢c%|— 0.7cyce [+ 0.1c? + 0.26% + -+, disfavors negative/small c;.
=YY
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Top-Yukawa coupling

* Probe top-Yukawa coupling at the loop-level via gg - H, H - yy, gg —> ZH:

{
g ~ITTCION ¢ t Y g Wer—»——1nn g
t ===l H - t ty 1t
g —vwssen t t VAV Ve g\%lﬁlf—;—‘-—— H

o —-H ~ ~ A~ . ~
o ki =r— =|1L.1cf + 2.6¢¢ |- 0.1c,cp — 0.26,E + -+, disfavors large &.

Ogg—H

THo i . .
© ki = % ~ 1.6¢c%|— 0.7cyce [+ 0.1c? + 0.26% + -+, disfavors negative/small c;.

H-yy

Ogg—ZH ~
o T2ZZ ~ 0.5¢% + 0.56% + 2.4c¢f
o
99—ZH

— 1.9¢y ¢ |..., disfavors negative c;.
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Top-Yukawa coupling

* Probe top-Yukawa coupling at the tree-level via top-associated Higgs production:
* Three subchannels: ttH, tH, tWH.
 Difficult to disentangle experimentally.

e Consider combined signal strength
o(tH+ttH+tWH)

HtH+tEH+tWH = SM et ttH+twH)'




Top-Yukawa coupling

* Probe top-Yukawa coupling at the tree-level via top-associated Higgs production:
* Three subchannels: ttH, tH, tWH.

- : : MtH+ttH+tWH
 Difficult to disentangle experimentally. 2.0 7y i 10.5
* Consider combined signal strength 15K . -
. __ o(tH+ttH+tWH) N i '
HtH+ttH+tWH = oSM(tH+tEHAtWH)' 1.0
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1 flavor fits: t

[HB et al.,2007.08542]

20 FuHTH W H 05 0 (¢, G) free Ax? % (ct, G, cy) free A
T 20 T 20
1.5F I
1.0F 05F 15 0.5
0.5F i
< 0.0 S 0.0 N 10 & 00¢r
—0.5 L
—1.0F —0.5 ' g —0.5 _
—1.5F [
_2.0 2 1 0 H 1 : 2 _1 0 | o e | 0 _1 0
. - o 0.4 0.6 0.8 1.0 1.2 0.4

* ggH and H — yy total rates strongly constraint CP violation in top-Yukawa coupling.
* Relies on assumption that no other BSM physics affect ggH and H — yy.
* What happens if we allow k,, and k4 to float freely?
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1 flavor fits: t — free Kk, K,

[HB et al.,2007.08542]

WM +EH W H (ct, G, v,y Ky) free Ax? (ct, Cty v, Ky, Kig) free Ax?
2.0 - 10.5 1.0 2
I 20 - 20
150 [ :
1.0F 0.5 i 15 1r 15
0.5F I
S 00 S 0.0F 10 & Of 10
—0.5 I
—1.0F —-0.5 . 5 —1F 5
—15F I 2 I
_20_2 -1 0 ’ 1 I 92 _1.0 ] v by by by by O _2 [ NI R T SRR B ST O
c —-1.0 -0.5 0.0 0.5 1.0 1.5 -2 -1 0 1 2
Ct Ct

* Colored and charged BSM particles can cancel the effect of a modified top-Yukawa coupling.
* Top-associated Higgs production is a more model-independent but weaker probe.

> 2 flavor fits = only weak correlations between different Yukawa couplings.
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2 flavor fits: t and b

[HB et al.,2202.11753]

(¢t7 ét: Cb:, éb) free AXQ

9 (et € Ct, Cb, Cb) free  Ax?

* ggH rate correlates top and bottom Yukawa couplings: Ké ~ 1.1cf + 2.6¢% |- 0.1c.cp, — 0.26t6bl

Correlation of CP-odd coupling modifiers weaker since bounds on ¢; are stronger.

Henning Bahl
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Charm- and muon-Yukawa couplings
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Global modification fits

~ ~ 2
0.8 (s, Cf) free Ax? 0.8 ; (s o ’;CV) free —OX
- 20 o 20
15
10
: ;
0.6 0.8 1.0 1.2 1.4 -1.5-10-05 00 05 1.0 1.5
cf Cr
* Universal fermion coupling modifiers: ¢; = ¢; = ¢ = - = ¢, s = Gt = Cp = =+ = Cy.

Dominated by constraints on top-Yukawa coupling.
* Additional varying ¢, reopens negative cr range.
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“Global” ttH CPV fit

Most studies so-far concentrate on fitting CP character of a single Higgs coupling, e.g.

ye
Ltop—Yuk = ——=t(c; + iysCp)tH

V2



“Global” ttH CPV fit

Most studies so-far concentrate on fitting CP character of a single Higgs coupling, e.g.

SM
Yt - C . .
Ltop—Yuk e —Zt(ct + lysct)tH [Maltoni,Vryonidou,Zhang,1607.05330]

In SMEFT, this coupling can be generated by rewriting: T —»——
_ . ®--- }tm\{
— (ht
® 0= GNP —
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“Global” ttH CPV fit

Most studies so-far concentrate on fitting CP character of a single Higgs coupling, e.g.

SM
yt t ] C altoni,Vryonidou,Zhan
Ltop—Yuk = — ﬁt(ct + iysC)tH [Maltoni,Vryonidou,Zhang,1607.05330]
In SMEFT, this coupling can be generated by rewriting: O —>——
= -I- _t s ‘ ot
@ 0y = (¢7¢)(Qt)

@ 0o = @N(GHEH),
0gc = (@1 0)(GAGH).

Interplay of the different operators not well understood if CPV is present.

There are, however, further “Higgs” operators which contribute to e.g. ttH:
@ 0 = (Qo*TAt)PG,, }
O00000—€—
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Correlation with other Higgs channels

g9 - H 99 — Hj(+Hjj) g9 - HH
1 !

- L

- -

R S S

[Maltoni Vryonidou,Zhang,1607.05330]

(+ interplay with bottom Yukawa etc.)
[see e.g. HB et al,, ]

Henning Bahl
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Correlation with other Higgs channels

CMS 138 b (13TeV) CMS 138fb (13TeV)
o 10— o 10 peprerrprerrprreerreerrerrere
' 17 £ i ﬂ+4|+yy £ t‘r+4|+w
g - H gg - HJ(-I_H]]) gg - HH < o — Observed < ® — Observed
o 8H e Expected V-1 R Expected E
ok (k. %) profiled R <\ (k. %) profiled £
6. 6 E
sF* s
s a3\ fewel\ 4f
7 3 .. 3
_ - SB[ 3
N 2f 2k
~ B 3
1:— ———————— — 1:
9% 20 5 10 5 0
Cqg
~ -~
- = e CMS 138&) (13TeV) CMS 138 fb”! (13TeV)
o 10 T o 10
~ c a g £ E ﬁ+4l+w E
~ < 3 — Observed f < E — Observed
~ o o E o El e Expected 3
E- (x, %)= (1,0) i 3 (x, %)= (1,0) 3
s
s

|
/ 1
© LN W B OO N ®©
[ T
|
|
|
|
|
|
|| oo
o 4O N W s O N

ANl NN '::..:x10
-18 -16 -14 -12 -10 -6 4 -2 2

[Maltoni,Vryonidou,Zhang,1607.05330] c

[CMS, 2205.05120]
(+ interplay with bottom Yukawa etc.) o . .
[see e.g. HB et al., ] — Would be great to get full likelihood information!
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n=VYy [Basler et al.,2108.03580]

Baryon asymmetry of the Universe T oo ,
TII-C2HDM
102 oy’
":10_3- . ,’.. O.i
=107 T e L
at10_5- e® 08,.
* Different techniques used in the literature to calculate BAU Yp: i ,t_':"} .
* Vev-insertion approach (VIA), 107}t :

. R . . 10~ ; . . e . .
[Huet&Nelson,9504427,9506477;Carena et al., 9603420;Riotto, 9712221;Lee et al.,0412354;Postma et al.,2206.01120] 105 10-% 102 102 101 10° 10' 102

 WKB (or FH) approximation. VA=) [y,
[Joecy et al.,9410282;Kainulainen et al.,0105295, 0202177;Prokopec et al., 0312110, 0406140;Konstandin et al.,1302.6713, 1407.3132]

* VIA approach yields consistently higher results by orders of magnitude.

* We use VIA approach with bubble wall parameters close to optimal values for Yg:
[de Vries,1811.11104;Fuchs et al.,2003.00099,2007.06940;Shapira,2106.05338]

Yp
Yé’bs

~ 28¢, — 0.2¢, — 116, + -

‘ Y values should be regarded as upper bound on what is theoretically achievable.
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2 flavor results: t and b

[HB et al.,2202.11753]

. (ct, Ct, v, Cp) free
P NN A Maximal Y5 /Y,2PS within LHC

W] P W — N - /ff ....... and eEDM constraints:
0.5 _ ...................... .............. //1’ ........................ : t b c T L
o O \ Y ¥
?Q..)D 00 -_ — :;Sl\?%ﬁ%céL .............. ....................... ........ '/'/ ........ 003

b == yNTA/yghs

05 B N H—
r T 4 . H
i e Ry
I ,’, o
_10 R ’ : ’ i .

e L L N
—0.010 —0.005 0.000 0.005 0.010
Ct

0.42 § 0.05
0.37 | 0.19 | 0.01
69 | 69 | 69 |3.2
p( 0.18 1 0.19 | 0.16 | 3.2 | 0.16

o Vo =

\
\.
9

* Presence of more than one CP-violating coupling allows for cancellation in eEDM.

obs

— Larger values for Yg /Y5 "> can be reached.
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