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Physics Beyond the Standard Model

e Dark Matter existence established at

cosmological scales 'A
— New weakly interacting particles \ /

*Neutrinos not exactly massless
— Right-handed (sterile) neutrinos  ®=sSM
: m Dark Matter
Matter anti-matter asymmetry m Dark Energy
— Additional CP violating interactions

The SM must be extended!

What is the underlying fundamental theory?



Discovering New Physics

e Cosmic Frontier Energy

— Cosmic rays and neutrinos Frontier
— Dark Matter
— Dark Energy

*Energy Frontier NP

— LHC Intensity

— Future colliders Frontier
*|ntensity Frontier

— Flavour

— Neutrino-less double-p decay
— Test of fundamental symmetries
— Proton decay
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Direct Searches for New Physics

* Searches for resonances in the spectrum
* Direct information on the mass
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Limited by the available energy of the collider
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Indirect Searches for New Physics

* Perform high-statistics measurements to search for the

guantum effects of new particles

1000}
Standard Model

100}

) New Physics il

Flavour observables can be sensitive to higher

energy scales than collider searches
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Anomalies
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Higgs Sector of the SM BS

s =,u2CDTCD+%(CDTCD)2

LY =-Y'0dd -Y"Qdu—-Y'Qd/

* Custodial symmetry

*Single Higgs gives rise to all fermion masses

* No principle forbids the extension of the Higgs sector

* Extensions possible if the effect on the p parameter SM-
Higgs signal strength is small

* Scalars decaying to W bosons and/or produced in
associate production weakly constrained

EW scale extension of the SM Higgs sector possible
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Hints for a 95 GeV Higgs ES

*LEP: Z+bb
* ATLAS & CMS: yy
CMS: T
e 680—95+125 o r” e
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Multiple channels, no associated search




S. Bhattacharya, G. Coloretti, A.

05 GeV Combination Crivellin, et al. arXiv:2306.17209

* LEP used to reduce the LLE
* No ATLAS signal in tt; reduced significance
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3.80 global significance
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Hints for a 152 GeV scalar S

* Motivated by the mass range from the MLA
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* Hints for a resonance decaying to photons, Zy in
associated production, with |, MET, jets

Dominant channels are yy+X




Hints for new Scalars at 152 GeV

* Combination within the simplified model
H—-SS* with S—>WW, MET, vy
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4.70 global significance




Overview of m,, measurements

I"Léb'c':;'n}é{n'a}{dr{ """" ATLAS ! - e m

Phys. Rep. 532 (2013) 119
m,, = 80376 + 33 MeV

DO (Run 2) 5 K s

Phys. Rev. Lett. 108 (2012) 151804 : I —
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. 1

CDF (Run 2) e
Science 376 (2022) 6589 : 101
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3.70, Triplet with Y=0 gives positive-definite effect




Is the 152 GeV Higgs a Triplet (A)?

e AY decays dominantly to WW p
and only suppressed to 727

e Positive shift in the W mass
as preferred by the EW fit
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Drell-Yan production at the LHC




JHEP 07 (2023) 176
h_yY'Y_I_X from ATLAS ATLAS-CONF-2024-005

S. Ashanujjaman, S. Banik, G. Coloretti, A.C. S. P. Maharathy,

° Ana'ysis Of B. Mellado, 2402.00101
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Triplet consistently explains h—->yy+X excesses




h—yy+X from ATLAS
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Triplet consistently explains h—->yy+X excesses




h—yy+X Channels

12 12
f 1of
S - — Best fit X gl — Best fit
= I O +1/20 = O +1/20
- 6 L (e 6 o
T : T :
X 4F 4 4F
A ,F g, g
120 130 140 150 120 130 140
ma [GeV] my [GeV]
12 12
10} (SR: B > 100 Gev | 10} [SR: B > 200 Cev |
S - — Best fit S — Best fit
= | B +1/20 = U +1/20
- 6 r e 6 r
T - T -
1 4F e
] 2 :_ /_\ ) ’ '_
zp-—-:@\. - ' L | i A M

120 130 140 150 120 130 140 150

ma [GeV] ma [GeV]

Triplet consistently explains h—->yy+X excesses




Combination

S. Ashanujjaman, S. Banik, G. Coloretti, A.C. S. P. Maharathy,
B. Mellado, 2404 .xxxxx
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4.30 excess at 152GeV
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Multi-lepton Anomalies BS

* Deviations from the SM predictions in LHC processes
involving two or more leptons, with and without (b-)jets

Characteristics SM backgrounds | Significance
my < 100 GeV, (1b,2b) tt,Wt > 50
myp < 100 GeV WTW~— ~ 30
Moderate Hy ttW= t1tt > 30
¢£0% 3¢, (no b-jet)®>70:71 In association with A W=h(125),WWW zZ 40
Z(— £4)£, (no b-jet)%>72 p% < 100 GeV ZW* > 30

A.C., B. Mellado, arXiv:2309.03870

e1711.07874 found ms=150'|_‘SGeV Buddenbrock et al. arXiv:1901.05300

O. Fischer et al. arXiv: 2109.06065
* Here focus on:

- WW
— Top-quark differential distributions

Statistically significant, motivate new EW scale scalars
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Low mass WW seraches BS

. > 4000F T T T T T T T T YT T T T
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Background fitted SM Higgs rescaled by 1.16

Room for NP
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https://arxiv.org/abs/2206.09466

Simulation and Setup

* Opposite sign, different flavour leptons with full jet veto

* New scalar H produced via gluon fusion

* Correcting for fast simulation by tuning signal vial
smearing to the SM Higgs signal

0.30 _

B ATLAS: SM simulation

025__ B MGS5: SM simulation w/o smearing | 1

B MGS: SM simulation with smearing | ]

0.20f

Simulation validated
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Low mass WW resonances searches

e ATLAS and CMS combination

vvvvvvvvvvvvvvvvvvvvv

[—

.

(=)
—

G. Coloretti, AC, S. Bhattacharya, N 20
B. Mellado, 2302.07276 H o
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= 100 120 140 160 180 200
my [GeV]

* New physics effect preferred over the whole range

Related to 95GeV and 151GeV?
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Differential Top-Quark Distributions
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* A¢* angle between the leptons from the W decays
New Physics pollution of this SM measurement?
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New Physics pollution of this SM measurement?




New Physics in Top-Quark Distributions

e ATLAS analysis normalized , B

to the total cross section

* only sensitive to the shape SM

of NP )

* NP at small angels can explain

deficit at large angles ;

* Associated production of

new scalars decaying NP
to WW and bb has a
top-like signhature W

Related to the 95 GeV and 151.5 GeV hints?




Slmphfled Model: H—>SS'—>WWDbb 230807953

* Fix m¢=151.5GeV and m¢=95GeV by the hints for
narrow resonances. Weak my, (270GeV) dependence.

m# [GeV] m* [GeV]
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6 3 2 3 6 U 5 3 2 3 6 T .
] i ‘ i i aMC@NLO+Pythia8 (SM)
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--- Powheg+Pythia8 (rew.) (SM)
< <
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=2 = N
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Also deficit at large A+ & meH explained




Slmphfled Model: H—>SS'—>WWDbb 230807953

Monte Carlo Yam Xmp onp  Sig. ms|GeV]
Powheg+Pyhtia8 213 102 9pb 10.50 143 — 156

aMCQNLO+Herwig7.1.3| 102 68 5pb 5.80 ——
291 163 10pb 11.30 148-157
Powheg+Herwig7.1.3 261 126 10pb 11.60 149-156
Powheg+Pythia8 (rew) | 69 35 5pb 5.80 ——
294 126 12pb 13.00 149-156
Average 182 88 9pb 9.60 143-157

* Improvement of SM prediction imperative!

Agreement with data significantly improved (>50)




Is 95 GeV a singlet? Relation to 151.5 GeV?

« 5’(95): Singlet «
decays T o5 § =77 (20
dominantly r
to bb 2 S =77 (10)
C? 15:—
° 5(1515) %10: - e —ee
£ 1or () c-——D
decays >
dominantly 5 |
tOWW T s 0 s e

Consistent with 95 GeV yy signal strength &

a mass of S with 151.5 GeV




A2HDMS and top-quark production

Field SU(2)L U(l)y G. Coloretti, A.C. and B. Mellado, 2312.17314
Ps 2 0 : |
P2 2 1/2 1250 |
¢1 2 1 /2 i ttA — tH7 &excluded)
A 3 0 HIE 4 i0) |
. 0.8
Explains:
, : I R —— 0t
* Top-quark differential — 00}-zoormerm oo
distributions Z
. 0.4+ o(A— HZ) < 600 fb
* Di-photon excesses i
* Resonant top-quark 02}
. B e .0(‘14 _>.HZ.)<.20(.)H)|
prOdUCtlon Elevated 270 = 28() 290 300
4-top cross section my [GeV]

Combined explanation possible




Conclusions

 Hints for narrow resonances at 95 GeV & 151.5 GeV

» Significant tensions in top quark differential
distributions (>50)

* Can be explained via pp—>H->SS’ with masses
consistent with the narrow resonances

* 95 GeV decays to dominantly to bb mmp singlet?
e 151.5 GeV decays dominantly to WW mmp triplet?
e yy+X excesses consistent with DY production of triplet

e New CMS excess in ttZ explained

Most significant hints for new particles at the LHC
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Outlook

* Intriguing
anomalies
emerged in
the last years
which point
towards
new
particles

R('D(*))
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LQ

—_——

g

vy
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A

> 4 ¥

Z'

i

M — mm'

WI

1AA AAt

The Standard Model is crumbling
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Multi-leptons history S

Based Higgs p, hh, tth, VV in Run 1 Fixed final states and phase-space
Eur. Phys. J. C (2016) 76:580 defined by fixed model parameters.
NO tuning, NO scanning

Model defined and predictions made for
multilepton excesses Update same final states with

‘ more data in Run 2

Study new final states where

Multi-lepton excesses in Run 1 and few excesses predicted and data

Run 2 results available in 2017 available in Run 1 and Run 2
(e.g., SSOb, 310b, ZWO0Db)

J.Phys.G 45 (2018) 11, 115003

J.Phys. G46 (2019) no.11, 115001

Model parameters fixed in 2017 with JHEP 1910 (2019) 157
my=270 GeV, mg=150 GeV, Chin.Phys.C 44 (2020) 6, 063103
S treated as SM Higgs-like, Physics Letters B 811 (2020) 135964
dominance of H>Sh,SS Eur.Phys.J.C 81 (2021) 365 .

Talk of Bruce Mellado at ZPW 2023
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Higgs Sector of the SM BS

Ly =p'@'® +%((DT @)2

LY =-Y'0dd -Y"Qdu—-Y'Qd/

* Custodial symmetry

*Single Higgs gives rise to all fermion masses

*|s the Higgs sector really minimal?

* Extensions possible if the effect on the p parameter SM-
Higgs signal strength is small

* Scalars decaying to W bosons and/or produced in
associate production weakly constrained

EW scale extension of the SM Higgs sector possible
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Multi-lepton Anomalies BS

* Deviations from the SM predictions in LHC processes
involving two or more leptons, with and without (b-)jets

Characteristics SM backgrounds | Significance
my < 100 GeV, (1b,2b) tt,Wt > 50
myp < 100 GeV WTW~— ~ 30
Moderate Hy ttW= t1tt > 30
¢£0% 3¢, (no b-jet)®>70:71 In association with A W=h(125),WWW zZ 40
Z(— £4)£, (no b-jet)%>72 p% < 100 GeV ZW* > 30

A.C., B. Mellado, arXiv:2309.03870

e1711.07874 found ms=150'|_‘SGeV Buddenbrock et al. arXiv:1901.05300

O. Fischer et al. arXiv: 2109.06065
* Here focus on:

- WW
— Top-quark differential distributions

Statistically significant, motivate new EW scale scalars
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Low mass WW seraches BS

. > 4000F T T T T T T T T YT T T T
* No dedicated low-mass 3 “FatLas .l T |
S 3500FVs=13Tev,139f" WM Hy M H,, .
~ F HWW*—evuy W OtherH  tfiwmt ]
WW Sea rCh £ 3000} gqr sR, Nj=0 mw @mz/ ]
E [ Mis-id [l Other W (v) ]
. 2500 l
* Recast SM Higgs analyses s 9907.00338 ]
CMS 138 b (13 TeV) § §
— 240 E————————————— 1500f :
% 220E- —4— Data Y syst. ggH DF 0-jet [ ]
0] E [: Higgs boson E Minor bkg. pn< 20 GeV 1000: _:
— 200:_ 3 oy 7771 Nonprompt : ]
g 180;_ ww tW and tf 500- ]
= = [ ]
c 19F e : .
> 3 —  2206.09466 3 R A R AR Y
S qo0f=* =
3 SO:L §
60 B
40;— s
20 o
B 11 . |
8 105 i L SO é I
o \ \}z\\\\ N \;\\ TRRRN % \\\\\\\\ TRRRARNNS (o]
go_gg‘mﬁ: SR &
s 09 100 150 200 TB0 100 150 200 250

m' [GeV] ey

Background fitted SM Higgs rescaled by 1.16

Room for NP
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Simulation and Setup

* Opposite sign, different flavour leptons with full jet veto

* New scalar H produced via gluon fusion

* Correcting for fast simulation by tuning signal vial
smearing to the SM Higgs signal

0.30 _

B ATLAS: SM simulation

025__ B MGS5: SM simulation w/o smearing | 1

B MGS: SM simulation with smearing | ]

0.20f

Simulation validated
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Low mass WW resonances searches

e ATLAS and CMS combination

vvvvvvvvvvvvvvvvvvvvv

[—

.

(=)
—

G. Coloretti, AC, S. Bhattacharya, N 20
B. Mellado, 2302.07276 H o

Transverse mass

)
RS
I> ]
:\i’ 0.8 B best fit | .
) [ 1 sensitive to
T o6k additional
= ' missing energy
= 0.4f from associated
T : production
T 0.2
T
2\, :
o~ 0.0 v n y?
= 100 120 140 160 180 200
my [GeV]

* New physics effect preferred over the whole range

Related to 95GeV and 151GeV?
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Hints for a 152 GeV scalar S

* Motivated by the mass range of 1711.07874
(not included)

>
& 60— Ng/Ng Weighted

—_
oS
H

>
S [ Ng/Ng Weighted
< - T S -
o~ F S(—yy)+E" ~ 120 S(iy) + V(iv, 1)
<\/> 50_— miss ; B
S —e— Data < 10 —+— Data
& 400 —— Background ok —— Background
- —— BSM Signal - —— BSM Signal
u —— Signal + Refitted Background 8 —— Signal + Refitted Background

98701°10€C -:SV'1LV

Data - Bkg
sEbon s

*Hints for a resonance decaying to photons and Zy

New Scalar (Higgs) boson? Relation to DM?




