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Who am 1?

New arrival at Laboratori
Nazionali di Frascati

- Working on particle
theory/phenomenology, mostly
on collider but with links to other
sectors

International
collaboration/connections with
groups in Germany, France,
Switzerland, Spain, Poland, the UK
and CERN
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The MSSM

The Standard Model of particle physics
Lae 204 3rd_generation

Supersymmetric particles

2na 3ra g

A few important phenomenological features

After EWSB, gauginos and higgsinos mix to form the neutralinos ()2?2 3 4)
and the charginos ()2112)

The Higgs sector is a two Higgs-doublet (2HDM) of type-II. Physical
spectrum is composed of two neutral CP-even Higgs (h and H), one neutral
CP-odd Higgs (A) and two charged Higgses (H¥)

The light Higgs mass is predicted in the MSSM (in terms of the other
parameters). The tree level upper bound is mz, however radiative
corrections are very important and allow to reach the observable value

\.
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Characterizing the MSSM Higgs sector

Motivations

A careful study of the Higgs sector
of the MSSM is necessary to
extract as many information as
possible from the observed boson
and detect possible signs of new
physics

In the following slides, we focus
on the neutral Higgs bosons of
the MSSM

Light CP-even boson: Higgs mass,
production processes and decay
rates

Heavy neutral bosons: differential
predictions are important to
compute the detector acceptance
and therefore to properly
interpret the experimental
searches
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The case of the Higgs mass

\

Most important results from LHC run 1 is the discovery a SM-like Higgs
boson

Mass measured with high-accuracy during all runs

We can use the mass a precision observable to constraint BSM models,
namely the MSSM

€ J
H‘HH‘H‘“‘H“‘H_I‘_t‘lw‘stét‘ohlw 5 3r ; ; ; ; ; q
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A tower of effective theories

The Higgs mass and the MSSM N\

- Motivation: no evidence of SUSY states at the LHC, what if SUSY is heavy?
Use the Higgs mass an handle to probe the spectrum

Problem: mass gap in the physical spectrum makes large logs of the ratio
Qrw /Msusy appears in the perturbative expressions

- Solution: For a proper computation these logs have to be resummed

- Method: tower of matched effective field theories; Use RGE to resum the
large logarithms

T MSSM T MSSM MSSM

Msusy Msusy Msusy -
| Depending  on
. the spectrum we
1
1
1

SM Split-SUSY 2HDM-1I have to consider

Mass scale
Mass scale
Mass scale

different hierar-

[}
|
|
|
chies
My M, ;1 M;
Mz |
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High-scale SUSY

60—
tanB = 50
,,,,,, ta =4 Stop mixing:
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Improved accuracy

Use the Higgs mass to probe very
heavy SUSY scales

Improvements in the accuracy of
the matching conditions with new
calculations across the years

> 83]

— — one-loop ¢
two-loop ¢ + ¢
——— indirect effect of ¢,

EFT uncertainty 3

-1.5
500 600 700 800 900 1000

Mg [GeV]

Matching on the SMEFT, with
dimension-6 operators
Aim was to understand the lowest

bound for the application of the
EFT approach
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Higgs production channels at the LHC

10% 5 T T
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Gluon fusion S10°
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Vector Boson Fusion (VBF) Higgs Strahlung Quark associated production
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2-loop SQCD contribution to gg — A

9. 0QQ0Q/

[EB et al,, JHEP 03 (2023) 124]
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2-loop SQCD contribution to gg — A

1.8

L7 b Kep - A w/ eff. Yukawa couplings ]
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K(pp ~ A+X) Wl eff. Yukawa couplings
M} scenario

[ tep=40 7
Vs=13TeV
MSHT20
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QCD+SQCD

M, [GeV]
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Gluon fusion: QCD radiation and the loop dynamics

- The Higgs acquires a
transverse momentum
due to the recoil against
QCD radiation.

Matched calculation
required for a proper
physical description

0.9
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pr* (Gev)

Quark mass effects

pr > Mt

\.

First implementation in a Monte Carlo event generator
High-pr region inaccurate if HQEFT used

- Top-mass effect sizable, quickly greater than 50% suppression as soon as

Studies spurred a lot of activity in the theory/pheno community

J
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Shape distortion: SM vs MSSM
~ :

Exactly as one can have an effect
on total rates due to the presence
of additional BSM particles in the 1
gluon fusion loops, one can have
effects on the shape of the p’T7

tanB =44, m, = 140 GeV , m, = 121.8 GeV

distribution B IR
Change in the relgtwe weight of aclipnie) o (1Gey PN
the Yukawa couplings to top and 107 EogRELACTaTeV | powmico, rw.sones ]
‘\Jarge-top, m;=300 GeV POWHEG, BV-scales
bottom can affect the shape too PN e INLO

(e.g. 2HDM)

For heavy Higgs production,
important for the acceptance
determination

3

R e

Non-trivial choice of scales for
bottom-dominated scenarios
and/or heavy Higgs production

006 —umn GEE —an

. . . . . .
0 50 100 150 200 250 300 350 400
pr(¢) [GeV]
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Double Higgs production

= myn/2

= mun/4

Gppstitt [PD)

3 5 6
ko
- Total inclusive cross section at LO ¢ for diff

and NLO for different values of ky ' K—hactors hor' Ifferent top mass
and different choices of the top scheme choices
mass renormalization scheme

{ N\

Minimum of the cross section depends on the top scheme

- As expected, the difference between the schemes is smaller at NLO

We have found some disagreement with existing calculations, currently
under investigation — see Gudrun’s talk at the recent Discussion on MC at

NLO QCD meeting event for an update of the existing POWHEG-BOX Monte
Carlo

\

J
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SM top scheme dependence: My

10°%

10t

0s

NS my(m)
NS m(Mpn /2
NS me(Myn /4

=100

10-6 - MS my(Mpn)

— 08

— 5 my(me)

=== NS m(Myn /2)
MS my(Mpn/4)

107

Ratio to OS

10°% [ LS S

i +

L:'-.;J 'P

=== MS my(mun) ) ~ B2
10-9 0.6 u
400 600 800 1000 1200
Mpyy [GeV] 400 600 800 1000 1200
My [GeV]
Absolute distributions for different ) .
- Ratio to the OS prediction at NLO

top mass schemes

Different top mass scheme — tilt of the distribution around the peak
Largest effect for m¢(Mpy)
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SM top scheme dependence: My

— 0s
e @ = 275 weee NS my(my)
MS m,(my) E <
+ NS my(Mun/2) Zam )
NS (M /1) Z e e NS ()
< NS mi(min) il 7o
L 5 T
Q 2.00 RPN U 8 T S o SRR NG L
8
2
3
=
i

1.25 400 600 800 1000 1200
400 600 800 1000 1200 My [(}(‘,V]

Mpp [GeV]

Ratio to LO while using the same
PDFs and as — highlight the
difference in the ME (cfr. 200811626)

K-factor for various scheme choices

Smallest k-factor for the OS above the peak

Largest k-factor for the MS scheme and m¢(muy)
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SM top scheme dependence: My

99 — HH at NLO QCD | /s = 13 TeV | PDF4LHC15
T

T T T T T T T
24 — N eme with m,(1m,) 1
N eme with 7, (M /4)
29 | —— MS scheme with m,(Mpy) |
— OS scheme, m,; = 172.5 GeV .
—
- hd a
; P —
S 20 Ly T — .
) L] Q v(mpi/4)
L 2
z (mii)
LS 18 F 1 >
= =
1.6 - [ 4 p
L. L ;| S
14 L. ] =
: hp = e = Myy/2 B = i e~
Full NLO results for different top-quark masses .
L L . - 400 600 800 1000 1200

9 . s L L L
100 500 600 700 800 900 1000 1100 1200 1300

My [GeV]
M, [GeV]

[Baglio et al., PRD 103 (2021) 5, 056002, hep-ph/200811626]

[ - Very good agreement even if the setup is different (NLO vs NLO+PS) ]
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Top scheme dependence with a modified trilinear

Ky =—06

iy =24

0s
NS my(m)
MS (Mg /
NS my( My /
- MS my(Myn)

2)

NS ()
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1S mu(Min /4)

 MS my(Mpy)

)

Ratio to OS

Ratio to OS

400

600 800

1000 1200

400 600 800 1000 1200
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Ky = 6.6

Ratio to OS

Ratio to OS
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400
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Transverse momentum distribution of the Higgs pair

10

— IS me(me)

o ===+ NIS mu(Mun/2)
NS (Mg /4)

===+ NS my(Myn)

— 08
weeeees NS me(m)
= MS my(Myp /2)
MS me(Min /4)
= MS my(Myy)

Ratio to OS

0 100 200 300 400 500
iy [GeV] 0 100 w0
Py [GeV]

400 500

Absolute distributions for different ) .
- Ratio to the OS prediction at NLO
top mass schemes

Different top mass scheme — different slope of the pyy distribution
Largest effect for m¢(Mpy)
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Top scheme dependence with a modified trilinear

Ky =—06

— 08
e NS my(my)
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Ratio to OS
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Measuring the W mass at the LHC

Three observables are especially sensitive to the W mass: p[T, mY,

W — pv LHC

—_ Powheg QCD + Pythia QCD
---Powheg QCD + Pythia QCD + Photos

Norm. entries / 0.5 GeV

IIllbblllg

Pt

High sensitivity to radiative
corrections

Detector modeling under control

Peak around my /2

0
25 30 35 40 45 50
(GeV)
W-boson charge wt w- Combined
Kinematic distribution Py mr pt omr pL omr =
Smy [MeV] 3
{u) scale factor 0.2 1.0 0.2 1.0 0.2 1.0
XEt correction 09 122 1.1 102 10 112 4
Residual corrections (statistics) 20 27 20 27 20 27 &
Residual corrections (interpolation) 1.4 3.1 14 3.1 14 3.1
Residual corrections (Z — W extrapolation) 0.2 58 02 43 02 5.1
Total 26 142 27 118 26 13.0
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The bottom quark and the W mass

e*e” production at the LHC, 13 TeV -
Pr(e*)>20 GeV, In(e*)i<2.5, IM(e*, &')-m_i<15 GeV B
all flav. —

102 ¢ v— 35
5 d— >
2 s —
<
5 10! =
.
5 ]
© 3

100 J’\g

o
5
H
F\\ H
104 I I I L
2 | ratio over all flav. (shape-level) B!
1
0 . . . .
0 10 20 30 40 50
pr(2) [GeV]
Bottom induced effects

Z and W production correlated;
estimate effect of improved
treatment of the bottom induced
contribution

Shift on the W mass estimated to
be a few MeV
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Ratio over 5FS (shape-level)

e*e” production at the LHC, 13 TeV
prie®) , In(e*)I<2.5, IM(e*, &) i<t
NLO + Pythia8

5FS, no B + 5FS b PDF only -

2 Hn=dot
. hempx0.25, oyl x0.5 —
SFS,n0 8.4 4FS, N

0.95
0

20 40 60 80 100

60 [

40 -

X2

T T
pr(lep) fitrange: 32 GeV<pr(lep)<45 GeV

Pr(2) [GeV]
T

No rwgt = =

rwgt h=mz, jg=def.x0.5 = =
1Wgt h=mgx0.25, jgy=def.x0.5 —
rwgt h=mg, jgy=def. - =

1Wgt h=mx0.25, prgn=def. —
rwgt fNLO —

Powheg

AM [MeV]
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The W mass and PDF uncertainties

0.025

1.00

0.75

0.50

Pij

0.00
—0.25
—0.50
—0.75

—1.00

€ / 0 E
Impact of bin-bin PDF correlations

PDF correlations important to
reduce the uncertainty

Non-trivial interplay with other
source of uncertainty
(e.g. statistical)
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0.000
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Correlating (g — 2), with My,

- The lightest electroweakinos and the sleptons are important for both
observables

Is there a correlation between the values assumed by (g — 2),, and My in the
MSSM?

Moreover, assuming that the )2? contributes to the observed DM relic density, is
there a correlation with specific dark matter mechanisms?
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Mwvs (g —2),
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E +o ]

_ 8039F E
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@ E E
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§ ) Ml . ME© E
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T —T T T T T T T T
o I coann. case-L . Ac .
80.41F o I coann. case-R E
e i* coann. (B-W)
80.40 F X+ coann. (W) 3
o x* coann. (H)
_8039F ! E
3
@ + .
O.80.38F | T
= - TCA, B s
= 80.37F E
80.36 F |
80.35 j c|
1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

There is a mild correlation between My and (g — 2),, with interesting
patterns arising in connection with DM mechanisms

The MSSM covers well all the relevant range of Aa,,

For these scenarios, My is in general below the current exp. average,
although many points lie within 1o

LNF Node - part Il

Emanuele A. Bagnaschi (INFN LNF)

24 /39



o 1 coann. case-L A

80.41F ’ 4
8040 F E

80.39 F H E

eV]

D, 80.38F H | H i 4

w

N

= 80.37F

80.36

80.35 J =

L
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
A{IMSSM x107
e

There is a mild correlation between My and (g — 2),, with interesting
patterns arising in connection with DM mechanisms

The MSSM covers well all the relevant range of Aa,,

For these scenarios, My is in general below the current exp. average,
although many points lie within 1o
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e [ coann. case-R

o - .
D, 80.38F | i 4

M

There is a mild correlation between My and (g — 2),, with interesting
patterns arising in connection with DM mechanisms

The MSSM covers well all the relevant range of Aa,,

For these scenarios, My is in general below the current exp. average,
although many points lie within 1o
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80.41F

80.40

80.39 F

eV]

D, 80.38F

w

N

= 80.37F
80.36

80.35 j

Ve
e

M

3.5 4.0
x107°

There is a mild correlation between My and (g — 2),, with interesting
patterns arising in connection with DM mechanisms

The MSSM covers well all the relevant range of Aa,,

For these scenarios, My is in general below the current exp. average,

although many points lie within 1o
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There is a mild correlation between My and (g — 2),, with interesting
patterns arising in connection with DM mechanisms

The MSSM covers well all the relevant range of Aa,,

For these scenarios, My is in general below the current exp. average,
although many points lie within 1o
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T T
X coann. (W) - Ac

There is a mild correlation between My and (g — 2),, with interesting
patterns arising in connection with DM mechanisms

The MSSM covers well all the relevant range of Aa,,

For these scenarios, My is in general below the current exp. average,
although many points lie within 1o
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Global likelihood studies

M )

- Selection of a BSM physics model in light of specific interests (e.g. to
explain DM, naturalness etc.), or SMEFT

- Global study means using the measurements coming from experiments at
different scales, for instance direct searches at colliders, precision
measurements, dark matter experiments etc. to determine the allowed
regions of the parameter space

- With this approach one can cross-correlate different fields of research

\. J

(Modelpredictions) ( Best fit point )

Fitting

framework

Experimental Allowed parameter range
constraints
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LHC constraints ... but not only

Indirect measurements

(g9 — 2)u, 3.40 discrepancy may be i
explained with relatively light new
physics (e.g. ©(100) GeV smuons)
Mp, My and other EWPOs

Flavor physics observables
(Bs — pp, b — s, ...)

DAMIC (2017)

1010

S| DM-nucleoncross section [pb]

104 102

S| DM-nucleon cross section [cm?]

105 o 101
m, (GeV)

Relic density constraint

Strong constraint from direct
detection experiment; indirect
detection impact usually limited
by large uncertainties
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Outcome: new constraints and correlations

— — DMSM spin-1 vector: 1o, 20

SM11 w/o LHC13 : best fit, 15, 20, 30 2500
SM11 w/ LHCI3: best fit, 1o, 20, 30
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Fitmaker

The framework

Python framework introduced
in [Ellis et al. JHEP 04 (2021) 279]

Used to perform a fit of Higgs,
Electroweak, Higgs and top data
using data from LHC Run 2

- Allows for a flexible
implementations of constraints
and various fit setups

Fast analytical method for
linear order fits; MCMC
procedure to incorporate
positivity priors in operator
coefficients for specific BSM
scenarios

- Available on Gitlab:
https://gitlab.com/
kenmimasu/fitrepo

- SMEFT predictions computed using

MadGraph5_aMC@NLO with SMEFTsim
and/or SMEFT@NLO

Predictions used to extract the linear
contribution aX of a given Wilson
coefficient

_ X x Gi |
=g =+ S0 (i)
I

No theory uncertainty on the SMEFT
prediction, assumed to be subdominant
w.rt. the SM ones

Quadratic dim-6 or dim-8 contributions
neglected
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Fit result - individual coefficients

SU(3)%: EWPO + Diboson + Higgs
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Fit result - marginalised coefficients
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m,, — indirect determination vs measurment

- All possible fits that include the four operators contributing to §m3, ]
.
T T T T
Crws 80385 +5 o ted — SM
Chp 80408 + 7 b e my, world avg.
C”3 803865 o+ HH —— SMEFT no my
ci 80390+ 6 Foi 1o — SMEET 2022
Chws,Crp 80409 + 7 e —
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The scenario

g spectium ~
We consider a scenario with a
llght fq o~ %R
Stop mass close to the top quark M-
mass: mg ~ My Im— 114y
Bino-like ¥ and a compressed
spectrum of higgsino-like )21‘: and
X2

- The MSSM parameters are X X23
adjusted to keep the stop mass
roughly constant as we vary the I
chargino (u parameter) and the
bino masses

Mass
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The signal

Ve
et
=0
- X1
el
[
g L, - b
g /1
g ¥

LNF Node - part Il

Stop-top contamination

- The final state is similar
to the top one

- XE = WO — [+ MET
W OS or not depending
on the %, 9 mass
difference
A similar signature could
be obtained in the decay
channel & — t£?, which
however is much strongly
constrained
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The my,; distribution

m;= 200 GeV, m;z:136.2 GeV, m;o:49.9 GeV, r=0.8304
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The my,; distribution

m;= 200 GeV, m;z:156.42 GeV, m;u:123.3 GeV, r=0.72
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Exclusion planes: m; = 180 GeV

{Significance CMS-TOP-17-001-PreFit}
T T

1 1 £ 0.0011
0.2011

ro. H0.4011
ml M 0.6011
w2 m0.8011
3 m1.0011
=4 12011
ms. W 1.4011

| 1.6011
W 1.8011

o(signal)
o(UL)

Exclusions from SModels, r =

Uncertainties from [cms, 1812:10505]
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Exclusion planes: m; = 180 GeV

{Significance ATLAS-CONF-2019-038-PreFit}
T T

7 £ 0.0011
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[ 1.6011
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N Exclusions from SModels, r = Z(signal)
o(UL)

Uncertainties from [ATLAS-CONF-2019-03]
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Working group involvement

Working groups N\

LHCHWG - theory convener of the MSSM subgroup; interaction with
experimentalist. on various aspects of connected to MSSM higgs searches

DMWG - contribution to the next white paper on DM t-channel model
ECFA - At CERN, former representative for the Early Career Panel

ECFA - Expert in the “HIGGS-TOP-EW and connection with LHC" (WG1-HTE)
subgroup of the “ECFA e+e- Higgs/Top/EW Factory Study” working group; focus
topic: two fermion final states

KUTS - member, focus on precision calculations for BSM models

Participation to the activities of the ENWG, and of the reinterpretation forum
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IRN Terascale

International networks

Member of the scientific committee of the IRN Terascale network
(http://terascale.in2p3.fr/)

Responsible of the Laboratori Nazionali di Frascati node

RN Terascale @ Laboratori Nazionali di Frascati

Apr15-17, 2024
Laboratori Nazionali di Frascati
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