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Neutrino masses/oscillations
Baryon asymmetry of the Universe
Dark Matter

Dark Energy

Gravity

Intrinsic difficulties

Hierarchy problem
Strong CP problem




Physics beyond the SM

Simplest model extension
 Add one singlet scalar field

* New scalar couples to the Higgs boson (scalar portal, Higgs portal)

* Mass could be O(GeV)

What could explain:
e Dark Matter
* Inflation

* Hierarchy problem

25.05.2021 PHP seminar



Dark Matter and a new scalar

Hidden sector concept

DM (hidden) sector mediator

Portal Coupling
Vector: Dark Photon, A" —5—= o | I
p——  Scalar: Dark Higgs, S (S + AusS2)HTH
Fermion: Heavy Neutral Lepton, N  yyLHN
Pseudo-scalar: Axion, a f‘,lF Frv, fa G; #,,G’w 0“a¢7“75¢

v

Searching for a mediator: portal towards the light DM

25.05.2021
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New scalar: mass and lifetime

HE COSMOLOGICAL LANDSCAPE

Dark matter

Strongly Intéracting provides strong

HeavydParticles evidence for at
least 1 new LLP

L
—
(@)
C
o
e
(7))
C
9
—
&)
o
O
—
£

Weakly Intéracting Impossible to
LightdParticles Discover

M ~0(GeV)
Interaction strength ~1/t

!

Long lived particle (LLP)



New scalar: lifetime

The lifetime frontier Sensitivity to large t needed

The overwhelming majority

: of the work of collider
/ experimentalists

A discovery could Experiments with a long decay volume

be hiding here

High intensity beams

Outer edge of
detector

James Beacham [Duke] LLP8 Workshop — 16 November 2020



Hierarchy problem and a new scalar

Hierarchy problem for the Higgs mass:

 Measured mass = bare mass + quantum corrections
 Good model: small qguantum corrections

 SM: very big quantum corrections

It It

* Fine tuning of Other formulation of the same problem:
corrections to obtain the * Why is the Higgs mass so small
measured mass compared to the Planck mass?

Possible solution: relaxion mechanism
* Dynamic solution of the hierarchy problem

e Relaxion is a scalar particle
* Evolution of the relaxion field reduces the initially big Higgs mass to the measured value

25.05.2021 PHP seminar



Inflaton model

Models with a light inflaton
* Light scalar field

* Inflaton feebly coupling to the Higgs boson Model lagrangian _
* Can explain the inflation arXiv: 0912.0390
* Can beincorporated into the vMSM model Lxsm = Lsm +Lxn .

(explains neutrino masses, BAU, DM)
» 2 free parameters (mass and coupling constant )
* (m, 0) values limited from the cosmology
* Most sensitive processes: K and B decays

!

will be used here as the reference model

1, vouvw . 1 9 0 B, O o\ 2
Lxn = S0XMX 4+ ZmiX? - X - ) (HTH - X‘V)

25.05.2021 PHP seminar 9



Scalar production in K decays

Kaon decayK —» 'S

3 terms in the amplitude W-

S —a i:;\q . d
Dominant contribution from the FCNC d-s transition >0t
Non-negligible interference with 4-fermion ’ \<f
operator contribution
amplitude
M2 —k m2 — M2 l%pf i i
A (I\'——i_%ﬂ’_'_\) ~ f{{,:ll Qf (1_%) —72(1 — R) 2 1622 led?“flls A(I\L—>WD\):—A(I\+%,
' K i=c,t
sma{' Egligible \ t-quark contribution dominant
Branching ratio
. 1 [A(KT — 71)|° 2|py| —3 [ 2lpyl 2
T aty) = o~ 1.3x1077. 0
Br (K = 7™y) Teom(K7)  167Mgx Mg Mg

arXiv: 0912.0390
BR(K—>mt S) proportional to 62

25.05.2021 PHP seminar 10



Scalar production in B decays

B decays B°>K%* S and B* - K*S:
* FCNC b-s transition

b §
t-quark dominant contribution \“\@'/

Lysh = gpsv @ S.br + hec.,

9\
samy WG rm2 ViV, \<f
Gpsh =
v
Decay width BR(B—>K'S) proportional to 62 I
1/2
. 2 Ap i
T icors = |9om|? | (KM |5Lbp|B)| —2K2
B K(*)g |Q¢.sb| { | L Rl } 167 mp
Coimh Ay e 1.36 0.99
* | — 2 = B 'B.\K @ 2J_ > A . — — — 5
(K™ [sLbr|B)|” = 4 (my +m,)2 A K 1—¢%2/27.9 GeV? 1-— q%/36.8 GeV?
_ o 1 (m% —m%)? 0.33
2 _ B K 2 > = = . .
[(K[spbgr|B)|" = R r— fi I 1 — q2/37.5 GeV? arXiv: 1809.01876

25.05.2021 PHP seminar



Scalar decay

Decay width to leptons: T(¢ — 00)=T,, = ng/f%m@ m2 B3 Be = \/1—4m2/m?
m
S-Yee: . ,
* Negligible for m > 2*m wrt muon channel > [(S— ...) proportional to 6 |
* Bkg from photon conversion o | arXiv: 0912.0390
F e'e | o o 3 corr e, CC
SOUp _ e KK K ~4 TT
* dominant for m < 2*mn 2 04} IR :
* Non-negligible BR for m > 2*m R RO e
' @ oo | ‘ i ag
S->vy "o 7 A
* negligible f v :l ! e 58
e L o "“'Hm
S->m ni: non-trivial theoretical calculations ' m,, GeV
hd ChPT for m < 1.3 GeV Donoghue

this work arXiv: 1809.01876

* Dispersive analysis for 1.3 <m < 2 GeV
* Perturbative spectator model for m > 2 GeV

Y

Muon channel seems to be the cleanest

mg [GeV]
25.05.2021 PHP seminar 12



CHARM setup

3m

Scalar search in CHARM

Neutrino line

SPS protons
400 GeV/c

T 10 mrad

480 m

Cu target

DUMPTARGLTS _ ~ ,.::-”'
B =
- _,_..

551

..J-I_ J 4 GAF

25.05.2021

Decay volume
———————
31.5m

RIOH

Target geometry
e 2.5cm Cu+ 2.5 cm air (1.7*1018 POT)
e 2.5cm Cu+5cm air (0.7*1018 POT)

PHP seminar

Scalar production @ CHARM:
* B decays
 Kdecays

Kaon absorption:

e A=13cminCu

» Effective density smaller due to air gaps

* No kaons escape the target but some of
them decay

Data collected:

e 2.4*%10%POT

* Signatures: S=>vyy, Soul, S—~ee
* No signal candidates observed

13



Scalar search in NA48/2

NA48 setup
TAX 17,18 . Macret 2592
ina agne = = o
W .. FOFD collimator DCHI ;1 DeA & = 2 Scalar search in NA48/2
enning 1'ultecr|ng ] Y
— ca:-l].imamr collimator ({Eﬂjﬂg : : hd Kieﬂis, S% |.1+|J--
—_— CHITIMATEr : 1
HH K I | KABES1 N Decay volume ! : e 2003-2004 data
[T | KABES 3 | ¥ * Only prompt decays
H e AL 1 . L . - .
J . . N R 51 accessible due to the
T t L et '. B - E :I . . .
arge \_,/ 1 focused beams 5 ¥ trigger configuration
I ! E | |
HH +1 F'KABES 2 5 I
K ‘ ’ g
|_|_| 2nd | |
DFDF o 10cm
FRONT-END ACHROMAT Quadrupole ACHROMAT Vacuum He tank +
temf Quadruplet . fank Spectrometer
0 50 1007 © 200 250m
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K*—mX (X—u*u") Acceptance

Limits from NA48/2

] Mass scan
Signal acceptance
(75 ]
= - Data
a»
g 250—
- s b
D'ES__ NF =10 PS é :
E .'I_.-"" N 2 200—
02 |f S B
B ||.'I o :
- lll."rf 150—
05 |/ . B
C - -
C B
n.f—!' 100—
: '/{-\\‘__"“—-0 :
n_ns_—; 50l—
: ./‘_'-'_l e - —— ., —
_IIIIIIIIIIIIIIITI=I1IrI-1.SIIIIIIIIII :
GZED24UEEDEED 300 320 340 ol P v v v v b oy T
Assumed X mass, MeV/c® 220 240 260 280 iﬂgumeﬁzﬁ masiﬁqewg
8 3E
é 21 ﬂ § | L H.M A JII\/‘IIIA.
'ED*‘. Wiy MV g VoV N, 1) | {
_ 7 NS i 7/ AN ]
arXiv: 1612.04723 g 221 - i
» -390 240 260 280 300 320 340
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Assumed X mass, MeVic®



Limits from NA48/2

UL on BR

-
g 10‘55— (c)
% L p
LY ) T =100 ns f
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m C
E L
35 10°
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:II|III|III|III|III|III|III|III
220 240 260 280 300 320 340
Assumed X mass, MeV/c®
Prompt analysis: loose UL’s for large T
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arXiv: 1612.04723
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UL on ©° at 90% CL

UL on 62
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Scalar search in LHCb

LHCb setup

-

M4 M5

M3

N 3 M2
5m SPD/PS HCAL

A Mag ECAL

f
i

EI]

-----------

“‘?.’;“1.” = bd AT l [T

‘.:“.2' A . v!’ ‘._.‘ I ‘* J\- '_-l
1 [ — | | | T | 1 Y 1 1 | >
5m 10m I5m 20m P2
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Scalar search in LHCb

e Run 1data, 3 fb!
« BOK*S,S>utp

B*>K* S, S>utw
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Scalar search in LHCb: BY

invariant mass for the normalization B>K™ p* - Mass scan

> B ! ' ] ' ! ! ! ] R ' ! '_L‘ ' I ! > — T T u T T T T T T ' ! ' ' 1 ! ! ! ! =
) [ 11<m*uu)<60Gev: LHCb ] L - -
S C i = H0F —— Prompt =

- — D f— . , . —
2150 e Data | = = LHCH —— Displaced =
5 | BoKfwwy  § SF E
= i Background S m -
S 100F Bl Background - S 10 =
= B 7] = -
= N i S -
S - - 3 |l||iH|| r‘ M ,ll

50— - - rh! | |||”'
B T [1 . A . | LA B i Il im0l || 1 0 BRI I'II'.I 0 .1 m.0 I 1l
Z ] 200 1000 2000 3000 4000
0 - m(u* ) [MeV]

5200 5300 5400
m(K '~ u*u™) [MeV]
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Scalar search in LHCb: BY

Invariant mass for the normalization B*>K* J/{ (1 p)

Candidates / ( 3.3 MeV/c?)
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arXiv: 1612.07818
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Combined limits

arXiv: 1809.01876

LEP 8e—Z"¢
CMS/LHCb my,
BaBar Y- y+jets

E949 K* ot avy
KTeV K =m+0y
LHCb B=K™+my
BaBar B=X +rmmm
SN1987a

BBN

CHARM

NAB2

SHiP

DM Direcl Deleclion
No DM Thermalization
Relaxion Theory Exclusion
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Sg

.1 D—ﬁ
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1077
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Scalar search in NA62

NAG62 setup

MUVO

2] STRAW CHOD

; LAV MUV1,2
1 Iron

| GTK ] iRICH MUV3

X [m]

Target KTAG SAC
0 — = CHANTI—— Vacuum — ; ., B
HASC

il Ich Dump
2 - LKr

(I) o 1(IJO | | | | 1.']50 | | | | 2(IJO | | | | 2_%0 - [;n]
Scalar search in NA62
e Displaced analysis: K*f>m*S, SSu » Ongoing analysis
* Production: K*->mt*S (byproduct of the PNN analysis) > Published
 Decay: Souu (beam dump mode) » Planned for the next run
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BR(K'— 1 X) at 90% CL

Limits from NA62 on BR(K—=>T1tS

Limits on BR
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arXiv: 2011.11329
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Limits on 02
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10 mg [GeVic?] 1
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Conclusions

Models with a light scalar

[ possible extension of SM

1 Could explain Dark Matter, hierarchy problem, inflation

O Inflaton model: 2 parameters m, 8 (coupling with Higgs)

1 Best production processes: K and B decays

J Best decay signature: S>ut

Experimental searches for the light scalar
» Beam dump (CHARM, SHIP)

» K decays (NA48/2, NA62)

» B decays (LHCb)

25.05.2021
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Thank you !
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