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CP violation... in the Higgs sector?

A personal and non-exhaustive take

fandard Model of Elementary Partic Matter-antimatter asymmetry

three generations of matter interactions / force carriers
(fermions) (bosons) . . . . -
1 I I CP violation (CPV) in SM insufficient!
A XX VY 1| ® | ol Gavela, M. B. et al. (1994). Nucl. Phys. B, 430(2), 345-381.
Gavela, M. B. et al. (1994). Nucl. Phys. B, 430(2), 382-426.
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CP violation... in the Higgs sector?

A personal and non-exhaustive take

Standard Mode! of tlementary Particies Matter-antimatter asymmetry

CP violation (CPV) in SM insufficient!

Gavela, M. B. et al. (1994). Nucl. Phys. B, 430(2), 345-381.
Gavela, M. B. et al. (1994). Nucl. Phys. B, 430(2), 382-426.

125.2 Gev/c?

CP properties of SM Higgs
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CPV in BSM Higgs sector: well-motivated! /
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CP violation... in the Higgs sector?

A personal and non-exhaustive take

Fermion sector Scalar sector

Bosonic field
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|
) 1506.06755, 2206.09643, ...
0 CP states ad absurdum?
CMS — 2110.04836 ‘ CPV
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CP violation... in the Higgs sector?

A personal and non-exhaustive take

Scalar sector
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Unlocking the power of the LHC

A threefold way...

Vector boson fusion (VBF) V-associated production (V-AP) Gluon fusion assisted (ggF)

* Throughout the talk: h is the SM Higgs with m;, = 125 GeV
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Unlocking the power of the LHC

A threefold way...

Vector boson fusion (VBF) V-associated production (V-AP) Gluon fusion assisted (ggF)

Unambiguous signals of CPV
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Unlocking the power of the LHC

A threefold way...

Vector boson fusion (VBF) V-associated production (V-AP) Gluon fusion assisted (ggF)
g q
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g 0099999099 -

PLANCK2025 Alvaro Lozano Onrubia 4




Unlocking the power of the LHC

A threefold way...?

Vector boson fusion (VBF) V-associated production (V-AP) Gluon fusion assisted (ggF)
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Unlocking the power of the LHC

A threefold way...?

Vector boson fusion (VBF) V-associated production (V-AP)

One of many — see paper for more!
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Unlocking the power of the LHC

A few words of caution for VBF

Vector boson fusion (VBF) Gluon fusion + 2 gluon jets

A Contamination from ggF+jj process which does not fix would-be CP properties of H,,

? Possible improvement through cuts as in SM... but ggF-to-VBF ratio unknown a priori (BSM)

\/ Optimized quark-gluon jet tagging might solve this
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Unlocking the power of the LHC

A few words of caution for V-AP

V-associated production (V-AP) V-associated production (V-AP)

Hy

Avoids background from ggF — intermediate neutral scalars

Only small background from qq — intermediate charged scalars (e.g. 2HDMs)
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Benchmarking the LHC

Complex Two-Higgs-Doublet Model (C2HDM)

A A A
V = m3|®,2+m2,|®,|?— (m§2|<1>{<1>2 + h.c.)+?1\<b1|4+?2 (@ 44+ X3 | @12 || 24+ Aa (B @5) (BB, )+ [thb{%)? + h.c.}
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C1C2 S1C2 52
8;, C; = sin «;, COS (;
R = —(018283 + 8103) C1C3 — 818283 (283
—c189¢3 + 8183 —(c183 + 8182¢3) cocz ) || T7/2 < s < /2

hep-ph/0211371, 1408.2534, 1502.01720, 1711.09419, 2403.02425
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Benchmarking the LHC

Complex Two-Higgs-Doublet Model (C2HDM)

A A A
V = m3|®,2+m2,|®,|?— (m%2|<1>{<1>2 + h.c.)+?1\<b1|4+?2 (@ 44+ X3 | @12 || 24+ Aa (B @5) (BB, )+ [75{@{%)2 + h.c.}

Angular parameters Yukawa couplings

Vo2 u-type d-type leptons u-type d-type leptons
tanp = — — — % —
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1711.09419
 Mass basis [ Gauge couplings

C1C2 S81C2 sa \| ~ R . .
[Hi, W}, W, | = igMyw g [Ri1 cos(8) + Rizsin(B)] = i gMw g, Ci
R = —(618283 + 8103) C1C3 — 815283 C2S3 _gMy . _gMg
(Hi, Zy, Zv] = i == guw [Ri1 cos(B) + Rizsin(B)] = i =—= guv Ci
—c152¢3 + 5153 —(C183 + s152¢3) cac3 W v
1711.09419

hep-ph/0211371, 1408.2534, 1502.01720, 1711.09419, 2403.02425
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Benchmarking the LHC

Setting up the scan

/2 <a; <m/2 70 GeV < my+ < 500GeV

0.8 <tan /[ <35 0.1 GeV? < h*:m'f_]} < 10° GeV?

/
40 GeV < mpy, <120 GeV mp, = 125 GeV
/ my, = 125 GeV 130 GeV < my, < 500GeV

S ca n n e rS Miihlleitner et al. - 2007.02985
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Exemplary results

W-AP of lightest non-SM Higgs in the C2ZHDM

W-AP in C2HDM normalized to W-AP of same-mass SM Higgs

102 3

(W Hy)x BR(Hy— X X)
mrr mry —
o(WHg,,")x BR(Hg),"»XX)

potraints

raints

120
mp, (GeV)

Limits: CMS - 2402.11098, G. Abbiendi et al. - hep-ex/0306033

PLANCK2025

X =7 CMS Current

X =7 CMS HL-LHC (VL)
CMS HL-LHC (band)

LEP Limits

H,, Hy mass ordering boundary
Not considered for analysis

Scan with no EDM constraints
Scan with latest EDM constraints
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Exemplary results

W-AP of lightest non-SM Higgs in the C2ZHDM

W-AP in C2HDM normalized to W-AP of same-mass SM Higgs Statistics vs heuristics
102 F —I X =71 CMS (L‘urrent |
[ == X =7 CMS HL-LHC (VZ) :
[ CMS HL-LHC (band) I
[ === LEP Limits I
&;:\ 101 L == H;, Hy mass ordering boundary 1
—_ >< Not considered for analysis I
|>< T X Scan with no EDM constraints |
? m_g @ X Scan with latest EDM constraints
==
SER;
RS | A3 [
QXY
X1 X ammeaemmm
Fgs107
S
ol =
® 107k
.n .
103 E i SOWIEE AL
100

mp, (GeV)
Limits: CMS - 2402.11098, G. Abbiendi et al. - hep-ex/0306033
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Exemplary results

W-AP of lightest non-SM Higgs in the C2ZHDM

W-AP in C2HDM normalized to W-AP of same-mass SM Higgs
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Limits: CMS - 2402.11098, G. Abbiendi et al. - hep-ex/0306033
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LEP limits: “Where does suppression come from?”




Exemplary results

W-AP of lightest non-SM Higgs in the C2ZHDM

W-AP in C2HDM normalized to W-AP of same-mass SM Higgs

102 F =% =, ovis curent I ] Compare to W-AP of Hs...
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Limits: CMS - 2402.11098, G. Abbiendi et al. - hep-ex/0306033
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V-associated production (V-AP)

Don’t have limits...

PLANCK2025

Exemplary results

Probing CPV with poster child W-AP?

but needle in a haystack!

107!

r— T T T T T T 7 T T T T [ T T T T T T T T T T T T T

No EDM constraints = Novents = 1

@® Latest EDM constraints = == Max. cross section

7250 300 350250 300 350250 300 350

H, (Ge\/)
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Exemplary results
The ggF way — good game, fellas!
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Concluding remarks

CPV may be hiding in the scalar sector beyond the SM...

... and the LHC may be a great place to find out.
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Thank you!



o(WHs) (pb)

Scan 1 (no EDM constraints)

Scan 2 (latest EDM constraints)

mp, (GeV)

PLANCK2025
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B Scan 1 (no EDM constraints)

@® Scan 2 (latest EDM constraints)

my, (GeV)
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> Scan 1 (no EDM constraints)

x

@ X Scan 2 (latest EDM constraints)

103 T T T T T
0.3r
100 L.
N 0.2r
10731
1 Off-limits 0.1+
T 06
= 10 for now! =
C>Q< 5 0.0r
~ 109} .
; *g.x' —0.1F
* £ x x
~— 10—12 | x - x“
o) *
Xx %y ; —0.2r1
— X = 7 CMS Current —— LEP Limits
10710 b s X =7 CMS HL-LHC (\/Z) X Scan 1 with no EDM constraints T
CMS HL-LHC (band) @ X Scan 2 with latest EDM constraints —0.3F
0 100 200 300 400 500 —0.3

mp, (GeV)

PLANCK2025 Alvaro Lozano Onrubia

0.2

201

0.0

0.1
CH\VV

0.2

0.3

04




@® Scan 2 (latest EDM constraints)

Bl Scan 1 (no EDM constraints)
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PLANCK2025
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