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The journey

A physics student’s
perspective

I like navigating
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Why we need to extend SM?

The question we are willing to answer

MYSTERY #1 MYSTERY #4

Why do neutrinos What is dark matter?

9
have mass? Although we can’t see it, we

One of the biggest mysteries of know some kind of invisible matter
physics is the size difference between makes up 27% of the universe.
" the three neutrinos. Models predict a Dubbed “dark matter” by scientists,
zero mass, yet even the Ie?rgest neutrino .MYSTERY. #3 is it somehow madg of particles we know
has a mass roughly equivalent to one : ...or something more exotic?
millionth the mass of the electron. <~ Why is there so much .
- matter (not antimatter)
in the universe?

Scientists believe that when the
universe was formed in the Big Bang,

MYSTERY #2 matter and 'antimatter should have been MYSTERY #5
produced in equal parts. However, the -

Is there a graviton universe around us is dominated - What is dark energy?

- ’ Q’
particle? by matter. Q o ©  Through the most advanced

Physicists theorize that a > telescopes we can see that galax-
subatomic particle called a graviton  les are moving away from us and the
might transmit gravity the same way "~ expansion of the universe is accelerating.

photons carry the electromagnetic force.
But none have ever been detected.

Scientists think the cause is due to an
unexplained property of spacetime
called dark energy, which makes up
around 68% of the energy in the
universe. But what is it?
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Any good ToE candidates?

The ultimate theory

Plenty of candidates from theory departments!
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Uni€ication

SUPERSTRIN G

Any good ToE candidates?

The ultimate theory

Plenty of candidates from theory departments!

No clear “preference” from experimental results |
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What we get from the experiment?

MUON $YSTEM

INTERACTION
POINT

SOLENOID
MAGNET
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A route to new phenomena

1 Planek
10 TeV| |
| A scale

’ ; Hierarchy puzzle:
! | Why so distant?

Gevt © scole

MeV +
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A route to new phenomena

T Planck
| A scale

z ; Hierarchy puzzle:
! | Why so distant?

New physics wanted! A\
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A route to new phenomena

Set of probes for NP
f*?1QMtw‘ By 4

| A scale

W I ‘
h ----Q-Qg h h Yy Q{// h H m?&fgﬁ \
W f @ Massive bosons

Third-gen
special role?

Hierarchy puzzle:
' Why so distant?

New physics wanted! A\

Gy W scale_

meV +

Massive fermions

% EWSB mechanism
sensitive to NP
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Where does the route lead?
A direction for the ship

M
— D

NP expedi,&mm
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Where does the route lead?
A direction for the ship

NP expedi;&mm

o Pick a specific NP candidate?
Fascinating, but strong assumptions!
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Where does the route lead?

A direction for the ship

CMS
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Pick a specific NP candidate?
Fascinating, but strong assumptions!

Sensitivity of a single study

restricted to a specific phase space

|
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R
Mediator mass m__,[GeV]
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95% CL exclusions
= QObserved — = m . g=2mpy
= = Expected ——= Q. h?>0.12

Boosted dijet (77 fb™)
Phys. Rev. D 100 (2019) 112007

Dijet w/ btag (19.7 fb™)
Phys. Rev. Lett. 120 (2018) 201801

Dijet w/ISR j (18.3fb™)
Phys. Lett. B 805 (2020) 135448

Dijet (35.9-137 fb')

= JHEP 08 (2018) 130
JHEP 05 (2020) 033

DM +j/N(qq) (137 fb™) .
JHEP 11 (2021) 153 Vector mediator

Dirac DM
DM +7v (35.9 fb™)
JHEP 02 (2019) 074 9y =10
g, =025

DM + Z(ll) (137 fb™)
Eur. Phys. J. C 81 (2021) 13 g =0



Connecting with theory

Adopting a wider point of view: approach #1

Several NP models predict new interactions

.
=

Minimal SM extension with new gauge bosons
Sequential Standard Model

CMS
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Connecting with theory

Adopting a wider point of view: approach #1

NQM W*i;we basom f

/ fZ eff = Vfif

N SURSARC e LA

q b
Y
Several NP models predict new interactions W /
., Minimal SM extension with new gauge bosons { y
< Sequential Standard Model
(l, b
CMS UNIVERSITY OF

NOTRE DAME

Andrea Piccinelli - LPC Physics Forum @ FNAL - Batavia, Nov. 13th 2024




Connecting with theory

Adopting a wider point of view: approach #1

—~ N@w W-Like bosown! ",
mw ( Lebs bry bhis V. J
| j geff i

zﬁgwffyﬂl W(+7) + (1= ) W+ c.

NP exped&&iom

q b
/
Several NP models predict new interactions W /
. . . W
., Minimal SM extension with new gauge bosons { y
< Sequential Standard Model
(l, b
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Searching fora W’
10.1007/JHEP 05 (2024) 046

New massive W bosown|

—gw f7, laﬁﬁ(l +7%) +a’(1 - }/5)] Wh+h.c. '

q b
W
A /
W
t %
q, b
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http://dx.doi.org/10.1007/JHEP05(2024)046

Searching fora W’
10.1007/JHEP 05 (2024) 046

New massive W’ boson|

' e Jif; — - f f /
| LN = ——ew], [aﬁ(l +7°) + (1 - yS)] WHf+h.c.

2y/2 ,

2 EW-like interaction

Vs £ Vekm EwW = SEW

? Mixed couplings varying a, a; q Focuson 3“%’ S b
(couplw\g fixed)

2> only RH coupling: ap =1, a; =0

_ W
? only LH coupling: ap = 0, a; =1

W

q lﬁ)

CMS ~ UNIVERSITY OF
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http://dx.doi.org/10.1007/JHEP05(2024)046

Searching fora W’
10.1007/JHEP 05 (2024) 046

New nassive W’ boson|

( ﬁf e i) i ] / I
| SN = —gy fr, laﬁ(l +7°) + o{f}(l —~ }/5)] WHE+h.c. |

22 ,

2 EW-like interaction

Vs fi Vekm EW = 8EW

Z? Mixed couplings varying ag, a; q Focus on 3rd gen b
(@c::»u,pung fixed)
Z only RH coupling: ap = 1, a; = 0

/
1 S . \I\'Ir
Z only LH coupling: ap = 0, a; = 1

2 Possibility to investigate several scenarios S
72 TeV < my, < 6 TeV

2 4 decay widths per mass point (1 b
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http://dx.doi.org/10.1007/JHEP05(2024)046

Targeting the final state

137 fb’ (13 Tev)
ol
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Complementing the hadronic search
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http://dx.doi.org/10.1016/j.physletb.2021.136535

Targeting the finalstate =~

Theory perspective

b

137fb (13 TeV)
—

95% CL upper limits
—e— Observed
M e Median expected

N B 68% expected
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Complementing the hadronic search — 6 H
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2 b quark
2 b quark from W’

I TTTT

‘ 7 IUNIVERSITY OF

- - |)NOTRE DAME

Andrea Piccinelli - LPC Physics Forum @ FNAL - Batavia, Nov. 13th 2024


http://dx.doi.org/10.1016/j.physletb.2021.136535

Targeting the finalstate =~

Complementing the hadronic search

Theory perspective CMS event

b

137 fb’ (13 TeV)
ol

95% CL upper limits
—e— Observed
------------- Median expected
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7. missing energy
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Ready to hunt a W’!

CMS evenkt

CMS
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Ready to hunt a W’!

CMS evenkt

W’ candidate
reco) A

reqion ' top b-jet " W’ b-jet ' total #b-jets
sR #1| © g | 2+
sR#3 O | & | 1

cR O O | o
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138 fb" (13 TeV)

Ready to hunt a W’! SIOFGHS T e

=
= [ non-acD QcD
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R2B A Muon % Stat+syst unc Ooys/ Ostat

CMS evenkt

W' candidate —
- reco A ...................................... — 5§|_ '\'/6
A small excess ¢——s— 138 fo”" (13 TeV)
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Closer look to the results

Take-home messages from statistics

CMS

UNIVERSITY OF

NOTRE DAME

|Excess not strong enough|
; for a discovery !

" for RH my, = 3.8 TeV: |
| Local significance: 2.66 |
| Global significance: 2.00 |

6(pp W' — tb) [pb]

-
<
[\

138 fb' (13 TeV)

I IIIIII|

l:_'"'l""l""l""I""I""I""l""_:|]
= CMS 95% CL upper limits =
] —e— Observed -
3 O'm. =1% = Median expected =
B W B 68% expected
= Only LH 95% expected =
; —— o (pp — tb) i

\

II| [k IIIII|

—e— Observed

------- Median expected

I 68% expected
95% expected

— o (pp > W' — tb)

> 25 3 35 Y S

m,, [TeV]

138 fb™ (13 TeV)

FETTrTTTTTTTT L L L L |
- CMS 95% CL upper limits
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138 fo (13 TeV)

Closer look to the results

ol S SRR A RARNLARES BARRIARE ]
% = CMS 95% CL upper I|m|ts -

. . 2 - —e— Observed -

Take-home messages from statistics (e U Median expected =
e e e AL A e g - w = 170 B 68% expected :

{Excess not strong enoughj  © 1w only LH 95% expected  —

059% CL upper limits f' for a disccvery * - —— o (pp — tb) i

—
I IIIIII|
III\

| lIIIIlIl L

on my, and cross-sections |
for a wide range of scenarios: - for RH my, = 3.8 TeV: |
' Local significance: 2.60 |

2 Mixed chiralities |
ag € 0,11, o7 € [0,1] | Global significance: 2.Uo |

with steps of 0.1

2 4 total width values
0.8, 10, 20 and 30%

138 fb (13 Tev)

CMS 95% CL upper I|m|ts
—e— QObserved

ﬁ
44

107

| llllllll | Illlllll L 11

o T'my.=1% " M(id|an expected
P 68% expected
only RH 95% expected

Can be re-interpreted
iIn a specific NP model

6(pp W' — tb) [pb]

— o (pp > W' > tb)

—
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Closer look to the results

Take-home messages from statistics

95% CL upper limits for a discovery

on my, and cross-sections |
for a wide range of scenarios:

2 Mixed chiralities
ap € [0,1], 0, € 10,1}
with steps of 0.1

2 4 total width values
0.8, 10, 20 and 30%

Lots of no-q0

Can be re-interpreted deskinabions'

iIn a specific NP model

NP expedi&mn

CMS ~ UNIVERSITY OF
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|Excess not strong enough|

| Local significance: 2.60 |
| Global significance: 2.0c |
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What if NP is out of reach?

Underlying assumption of direct searches

CMS
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What if NP is out of reach?

Let’s boost the peak...

Mavb@. nok...

w’:
oFf F

NP expediﬁov\
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What if NP is out of reach?

...Still detectable?

{  Some wrinkles
\. i the ocean!

}F_/_
o F

NP expediﬂcwx
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Chasing down the anomalies

Adopting a wider point of view: approach #2

CMS

/ sm
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Chasing down the anomalies

Adopting a wider point of view: approach #2
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Defining the EFT operators

An SM-based bottom-up approach

Lot = Lsm + Z G0
k
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Defining the EFT operators

An SM-based bottom-up approach

2 Use only SM fields and symmetries to build @(D)

—¥ 2 Classify operators according to mass dimensionality D

Z Introduce an NP energy scale A

SM EFT Lagrangian
(D)@(D)

AD—4

geff_gSM_l_z
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Defining the EFT operators

An SM-based bottom-up approach

SM EFT Lagrangian
(D)@(D)
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geff_gSM_l_z

CMS ~ UNIVERSITY OF

)NOTRE DAME

Andrea Piccinelli -

2 Use only SM fields and symmetries to build @(D)

—#® P Classify operators according to mass dimensionality D

Z Introduce an NP energy scale A

D odd ¥———————% Breaks lepton flavor universality

D . __a Leading terms in SMEFT
sver " dim-6, dim-8

LPC Physics Forum @ FNAL - Batavia, Nov. 13th 2024

19



Defining the EFT operators

An SM-based bottom-up approach

2 Use only SM fields and symmetries to build @(D)

—¥% P Classify operators according to mass dimensionality D

Z Introduce an NP energy scale A

SM EFT Lagrangian

D odd #———————% Breaks lepton flavor universality

cP)6P) )

Zer = ZLsmt Z AD—4 D even| " dim-6, dim-8
Y
|

A
Ultimate goal \ Jechaw:

| Match EFT results |

| ;( —
i  to NP models | @“‘—, -

NP expediﬂom

\_-) NOTRE DAME

Andrea Piccinelli - LPC Physics Forum @ FNAL - Batavia, Nov. 13th 2024

19



From £ to observables

CMS
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From £ to observables
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From £ to observables

CMS
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From £ to observables
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Where to search for EFT anomalies

Vector Boson Scattering
W
W

EWSB mechanism W w . wow W
sensitive to NP :><< E}{i :z}{
W W 1% 1% W
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Where to search for EFT anomalies

Vector Boson Scattering

EWSB mechanism W wow . wow W
sensitive to NP :>< H :&{
W W W W W W

[Denner, Hahn, 1997]
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Which dimension?

Goal of the EFT studies

2 Find fitted WC values different
from SM expectations

2 Find the most promising directions
INn the EFT phase space
2 Otherwise, constraints on WCs
and A energy scale
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Goal of the EFT studies

2 Find fitted WC values different
from SM expectations

2 Find the most promising directions
INn the EFT phase space

2 Otherwise, constraints on WCs
and A energy scale
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Focus on the leading

p1a . .
= contributions!

Target a process
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Pick a set of leading
operators
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Which dimension?
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Experimentalist POV

Pick 1 dimension
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Experimentalist POV

Pick 1 dimension VBS WiWr — WilWp

2 Assuming all the others do not give A=4 TeV, Remedios
competitive contributions 1077 :
2 ...is that true? Not always! 108 SM dim6 — dim6® — dim8 _—
2 It implies favoring some NP models 105

2 Unexpected divergences 3

2 Biased constraints on WCs % 10
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ol arXiv:2011.07367 |
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https://arxiv.org/pdf/2011.07367
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Theorist POV
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Theorist POV

CMS

/ sm
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Ideal EFT study

2 BSM Matching
Find a connection
with a given NP model
comparing the Lagrangians

[ \ NP ? Power-counting of A >>>
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Theorist POV
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Studying multiple dimensions with VBS

arXiv:2410.04210 q
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https://arxiv.org/pdf/2410.04210

Studying multiple dimensions with VBS o

arXiv:2410.04210

Focus on same-sign WW scattering

2 Reduce the QCD-mediated contribution

? Targeting the W — 7v_ decay

2 Enhance sensitivity to Higgs operator

2 Probe for lepton flavor violation

2 SM measurement and EFT dim-6+dim-8 search

CMS
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2 Reduce the QCD-mediated contribution
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2 Enhance sensitivity to Higgs operator

2 Probe for lepton flavor violation

2 SM measurement and EFT dim-6+dim-8 search

Final states
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Inducing anomalies in VBS

SM EFT Lagrangian

B @y 1i0;
geff_gSM_l_z A2 +Z A4
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Inducing anomalies in VBS

CMS
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SM EFT Lagranglan

V q’ W

< | 0l) = (H'iD,H) (g,74)) L WW— W

QW — 8ijleriW\£)JW$Lk

| | Quw = H HW,WHV’

| o= k) @0 ) | | o — o)
\ | G =3 ayna) @r'a) || gy, = (k) (')
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Inducing anomalies in VBS

CMS
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SM EFT Lagrangian

k
WW — WW

O = | (DuH)'DyH| x | (D"H)'D'H

051 = | (DuH)'DHH| x | (DyH)'D'H

O, = | (DuH)'DyH| x | (DVH)'D*H
Omo =Tr Wi WHY| x| (DgH)'DPH| - Oro =T [ Wy WH | X Tr | Woig WP |
| Ovy = Tr (W, WY | x | (DgH)'DPH| 671 = Tr [Wo, WHB | x Tr [W, 5| |
| Oy = Tr -(D“H)TW[;VW[’“DVH] Oro = Tr [WauWHP | 5 Tr [Wp, W¥e||
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Finding out VBS
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Finding out VBS
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Considering only dim-6
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Considering only dim-6
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Adding up dim-6

dim-8 1D 95% CI
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The tau effect on dim-8

CMS-SMP-19-012: dilepton VBS analysis with only e, u
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The tau effect on dim-8

CMS-SMP-19-012: dilepton VBS analysis with only e, u
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The tau effect on dim-8

CMS-SMP-19-012: dilepton VBS analysis with only e, u

138 b 138 fb 138 fb”
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i Adding a tau improves the sensitivity to EFT effects on the Higgs field |
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Wrapping up

Benefits from including dimensions
consistently with power counting

2 More consistent results in terms
of experimental findings

2 Preserving model independence in EFT approach
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Wrapping up From arXiv:2311.16897

Example with Z2RSE model

Benefits from including dimensions

consistently with power counting G+ oe + B
2 : : — 1 . , S p— 5
2 More consistent resglts in terms ? 75 (v+ h1 +1iGo) V2
of experimental findings 2
2 Preserving model independence in EFT approach ( h ) _ ( Cx  TSx ) ( i )
Z Unlock reliable matching with BSM models H X X K
> Better hints on where NP hides WWshh
do
@}9:90 (pb)
| Z2RSE
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\ fo=m/4 L35] — UV model
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https://arxiv.org/abs/2311.16897

Wrapping up From arXiv:2311.16897

Example with Z2RSE model

Benefits from including dimensions

consistently with power counting G+ on 4 h
| _ _ o __ Us 2
2 More consistent results in terms p=1 1 (v+hy +iGo) | 5 = /2
of experimental findings V2
> Preserving model independence in EFT approach ( h ) _ ( Cx  —Sx ) ( h1 )
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2 Better hints on where NP hides S
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From dreams to reality

How many operators?
> VBS study: 26 operators (dim-6 + dim-8)
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From dreams to reality

How many operators?
> VBS study: 26 operators (dim-6 + dim-8)

26 operators (dim-6 only)
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From dreams to reality

How many operators?
2 VBS study: 26 operators (dim-6 + dim-8)

26 operators (dim-6 only)

7 Too many parameters to deal with!
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2 EFT search with ttX processes in multilepton final states
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2 Limitations imposed by statistics and technologies available
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From dreams to reality
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From dreams to reality

How many operators?
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2 Number of operators
unmanageable (even at dim-8)

2 Making assumptions on
global simmetries helps a bit

| A systematic regrouping |
|_across dimensions desired |
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From dreams to reality

How many operators?
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2 Number of operators
unmanageable (even at dim-8)

2 Making assumptions on
global simmetries helps a bit

| A systematic regrouping |
|_across dimensions desired |

What if we focus
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The geoSMEFT approach

Grasp similarities among dim-6 and dim-8 operators
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The geoSMEFT approach

Grasp similarities among dim-6 and dim-8 operators

2 EFT effects mainly at high energy

2 Focus on operators modifying

Kinematic distributions

2 Kinematic impact of EFT on a given vertex

independent from the dimensions
2z Qperator structure fixed by physics

2 Need for a consistent EFT expansion at A
for observables of a given process
.e., leading order effects
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The geoSMEFT approach

Grasp similarities among dim-6 and dim-8 operators

| Geometric interpretation |
| of the SMEFT A expansion
| 2 Some theoretical magic to
. reorganize operators in terms of
- | (£, vev)/A\ expansion
"| & Regroup operators according to
. simplest interactions they act on
. P Reduced number of operators

2 EFT effects mainly at high energy

2 Focus on operators modifying
Kinematic distributions

7 Kinematic impact of EFT on a given vertex
independent from the dimensions

2 Operator structure fixed by physics

? Need for a consistent EFT expansion at A™*

for observables of a given process ' needed for a consistent EFT
€., leading order eftects - treatment of a given interaction
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The geoSMEFT approach

Grasp similarities among dim-6 and dim-8 operators

| Geometric interpretation |
| of the SMEFT A expansion |
| & Some theoretical magic to
. reorganize operators in terms of
| (£, vev)/A expansion

Regroup operators according to

~ simplest interactions they act on |
i i —4 .
” Need for a consistent EFT expansion at A | & Reduced number of operators

for observables of a given process = needed for a consistent EFT
.e., leading order effects | treatment of a given interaction |

2 EFT effects mainly at high energy

2 Focus on operators modifying
kinematic distributions

2z Kinematic impact of EFT on a given vertex
independent from the dimensions

2 Operator structure fixed by physics

| Exact EFT treatment up to A™*
- with a manageable amount of operators! |
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Benefits of the geometric approach
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Benefits of the geometric approach
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Leading contributions
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Benefits of the geometric approach

CMS

Leading contributions
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 6).(6)

DIy

Consistent treatment with
the minimum # of operators
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Benefits of the geometric approach

CMS

 6).(6)

DIy

Leading contributions Consistent treatment with

UNIVERSITY OF
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the minimum # of operators

2 Solid interpretation of the leading EFT contributions
2 Unbiased experimental constraints
2 Paves the way for a sensible BSM-matching
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Benefits of the geometric approach

 6).(6)

DIy

Leading contributions Consistent treatment with

CMS
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Potential step forward unifying
direct and anomalies searches

the minimum # of operators

2 Solid interpretation of the leading EFT contributions
i P Unbiased experimental constraints
2 Paves the way for a sensible BSM-matching
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A postcard from the journey

NP ex[mc&i&om |
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A postcard from the journey

CMS,
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w Direct searches

sensitivity !

Massive boson
3rd gen fermions

. Ainnisuss
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A postcard from the journey

NP expedition

CMS,
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Model-wide
reinterpretble results

y Direct searches ————%

sensitivity !

Massive boson
3rd gen fermions

. Ainnisuss

Robust and sustainable
modeling at high energy

" EFT anomalies —————»
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A postcard from the journey

NP expedition

CMS,

1 UNIVERSITY OF
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Model-wide

y Direct searches ————%

sensitivity !

Massive boson
3rd gen fermions

. Ainnisuss

Robust and sustainable

" EFT anomalies —————»
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reinterpretable results

modeling at high energy ~

Chasng down
where NP is!
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