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A bt more
thaw 10
Years ago

with the Higgs bosow the last missing tngredient of the Standard Model
was discovered...



A bt more
thaw 10

Years ago

with the Higgs bosow the last missing tngredient of the Standard Model
was discovered...

But many questions remain: e.9. Are there other Higgs bosons? what Ls
dark watter? why there Ls more matter thawn anti-matter Ln the universe?...



outline

* What was weeded for the Higgs discovery?
* What do we kinow about the Higgs boson?
* What should we still Learn?

* Summary and outlook
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Production of a Higgs boson

Higgs production _' Higgs decay to photons
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what we know about the Higgs...
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what we Rnow about the Higgs...

more about that Later

Spiw

more about the “missing” [ATLAS Run2]
ownes Later

angular distributions in
deca Yys to vector bosowns

well established that Higgs
bosow Ls spin-0 and (mos’ch)
CP-even as predicted tn SM
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Higgs decays
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Higgs production and theory tnput
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Higgs production tn gluon fusion
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Precise Theoretieal preolictiows

Higgs production in assoctation with a vector boson

Y

A

computed at N3LO bﬂ ) N LC; dvf-ﬁcu:c to aomgute L -dfuLLt
. . ENWAENCE O UAYR MLASS OlUE TO
[Baglio, Duhr, Mistlberger, Szafron '22] °p -(: P 4

several mass scales that Lead to
complicated expressions and integrals

[Degrassi, RG, Vittl, Zhao '22;

Chen, Davies, Helnrieh, Jones, Kerner,
Mishima, Schlenk, Stetnhauser, '22]
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Bottleneck are the genuine
() () two loop diagrams, Leading

> \\‘//WVW to two Loop integrals
b A t,b

Strategyies:

* Nwmerically, fixing values of Higgs, Z and top quark mass
[Chew, Helnrich, Jones, Kerner, Klappert,

Schlenk '20]

* Analytically, using approximations valid in certain part of the phase space

[Altenkamp, Dittmater, Harlander, [Davies, Mishima, Stetnhauser, '20]
Rzehak, Zirke 127

, Alasfar, Degrasst, Glardino, R&G, VIttL ‘21
[Hasselhuhw, Luthe, Sternhauser, 16] L f 9 G = 1



Precise Theoretieal prealictiows

Expressions and tntegrals become simpler when dividing tn small and Large scales

, [Bonciant, Degrasst, Giardino, RG 18, Alasfar,
PT eK‘PaV\ISLDV\/: ’ ’ ’ ’ 2
Pegrasst, guardino, RG, Vittl '21]

2 2 2 2
pr,my,m; KL mg,s

tn this variable can be Ta Yylor expanded
[Alasfar, Degrassi, giardino, RG, Vittl ‘211
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Pr ex‘pawsiow work%sl' e [Davies, Mishima, Stetnhauser, ‘201
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Ramona Grober - Universita di Padova and INFN, Seztone diL Padova




Precise Theoretieal preolictiows

[Degrassi, RG, Vittl, Zhao '22]
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what we don’t know yet about the
Higos bosow:
1. ) Higgs potential

Measurement of Higgs self-
couplings gives access to
Higgs potential

V= —p?¢'¢+ No'¢)*

1 2 1.2 1 4 N
V(h) = §mh h —+ E Ahhhhh = |
1% :v—Q

[quantumdiaries.org]
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qq — ZHH/WHH
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Swmall cross sectlon

Difficult to measure
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Higgs Pair Production

ATLAS —— Observed limit
v— 13 TeV, 126—139 b Expected limit

oM (HH)=32710 (LnH =0 hypothesis)
ggr + .
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Higgs Pair Production tn BSM
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resonant Higgs pair production
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Nown-resonant H prooluctlow
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Nown-resonant H proolu.ctlow

g h g _h
- ‘\
g N h g > N h
standard Model Effective Field Theory (SMEFT): but the equivalent for light quarks?
_ 2 o
CH 3 Ce8s | 112 '
<= ZHIH? - LT |H |6 |HI*G,,G" § +
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what we don’t know Yyet about the
Higos bosow:
2. )light quark Yukawa couplings




Light quark Yukawa coupo,wgs

HL-LHC prospects for measurement of 1st and 2nd generation gquark Yukawa couplings
k =y, lyM
Yq! Vg [de Blas, Cepeda, d'Hondt et al '19]

K| <570, Kl €270, || <13, |k | <12

global fit, not completely model-independent
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Light quark Yukawa coupo,wgs

HL-LHC prospeots for measuremewt of 1st and 2nd generation quark Yukawa couplings
K=y, ly;" o | )

[de Blas, Cepeda, d'Hondt et al '19]

_|Ku|5570, |xd|sz7o,j I <13, k| <12

global fit, not compeé odlel ¥epewolewt

Ramona Grober — Universita di Padova and INFN, Sezlowne di Padova



HL-LHC prospects for measurement of 1st and 2nd generation gquark Yukawa couplings
_ SM
K= yq/yq [de Blas, Cepeda, d’Howdt et al '19]

|lx,| <570, |x;| £270, @ |k | <13, |k |<L1.2

global fit, not completely modeL—Lwd&PewdeWc

Alternative wa Yys:

* Higgs kinematics: Higgs+jet transverse momentum distribution

[Blshara Haitsch, Monnl, Re "16;
Soreq, Zhuw, Zupan "16]

* VVV production ,
[Falkowskt et al '20]

. H’LQQS +‘Pl’10t0l/b [Aguilar-saavedra, cano, No 1]
LYw17]

* Wh

And Lin H'L@@s pair Proolvcctiow?



Ly D - )’ZQZLCIEM{Q - )’Z?Qiqba’lj2 +h.c.

At dim-6 Level the Higgs couplings to fermions are modified by the operator

u d
Ci' o~ . Ci' _. )
Liime 2 5@ D0y bl + 5@ D)0y pedi + h.c.

Couq:l,i,wgs:

| direct coupL'w\,g to

=15 ; ’
Shi v AZ\/E Higgs patr

v the following consider only flavour diagownal case.

Notatlon:

31—«

_ = SM _ d SM
Shag = qShaq 8hhag = = 5 Shig




Light quark Yukawa aou.pliwgs LA HHH

h
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q; h
hoe [ALasfar, R4, c’,rojeaw, Paul, RLan '22]
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Fit on trilinear Higgs self-coupling becomes worse if light quark Yukawa

deviations are constdered

[0.53,1. 7]

PrOJected bounds © 95% CL from HL- LHC 6 ab” L

[0.79,2.2] (1 sigma, HL-LHC)

[ALasfar, R4, C,rojeaw, Paul, Lan 221

l

530)

This analysis @3 00 (\’f\
Falkowski et al. 20 (VVV) @206 (1131)
Alasfar, Corral Lopez, Grober "19 (hh) @1.95 (1251)
Aguilar-Saavedra, Cano, No 18 (h~) @179 (1484)
Yu'17 (W*h) @1.64 (1767)

Soreq, Zhu, Zupan 16 (hj) ®2.98 (537)

Kagan et al. 14 (h — M~) @1.91 (1315)
deBlasetal ‘19 (Global fi) @259 (570)
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what we don’t know yet about the
Higos bosow:
3. ) Higgs width

P(m )
|
I
|

0.02—




Higgs decay width (Life time)
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wo direct measurement possibl,e at LHC
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Higgs decay width (Life time)

1.0} , | e
0_8 - L » Wi,
Breit-
Wigner “usual” sm ,
0.6 F o
— line shape deca S , d,ea,ags e \/LSLbLC but
T Y tnvisible final )
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states e.o.
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current LimeLt
0 -ar -2'1“ -}‘ 4 +'r +§r +3r BR<0.145
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p? —m? +imI’ , .
no direct measurement possuloLe at LHC

on X BR(h — ZZ — 40) K. gn Kz

@]
B

=
N

z - SM
Measurement of off-and on-shell rates on x BR(h =+ ZZ = 4f)|gyy  Ta/T

to extract wioth "

[Kawer, Passarino '12; Caola, Melnilkov "1.3;
cawmpell, Ellis, willams 13 ]

do
ff h A A~
~ “ggh(s) %LZZ(S)
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no direct measurement possLbLe at LHC

2 2
liggh Khzz

on _  OhX BR(h — ZZ — 4¢)
Ty /THM

H27 =To) x BR(h — 27 — 40)]gy,

’ o dO' A
to e)(tYaGt WLdtl’l MZHZ E—h ~ K’Egh( )/‘i%zz< )

[Kawer, Passarino 12; Caola, Melntkov 13;
campell, Ellis, Willams 1= ]
owe though wneeds to assume that

Khzz(8) = const



Higgs decay width (Life time)

| —— 324_%47l MeV (comsistent with SM)  [CMs’ 22]
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Coming back to the scenario with Large light Yukawa couplings:

SM
1_‘h—>ZZ

o.-+t+0,,)"
( q9 gg) [SM 4 qu
,Ll on —

l—‘ijll>ZZ
Ogg " ~Tsm

tot
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Coming back to the scenario with Large light Yukawa couplings:

SM
1_‘h—>ZZ

o.-+t+0,,)"
( q9 gg) [SM 4 qu
,Ll on —

l—‘ijll>ZZ
Ogg " ~Tsm

tot

direct tnterpretation from width not possible
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[tb/GeV]

do

Coming back to the scenario with Large light Yukawa couplings:
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Bven though the Higgs bosow s now 10 Years old there still remains a Lot to be
Learned about!

Theory challenges:

- precision predictions for Higgs (an background) processes

« where can new phgsios hide? How can we test Lt?

* And... ln case a deviation ts found, how can it be Lnterpreted?



Bven though the Higgs bosow s now 10 Years old there still remains a Lot to be
Learned about!

Theory challenges:

- precision predictions for Higgs (an background) processes

« where can new phgsics hide? How can we test Lt?

* And... ln case a deviation ts found, how can it be Lnterpreted?

Thanks for Your attention!



R011-2014: PhD at KIT 2012: discovery of Higgs boson.

2014-2016: Post-doc at lnstituto Naztonale di Flsica Nucleare, Rome =,
ta La

2016-2018: Post-doc at Institute of Particle Physics Phenomenlogy,
Purham Mwiversitg, UK

2018-2019: W2-Professor at Humboldt-university, Berlin (financed by
the Berliner gletchstellungsfonds, 5 year posttion)

2019-2022: Tenure-Track Assistant Professor (Ricercatrice a Temapo
determinato tipo B) at the University of Padova, ttaly

2020: birth of my daughter
Since Oct 2022: Assoclate Professor tn Padova

2022: birth of my son



Genoer eo[u.aLLtg at UNLPD

‘Phas'ws department (2019)
Students~ =3% are female

Researcher (=Assistant Professor): 29 % women
Associate Professor: 14 % women

Full Professor: 14 % women

[thanks to Letla Zota for pointing me to these numbers]
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