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Outline

1. (Asymmetric-) associated
production of Higgses at the LHC

2. Drell-Yan production of Higgses in 2HDMs
3. The flavored aligned 2HDM (A-2HDM)
4. Correlating Br[A — yy] with EDMs

5. The 152 GeV and 95 GeV di-photon excesses
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Scalar sector

* Minimality of the scalar
sector of the SM not
guaranteed theoretically

* Scalar extensions common
to multiple NP models

* Run-3 data (on their way) and
HL-LHC stage will provide a
unique opportunity to inspect
non-trivial signatures
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(Asymmetric-) associated production

[ATLAS and CMS review] T o g ,’
* Provides a yet unexplored jz ) L
window on new physics £2 SR
EE g \
L] ] ] ] . SQ \\
* Additional particles required in K
. . Gluon-fusion initiated
the signal regions (on t.op of the via a heavy scalar
decays of the NP candidate) :

* Reduced SM background and
enhanced NP sensitivity
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https://cds.cern.ch/record/2891236?ln=en
https://indico.cern.ch/event/1391236/contributions/6095870/attachments/2960907/5207895/ResonantDiHiggs-Higgs2024.pdf
https://indico.cern.ch/event/1391236/contributions/6095882/attachments/2960056/5205962/Zuolo_Higgs2024_CMS_HH_SH_v3.pdf

Drell-Yan production

New Higgses mostly produced via Drell-Yan
at the LHC must have specific properties

Transform non-trivially
under SU(2);

No direct (or tiny) Yukawa
couplings

Have small vacuum
expectation value

Small mixing with the SM
Higgs boson

Guglielmo Coloretti

—

Gauge interaction with SM
fields

Suppressed gluon-fusion
production

Suppressed VBF and VH
production

Alignment limit
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2HDMs and Drell-Yan

Yoo K1 Suppressed GF
(DPsm) = v, (DPyp) K 1 - Suppressed VBF/VH

Small mixing Higgs/Flavor bounds
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2HDMs and Drell-Yan

 Difficult to obtain sizable Br[H/A — yy] with Z,
symmetries for masses around the EW scale

1 b Alignment limit (8 — a) ~ 0
H/A H/A Type-1 Type-11
---------------- ko | —1/tan(B) | —1/tan(S)
! b ka | 1/ tan(f) tan(8)

[J. Haller, A. Hoecker et al.]

*  Composite Higgs? Relaxing Z, symmetries?
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https://inspirehep.net/literature/1658767

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

* Yukawa’s of ¢p; « Yukawa's of p, = NO FCNC (tree)

Ly =—QpYa(d1 + Cat2)dr — Q. Yu(d1 + Cid2)ur
_ LLYE(le + C@QbQ)ER + h.c. {, <1 — suppressed GF

(small mixing)

* No Z, symmetry imposed = A4 and A terms allowed
V =Vz, + De(6ld1) + M (6502)| 0] 65 + hoc.
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A-2HDM: CP-violation

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

CP-violation of the : j/y_lgqug_gggt_g[__{u_,_@,__Cf_;

H jmeETEEEEEEEEEEEmEEmEmmmmmm———— |
model (Baryogenesis?)  Scalar potential: A5, 6, A7 |

[K. Enomoto, S. Kanemura, Y. Mura] =

R[Ag]/I[Ag] drives Br[H/A — yy] g
,
Correlating Br[A — yy] with EDMs? 00 1/ WE / HE
- C - f‘}o"ouoog
ide fo*Vq,ysf © \L’\Y
e | -
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https://inspirehep.net/literature/1976947

Higgs basis

* Higgs-flavor symmetry: U(2)%.®, = @,

[S. Davidson, H. Haber]

o (D) = v, (D)) = 0 M2345 < 212345

Suppressed VBF / VH (small mixing) )\6,7 < Z7,6

* Explicit treatment of CP-violation
(25 25) = (25 27) = 3(Z5 Z7) = 0

SM-Higgs mass Alignment H /A mixing
A R(Zg) —3(Zs)
MI%HA = v | R(Z) %[234 + R(Z5)] —%%(25)
—3(Zs) —53(Zs) 5(Z34 — R(Zs5)]
Br[H/A—-yy]| [~~~ ~~ - rrToooo oo e e e e 1

sizable! - Z- independent of mixing angles i
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https://inspirehep.net/literature/679963

EDMs e

* Electron gives stringent bounds (103%e cm™)

[M. Jung, A. Pich]

* Projections for neutron/proton (10-23/10%° e cm)

d,, =+ (0.78 £ 0.03)dy — (0.20 £ 0.01)d,,

— (1.1 £0.55)dy — e(0.55 & 0.28)d,,) + (50 & 40) MeV dg

* RGE improved chromo-
magnetic contributions

* Analytic results

[W. Altmannshofer, S. Gori, N. Hamer, H. Patel]

N . . " Residual U(2)
 H- contribution « 3[(u(d] to absorb 3[(?]F

Guglielmo Coloretti ASSOCIATED PRODUCTION OF HIGGSES IN 2HDMS


https://inspirehep.net/literature/1251543
https://inspirehep.net/literature/1814812

Hints for New Physics at 152 GeV

No significant excess in Interesting excesses inyy + X
inclusive yy searches (X represents additional
_goMs 13717 (13 Tev) particles in the signal regions)
8 - H—yy,m =125 38 GeV All categories .
> sf S/(S+B) weighted ] > .
E t Data Q C ATLAS .
S W — S+B it O 250k . ¢ Data E
g L T, B component 3 : E = 1n:35;rev' 139 fb 1 — S|gna|+ BaCkground :
e i B +1o E = - SR:E;7>100 GeV .
= ez ] o 200F s.B it Total background .
2 b e E 5 - -~ Continuum background -
— N i > K ]
£ 10— — N 150__ _:
Z - .
100~ ]
- 7 50 :
e N A B R BV
110 120 130 140 150 160
100 11'0 12')0 1:';0 140 150 1€‘i0 17'0 180 mw [GeV]

m,, (GeV)
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https://inspirehep.net/literature/2626407
https://inspirehep.net/literature/1851456

‘Ar2+“DhA:/1152 — VYV

0.4 — —=
lde] <41 x 107" e em

=ldy| < 107% e em (prospect)
\d,| <107 e cm (prospect)
0.1% < Br[A — v7] < 0.5%

0.3 10.5% < Br[A — 9] < 1%

m1% < Br[A — y7] < 4%

(f < 1, 0‘] K1
= DY production

Guglielmo Coloretti

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

m h

H

A

H:I:
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GeV] | 125

200

152

130

u=¢Ca=¢=¢€ER

612 — 10_3
013 — 623 — 10_2

Zz —_ _Z3 —_ 02

R[Z,] = 0.1

HiggsTools, perturbativity,

vacuum stability

13/15

[ATLAS]


https://inspirehep.net/literature/2635801

Hints at 95/98 GeV [ indusive searches -

"It etetitheniieegi I
v —
N E| .S
. % L 1 I 1 1 1 B é %%
3 E 0o 3

* LEP: Z 4+ bb (2.3 0) s g 3533
] 3 10—1:_" ..................................................... i 7 QL>). GL; QL;
- ATLAS: yy (1.7 o) (aTLAS )

_l_l. ©
P . i T <l £l gl .
CMS. yy (2-9 O-) 102 f_TLAS Preliminary __ opcerved g T | T
- C s=13 TeV, 140 fb™ 3 A
* CMS: 77 (2.4 o) S A I e
107 5 S| B B B
(but not seen by ATLAS) e e Rk
5 [LEp _‘_;{_L_EP T 1??.'.”.‘5."".”,"’??'?’.]....,.,1.3,2:2..‘:!’,'1..(1,.3.1‘-?\{) 10> CMS preliminary 138" (13Tev)

L.) 1 ; e R P 0ok - — Observed —e— Observed
J SE N 102 | e Expected
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-1_. o E ----- Expected + 2¢ 10 I:lQS% expected
R IO O Z;ZZ/ZZZEZZZZZZZ e R

10 | ey e T
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107!

;_. Expected for background 1072
: - o [CMS]
10'3||\|| 107
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................................ D o ,
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https://inspirehep.net/literature/1644098
https://inspirehep.net/literature/1644394
https://inspirehep.net/literature/1915717
https://inspirehep.net/literature/2666523
https://inspirehep.net/literature/2132368
https://inspirehep.net/literature/619171
https://inspirehep.net/literature/2646683
https://inspirehep.net/literature/2806613

A-2HDM: Ags — Yy, Hog — bb

[S. Banik, GC, A. Crivellin, H. Haber - IN PREPARATION]

0.2,

[ wld,| < 107* e em (prospect) n ?
E \d,| < 107% € em (prospect) m h H| A H g
s [GeV] | 125 | 98 | 95 | 130
i ATLAS + CMS 9 ;) €
0.1~ Fon.95
L . . .
r * Gluon fusion contribution:
- N - .. =0,=0, 0, €ER
i e SM(2 0_) i Cd {f (u
= 0.0EpERa N 3
~ _fbﬁb’_g?(__U_)_i__'_«__;__:‘_'______________’ ______________ ° 812 = 0.25 (,UIL;%’I;S
- \,UZZSM<1(7> 1 0,5 = 10_2,523 — 3% 102
o1t © Z,=—Z,=0.2
" Gu # 0= c
r a bit of GF
L . Z-1=0.1
§ in addition R 7]
097ttt * HiggsTools, perturbativity,
0'—21.5 —Il.() 0!5 (I) 0{5 1!0 1.5 9 P .- Y
3(Z; vacuum stability
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https://inspirehep.net/literature/2635801

Conclusions and Outlook

Asymmetric associated production of scalars is a prominent
signature to look for NP at the LHC

A-2HDM offers sizable Br[H /A — yy] which can be correlated
to CP-violating effects such as EDMs

A-2HDM provides an independent explanation of the diphoton
excesses at 95 GeV and at 152 GeV

Outlook: correlate Br[H/A — yy] to Baryogenesis, SFOPT and
the effects in the trilinear SM-Higgs coupling
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BACK UP SLIDES
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2HDMs: flavor bounds

[J. Haller, A. Hoecker et al.]

Two-Higgs Doublet Model, Type | Two-Higgs Doublet Madel, Type Il
ﬂ_ 4 T T T I T T T T | T T T T I T T T T | T T T T | T T T T I T T T ] m_' I‘fl T T I 1|. LI | T T 11 I LB / LI I T T 17T | L I T 1 1]
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c C ) ] c 9 . —
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T E I B - Xy ] 8 I B - Xy =
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https://inspirehep.net/literature/1658767

A-2HDM: flavor bounds

[A. Karan, V. Miralles, A. Pich]

Bl B-X.y95%
Bl B.-utu- 95%

Bl Tree-level combined 95%
Bl All Flavour 95%

m AMg, 95%
W R, 95%
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https://inspirehep.net/literature/2751608

2HDMs: EW precision

Two-Higgs Doublet Model

[J. Haller, A. Hoecker et al.]

— 1000
? 68% ang

800 900 1000
M, [GeV]

Guglielmo Coloretti ASSOCIATED PRODUCTION OF HIGGSES IN 2HDMS


https://inspirehep.net/literature/1658767

A-2HDM: EW precision

[A. Karan, V. Miralles, A. Pich]

mmm STPDG-My, 95%  mmm ST CDF-M,, 95% Eﬂtl

300
200 1
% 100 4 % % b
Y e Y
T 0 T T
g S g
[ , [
= < =
€ —1001 £ IS
—200 A 1
_300 T T T T 1 T T T T T T T T
—300 200 100 0 100 200 300 —300 200 100 0 100 200 300 —300 200 100 0 100 200 300
my —my= (GeV) my —my= (GeV) ma—my= (GeV)
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https://inspirehep.net/literature/2751608

FCC-ee prospects

Courtesy of Rebeca Gonzalez Suarez

* Scalars produced in associated production via DY are a
prominent candidate for FCC-ee

FGC-ge

= 16 years, 4 IPs

possible

= Stringent experimental
requirements

FCC feasibility Mid-term report -

Deliverable #8, physics and Experiments

integrated
luminosity per year
summed over 4 IPs
corresponding
to 185 days of
physics per year
and 75% efficiency

all the data of

LEP1 in minutes

7 T |7
200 — ' —
8 o 7
> [ z / ww i ZH / Top il
= 5 x10 1 <10 1 o
TN g S / ! /
= Flexibility in the run scenario: = F / : / .
in order and operation periods. 3 i / 5 / .
- O 100}— / : / i
= Additional runs, e.g. 125GeV  § | / / i
: / /
[0 HE i i
= % /
0 L % //A‘ %
0 2 3 4 5 12 13 14 15 16
Years
Working point Z, years 1-2 7, later WW, years 1-2 WW, later 7ZH tt
Vs (GeV) 88, 91, 94 157, 163 240 340-350 365
Lumi/IP (10** em™2s™1) 140 10 20 5.0 0.75 1.20
Lumi/year (ab™1) 68 4.8 9.6 2.4 0.36 0.58
Run time (year) 2 2 3 1 4
1.45 x 10° ZH 1.9 x 10° tt
Number of events 6x10'2 7 2.4 x 108 WW + +330k ZH
45k WW — H  +4+80kWW — H
Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024 76
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https://indico.psi.ch/event/15237/contributions/46274/attachments/28461/54226/Zuoz-I.pdf

FCC-ee prospects

Courtesy of Rebeca Gonzalez Suarez

* Scalars produced in associated production via DY are a
prominent candidate for FCC-ee

FGG-ge

FCC feasibility Mid-term report -
Deliverable #8, physics and Experiments

"g‘ 200 :ll 5 T T T ]
S, 4 f i
> H T
= 16 years, 4 IPs £ I f;: Top i
e |
= Flexibility in the run scenario: g I ' i
in order and operation periods. 3 L =
s B 100H : il
= Additional runs, e.g. 125GeV  § || v i
possible > 1 é
2 - =
. . C
= Stringent experimental = H v il
requirements 1 f o
0 ,.: A ] ] ]
P Years
Working point Z, years 1-2 7, later WW, years 1-2 WW, later 7ZH ', tt ‘\
uminosity pemmm> /5 (GeV) 88, 91, 94 157, 163 240 " 340-350 365 \
“T;’ii;@ﬂ“{jﬁjp\ Lumi/IP (10** em™2s™1) 140 10 20 5.0 \ 0.75 120 |
{0 185 cay Lumi/year (ab™1) 68 4.8 9.6 2.4 \ 036 058 /
airjf}s !iif:ff[‘ Run time (year) 2 2 3 &1 4
145x 105ZH 1.9 x10% ¢t
Number of events 6 x 102 7 2.4 x 108 WW + +330k ZH
all the data of 45k WW — H  +80kWW — H
LEP1in minutes Rebeca Gonzalez Suarez (UU) - PSI Particle Physics Summer School 2024 76
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https://indico.psi.ch/event/15237/contributions/46274/attachments/28461/54226/Zuoz-I.pdf

cross section [pb]

Real triplet at the FCC-ee

* Only Z*/y* s-channel (suppressed A°A° production)

* Pair production of the charged components

0.4

0.3

0.0 ...,

[\/E — 350 Gev]

Parameters — (A) = v, ap
Fields = neutral A?, charged A*

UL L 0
110 120

Guglielmo Coloretti

PR A T TN T NN TN ST SO SN AT SO SO T
130 140 150 160

ma [Ge\/]
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64 + 2v at the FCC-ee

* The decay AT - W*Z leads to a 6£(+ MET) signature

Events expected in the SM model

ete” - 6£(+ MET) = 1

* Assuming the integrated
luminosity at the tt
working point (4 years run)

* Log-Likely-hood ratio
yields y? =~ 80

- g(ete™ = AT AY) could be
measured at = 90
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tt distributions as a probe for NP

3 :""Ar'rus"'"""""".'5;;""""”2 et e~ future colliders have a
= ..ol Vs=13Tev, 140" - - aMC@NLO+Her7.1.3 _| n v .
S e ~ rowneg-renigro4 | | dedicated tt run: is there any new
°g - ‘.- --- Powheg+Pythia8 . . .
3 !‘ ., - Powheg+Herwig7.1.3 physics testable scenario?
o _i L.‘q aMC@NLO+Pythia8 |
;-_t?. 10—3ip | -+ Powheg+Pythia8 (rew.) - i- ——————————————————————————— 2
- e = St o Systemor i “No model can describe all |
- - 1 | measured distributions within their I
1074 i — e . |
2 e 1! uncertainties.”  (ariss) :
n ! T| v
_ ey . L
10°
Co L
-g 1.1+ . _
8 L e ettt T N EL ‘_j S
E0.9.‘...|--u||||||||||||||||||||||||||||||| .! GE) 246))
0 100 200 300 %56 600 800 700 800 o Y w©
m™ [GeV] [ I I g &%
ol J| o
‘BN .o .~ T = =
e Higher order corrections? Toponium? 1223
'+ New Physics pollution of this SM measurement? 1238
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https://inspirehep.net/literature/2648096
https://inspirehep.net/literature/2796902
https://inspirehep.net/literature/2737595
https://inspirehep.net/literature/2747788

95 GeV and 152 GeV excesses?

[S. Banik, GC, A. Crivellin, B. Mellado]

W
o

Sos — VY (20)

N
(&)}

- N
(&) o
1T T T T

Sos — 7 (10)

* Sg5: SM singlet mostly
decaying to bb

o
™
S

(&)
———

a(pp — Hogg — AOS% — W+W_bg) [pb]

- AY: real Higgs triplet
mostly decaying to WW

o

: Consistent with the 95 GeV yy signal
|strength and a mass for A? of 152 GeV
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