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Where do we stand?

* After decades of work, the Higgs discovery was a big
success for particle physics.

* More and more precision measurements and
searches.

* The SM precisely describes a large variety of
processes over many order of magnitudes.

* So, particle physics is doing great?!
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“We crave for new sensations but soon become
indifferent to them. The wonders of yesterday are
today common occurrences.”

Nikola Tesla

— So far no evidence for BSM physics...

But: motivation to search for BSM physics is still unbroken.

Nature of EWSB Neutrino masses

Baryon mmetr
Dark matter aryon asy otry Naturalness

Goal for future collider: Bring as closer to answering these questions!
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The particle physics landscape
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The particle physics landscape
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Mass

‘ |Ideally, we want to construct a “no-loose” experiment.

Side note: the LHC was such an experiment, since without the Higgs the SM is inconsistent.
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Where to search for new physics?

* Plethora of BSM models with all type of masses
and couplings.

No convincing theoretical guidance!

Yovre just
30‘11\3 to
kees lookinj

vnder ‘fhiSth? i

Can% See

Ghj‘fhi“j wmthe ".

One approach: start with the particles we know!

« How can we learn about light BSM physics?
* How can we learn about heavy BSM physics?

— talk outline: discuss examples for both.
Henning Bahl
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Constraining light BSM physics

The top lamppost and rare decays  [HB korenwang, 2307.11154]
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Searching for light BSM physics: rare top decays

Top quarks are produced in large numbers at hadron colliders:

« —~ 10° top quarks at the end of HL-LHC
e — ~ 102 top quarks at FCChh

= Unique opportunity to search for rare top-quark decays induced by

BSM physics! P’
u, C
[CMS 2201.07859]
Existing experimental searches (examples): S
Q E 3
o] : . 3
. . + p— T C ATLAS —0—95:A)CLobserved I.|m.|t .
 SMfinalstates:t - Hq,Zq,yq,£" €™ q % [ so13Tev 130t T 95% CL expected imit
om 102 EI, Exgec:e:i; o B
. 'R . . X xpected + 26
 BSMfinalstates:t —» X(— bb)q with X being a scalar <
>
e
Can we do this in a more systematic manner? 1041 _
10—5 PR TN ST T AT T AT T SN AT N S AT O S AN T W'
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Rare top decays — EFT classification

* Rare top-quark decays with SM final state can be

parameterized using SMEFT (see e.g. [Bradshaw & Chang SM dim 6
2304.06063]). 1 7 =
]) Q((w)qd (Q%ur;) €ab (Q%1dr1)
1 = =
- Z n o Ol | (@%urs) £ab (L em)
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Rare top decays — EFT classification

 Rare top-quark decays with SM final state can be
parameterized using SMEFT (see e.g. [Bradshaw & Chang

2304.06063]).
C
L=Lgy+ Z ﬁ or
Ln

* Additionally, we also consider the possibility of light BSM

particles:
e scalarsinglet S (e.g. ALP),
* fermionic singlet N (e.g. sterile neutrino),

* light gauge boson Z' (e.g. from gauging B; — Ls),
* notdiscussed here: light charged Higgs boson.

= New operators and final states.

Henning Bahl

BSM dim 5
QsqD S(QLiPQL;)
Qsue S(Qriur; (5)
BSM dim 6
Qean | (Q%:dr;) €ab (L)
QquN (QLz‘URj) (N LLk)
QdueN (é%juRj) (driN)
Qqany | (QrivuQrj) (NY“N)
Qs5Dq S*(QLiPQr;)
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Nevents @ HL-LHC

192 193 194 195 196 197 198
R K | o |
are top-quark decays| . |-
Ql(:;u t— 0H0j
Qgqu t—jjj
t—Wj
* Investigate operators individually. Quw J
« SetA=1TeV,¢/' =1,and mg = my = m, = 10 o
GeV as a benchmark. o

* Calculate branching ratio for different final states. | U

Qsep |45 Svj

Qsue |4 SHj

QSSDq t— SSj

QRssud
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Qqu N
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top-quark BR
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Rare top-quark decays |

* |nvestigate operators individually.

« SetA=1TeV,¢/' =1,and mg = my = m, = 10
GeV as a benchmark.

e Calculate branching ratio for different final states.

* Sizeable branching ratios/number of
events for various operators.
* Various final states which can be
7 probed with current and future data.

= Huge potential for future searches!

Quo
Q)

Qhon,
Q,(;‘)qd

QuW

QuB

QuG

QSqD

QSu<I>

Qsspg
QRssud
Qqain
QquiN
QdueN

QNN

QuZ’
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Nevents @ HL-LHC
10? 10 10 10° 106 107 108

SM final states

BSM final states

MmpsM = 10 GeV, ANp.= 1TeV,c =1

10 107 10 105 107 10° 1072
top-quark BR

1071

10



Rare top-quark decays Il
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additional operators (not involving the top-quark):
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* Decays of BSM particles can be parameterized by adding
additional operators (not involving the top-quark):

« e.g.S—- bbbttt yy etc.

(e.g. [Banerjee et al. 1806.02836, Bhattacharyya et al. 2212.09061]),

* potentially long-lived depending on size of Wilson

coefficients
(see e.g. discussion of t = ALP + q in [Carmona et al. 2202.09371]).
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Rare top-quark decays Il

* Decays of BSM particles can be parameterized by adding
additional operators (not involving the top-quark):

« e.g.S—- bbbttt yy etc.

(e.g. [Banerjee et al. 1806.02836, Bhattacharyya et al. 2212.09061]),

* potentially long-lived depending on size of Wilson

coefficients
(see e.g. discussion of t = ALP + q in [Carmona et al. 2202.09371]).

» What if we just have top-decay operators?

Henning Bahl
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Rare top-quark decays Il

Considering only top decay operators, the BSM particles can either be

e stable if only operators involving two BSM particles are
considered (e.g. due to Z, symmetry)
— missing energy signature,

« decay via loop-induced corrections: e.g. N = vbb .
* Depending on the lifetime, we have different signatures:
* missing energy signature,
* LLP signature,
* promptdecays.

 Second top quark in di-top events is a natural trigger.
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Rare top-quark decays Il

Considering only top decay operators, the BSM particles can either be

e stable if only operators involving two BSM particles are
considered (e.g. due to Z, symmetry)
— missing energy signature,

« decay via loop-induced corrections: e.g. N = vbb .

* Depending on the lifetime, we have different signatures:
* missing energy signature,
* LLP signature,
* promptdecays.

 Second top quark in di-top events is a natural trigger.

» Many interesting unexplored signatures for prompt and long-lived searches.
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Other searches for rare BSM decays

Similar possibilities for other SM particles and for lepton colliders:
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Other searches for rare BSM decays

Similar possibilities for other SM particles and for lepton colliders:

rare Z boson decays (e.g., ~ 10*? Z's at FCCee),

Br[Z]
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[Liuetal., 1712.07237]
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Constraining heavy BSM physics

The Higgs lamppost and the interplay with precision
measurements



What to learn from Higgs precision measurements?
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coupling to SM

n

What to learn from Higgs precision measurements?

10

[TeV—2)
ot

o

C, /A2
&

-10
Mass

Express these constraint
e.g. using SMEFT

8
“rv { | | 6
T' T ]’ T ‘|’ Tv TI I I -[ TI T T T T . g
+ | l I == [ o1 T e
. A 2
- 2
) ¥itler | Combined fit
[ Halved th. unc. )
o o o o o o O O O , o O O O . ., O O O
o A &, % "z ’%./ O, e, U ., (,';'// (::’/ //-.3 %, G, D'-:,, )(: %) (:"// @, %, //./ 0‘/1,1
Sy ) 0 / / / 2 . . % %5, < N7 v .\D‘f/ \) 2. P, 0 (2
0 0 O 0T w0 Y Ty Ty, g,

[Elmeretal., 2312.12502]
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Higgs precision at future colliders

10'”2: tissimsiemcussenieessosrasiansanienia i

N HEPT M HL+ILCs0 M HL+CL [l HL+CLIC3p00

= Result including Giga-Z at linear colliders
| | Higzs@FC WG

September 2019 Dark/Light: SMEFTpew (Perfect EWPO) / SMEFTyp (Global fit)

M HL+FCCpezss

............................................

............................................

o\? 1'.' __________ = . o ] e A P

" S "ttt aututvhtspouteh s e &

%’ [ BN~ e
107"F - -
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Size of Higgs
Coupling deviations?

Higgs precision measurements put
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Constraining concrete BSM models

* Higgs precision measurements put
stringent constraints on many BSM

scenarios.

Simplified scaling analysis:
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Case study: Higgs singlet extension
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What about direct searches? — SSM

 Consider VBF production of s at a future
muon collider (o & sin?y) with s - hh — bbbb
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What about direct searches? — SSM

* [Ali et al., 2103.14043]
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o
e Strong constraints from direct searches K
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1075} 95% C.L. exclusions
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What about direct searches? — SSM

* 1% 0.1% [Ali et al., 2103.14043]
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 Consider VBF production of s at a future ° EQ
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What about direct searches? — SSM

* 1% 0.1% [Ali et al., 2103.14043]
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‘ Direct searches are often stronger than precision measurements!
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What about direct searches? — SSM

* 1% 0.1% [Ali et al., 2103.14043]
c oo — r T
« Consider VBF production of s at a future 2 = -
muon collider (o o« sin®y) withs - hh > bbbb 3 3
O
(O]
o 88
d I 103
N>~
[=1
* Strong constraints from direct searches ?
(without assumption on size of Ag so). 104
1073 F I\.\ 95% C.L. exclusions
0 5 10 15 20 25
mg [TeV]

‘ Direct searches are often stronger than precision measurements!

Also true at the LHC and holds also for other models!

Henning Bahl 19



What about direct searches? — MSSM

[HB et al., 2005.14536]
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What about direct searches? — MSSM

[HB et al., 2005.14536]
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What about direct searches? — MSSM

[HB et al., 2005.14536]
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What about direct searches? — 2HDM
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Precision measurements and searches are
complementary.
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We need benchmark models to exploit this
complementarity!
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What if the BSM sector is protected
by a Z, symmetry?

[HB et al., 2210.09332]
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The SSM ”nightmare” scenario

1 2¢2 1 4 2
Vssm (@, S) :VSM(CI))+E;155 +E’155 + A S2DTD
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The SSM ”nightmare” scenario

1 2¢2 1 4 2
Vssm (@, S) :VSM(CI))+E;155 +E’155 + A S2DTD

If there is an exactS = —S symmetry, S does not get a vev.

No mixing with SM Higgs.
All Higgs couplings are SM-Llike at the tree level.

Also searches very difficult, since S has to be pair produced via the 125 GeV Higgs.
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The SSM ”nightmare” scenario

1 2¢2 1 4 2
Vssm (@, S) :VSM(CI))+E;155 +E’155 + A S2DTD

If there is an exactS = —S symmetry, S does not get a vev.
* No mixing with SM Higgs.
* AllHiggs couplings are SM-like at the tree level.

e Also searches very difficult, since S has to be pair produced via the 125 GeV Higgs.

What about loop-level effects on the Higgs couplings?

Henning Bahl
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Loop-level deviations in the SSM

The dominant correction to single Higgs couplings scale like (mf = ug + Aspv?):

Henning Bahl
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Loop-level deviations in the SSM

The dominant correction to single Higgs couplings scale like (m32~ = ug + Aspv?):

2 2 2
gHSS 1 mg Us 1 mg

2 2
_ - MmMs{4 _HKs -9 _ - Ms(4 _HKs
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The Higgs trilinear aS a preCiSiOn prObe [HB,Braathen,Weiglein, 2202.03453]
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The Higgs trilinear is not only an indicator for a strong 15t order phase transition but also

probes parameter regions not accessible by other measurements/searches!
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Thanks for your attention!
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