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Thank you for the invitation!
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Plemelj

HeavyN_Meson — Bled 24 3/43



Sokhotski-Plemelj theorem (wixi

Version for the real line 1 eait)
See also: Kramers-Kronig relations

Especially important is the version for integrals over the real line.

o wtie Fimd(z) +P(%)'

where §(z) is the Dirac delta function where P denotes the Cauchy principal value. One may take the difference of
these two equalities to obtain
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These formulae should be interpreted as integral equalities, as follows: Let f be a complex-valued function which is
defined and continuous on the real line, and let a and b be real constants with a < 0 < b. Then

f(=) da = Fimf(0) +P/&@d

e J, wEie

and

i [ [ -] om0

Note that this version makes no use of analyticity.

Proof of the real version (edit1

A simple proof is as follows.
13
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de = Fin lxm / ————f(z)dz + lxm /

(. xz +e?)
For the first term, we note that %2 4 (2) is a nascent delta function, and therefore approaches a Dirac delta function
in the limit. Therefore, the first term equals Fix f(0).
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https://en.wikipedia.org/wiki/Sokhotski-Plemelj_theorem

apologies for the long delay!
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Problem: according to the SM, m, = 0. (Not enough ingredients but data obviously disagree!)

neutrinos de se pHe
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Discovery of neutrino masses —- several open questions:
@  have mass. What is generating m, ?
@ 1 masses are tiny. What sets the scale of m,?
@ m, are nearly degenerate. What sets the pattern of m,?
e v carry no QCD/QED charge. v, U
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These core ideas can be realized in many ways!

Minkowski ('77); Yanagida ('79); Glashow & Levy ('80); Gell-Mann et al., ('80); Mohapatra & Senjanovi¢ ('82); + many others

High scale Type I

Low scale Type [

+£1/3

Colored S7 ¢ 7ot loop

Weinberg d = 5
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adding right-handed neutrinos (the chiral states) to the SM?

(

U(l)s

@ -7

) _-—’/"

v~ \ /T?Vk?éo\

2For reviews at colliders, see Cai, Han, Li, RR [1711.02180] and Pascoli, RR, Weiland [1812.08750]
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https://arxiv.org/abs/1711.02180
https://arxiv.org/abs/1812.08750

adding v to the SM

To generate Dirac masses for v like other SM fermions, we need vg

— — () h
Ly, vuk. = =y [ ®vgp + H.c. = —y, (W ) << >0+ ) vr + H.c.

=y, (P)Tivr+ Hc. + ...
——
=mp

vr do not exist in the SM, so pretend that they do and vr = vg:

(“L)
Cc
VR

1 (— —F 0 m
= Liass = 71 (VL V/CQ) < D>
—— mp  py

chiral state
mass matrix (chiral basis)
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adding v to the SM

To generate Dirac masses for v like other SM fermions, we need vg

L, vk, = _yVZ&wR +Hc =-y, (ﬁ U) <¢>0+ h) vr+ H.c.
—y(P) TR + Hoc. + ...
——

=mp

vr do not exist in the SM, so pretend that they do and vr = vg:

(l/L>
Cc
VR

After diagonalizing the mass matrix, identify v, (chiral eigenstate) in
the SM as a linear combination of mass eigenstates:

|l,/[_>
—

chiral state

-1 (— —¢ 0 mp
= Liass = > (VL V/CQ) < )
—— mp  py
chiral state —_—

mass matrix (chiral basis)

cosf |v) + sinf |N)
light mass state

heavy mass state (this is a prediction!)
R. Ruiz (IFJ PAN)
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the benchmark model

Generically paramerize active-sterile neutrino mixing via Atre, et | [0901.3589)]
3
v R E UrmVm + Vimy—aNpy—4  (neglect heavier N,,)
~—~

flavor basis =1

mass basis

The SM W coupling to leptons in the flavor basis is

Lint. = —% Wi [(4* Py + H.c., where Pp = (1 —1~°)
= W coupling to N in the mass basis is

Elm;. = —% W/: E;:e |:7’}/'U’PL (Z?ﬂ:l Ulnﬂfm + VU\/N):| + H.c.

= N is accessible through W /Z/h bosons
HeavyN_Meson — Bled 24 10 / 43


https://arxiv.org/abs/0901.3589

summary of high-mass searches at the LHC (2 slides)
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Plotted: Normalized production rate (o/|V/|*> *)) vs mp
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CCDY (NLO) 13TeV LHC
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Heavy Neutrino Mass, my [GeV]

YW= and W* W™ scattering drive high-mass scattering rates!

w/ Fuks, Neundorf, Peters, Saimpert [2011.02547; 2012.09882]


https://arxiv.org/abs/2011.02547
https://arxiv.org/abs/2012.09882

Search for WEW* — /1" quickly adopted by
ATLAS and CMS experiments!

Tracking Down the Origin of Neutrino
Mass

N\

T Hw/, T ATLAS t-channel
ATLAS E —— this work
£=140fb!
ATLAS s-channel
—— JHEP 10 (2019) 265
£=359fbt
ATLAS s-channel
JHEP 07 (2015) 162
Vs =8TeV
£=203fb"t
ATLAS displaced
—— arXiv:2204.11988
£=139fb7!
CMS t-channel
arXiv:2206.08956
£=139fb7!
CMS s-channel
—-~ JHEP 01 (2019) 122

ol

138 b1 (13 TeV)
T

Observed 95% CL Limits on |V|?

PRI RS EETT SR ATE I TS TITT SR |

"L £=359fb~1
/’ CMS displaced
/l 95% CL upper limit e JHEP 07 (2021) 081
/1 S N R ROV R £=139fb7
s —— Observed 10 5 B 3 7
0.01 |- Jl —=-- Expected E 10 10 10 10 10
,," / - 68% expected my [GeV]
e 95% expected
Y e CMS same-sign dilepton ’
n B === JHEP 01(2019)122 ATLAS (EPJC’23) [2305.14931]
- ___ CMStrilepton
" PRL 120(2018)221801 ee /e [2403.15016]
10-3 Ll L L
100 10° 10° ’
o Gev) < CMS (PRL'22) [2206.08956]
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https://arxiv.org/abs/2305.14931
https://arxiv.org/abs/2403.15016
https://arxiv.org/abs/2206.08956

summary of low-mass searches
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Community Message: LHC+next-gen. facilities can probe simplest
(m,, —0) leptogenesis scenario W/ VR Abdullahi, et al [2203.08039]; w/ Alimena, et al [2203.05502]

T T — Ty T — Ty T T
et g

10—11)

CLD/IDEA DYV

HECATE DV
10712

10! 10° 10 10? 10°* 10*
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https://arxiv.org/abs/2203.08039
https://arxiv.org/abs/2203.05502

challenges of a low-mass analyses

}“soit” central /forward activity

17

Vflf-b"}"soft" central/forward activity
ST
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how good are our assumptions on phenomenological modeling?
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Challenge: (sub)GeV-scale N carry
lots of energy at /s =13/14 TeV ud — W — N/ in W's c.m. frame

(= hard scattering frame)

Typical LHC production channel is
(1 — 2)-body decay of W boson

N
Cl(as)sic exercise;: ,
w M m
Ey :TW<1+ATévv)v me =0
u d

Common analysis assumptions:
lab w

~ (") = W) = En/mu
lab w

- T/(Va ) %’Y/(V )TN, ™ =h/Tn

this assumes
Ey”) ~ My (18y")] ~ 0) because
Myy is large and P7V-V < M.
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assuming that |p(lab)| ~ 0 is bad because pZ = My,

Plotted: (normalized) rapidity of N in pp(ud) — W — N/

here, mp = 150 GeV but behavior still holds for my < My, [1812.08750]
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take away: increasing collider energy /s leads to growing
W — (& — &)+/s since more asymm. values of &; satisfy (£165)s — Mz,
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https://arxiv.org/abs/1812.08750

can we still reliably estimate the boost factor? ©®
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The starting point is the Collinear Factorization Thm

Collins, Soper, Sterman ('85,'88,'89); Collins, Foundations of pQCD (2011)

. A
dolO(pp = W+ X) =3, , Aap®F2®Fp@d610(ab — W)+ 0 (Qpr2)

———
fun stuff
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The starting point is the Collinear Factorization Thm

Collins, Soper, Sterman ('85,'88,'89); Collins, Foundations of pQCD (2011)

. A
dolO(pp = W+ X) =3, , Aap®F2®Fp@d610(ab — W)+ 0 (Qpr2)

———
fun stuff

The average of an observable O can be obtained from the matrix element:

(0y=1x[doxO

P

}"sofL” central /forward activity

= (E‘(/\l/ab) 1x [do xE(/ab)

v

lab
- <E|(/V )>‘events%
(1ab)

=X wgti X E,;
Z g’ P. .f'lf_r}"soft" central /forward activity
& e 6 6 ~

with £ = (&1 + £)/5
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The starting point is the Collinear Factorization Thm

Collins, Soper, Sterman ('85,88,'89); Collins, Foundations of pQCD (2011)

. AR
dolO(pp = W+ X) =3, , Aap®F2®Fp,@d610(ab — W)+ 0 (Qpr2>

—_——
fun stuff

In practice, inclusive pp — W 4 X is a 2 — 1 process and hence special:
— d6t0 ~ §(&6 — M2, /s)

- Aab ~ 5(1 — Z) (parton shower is unitary)

= only one integral remains
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https://arxiv.org/abs/hep-ph/9711337

The starting point is the Collinear Factorization Thm

Collins, Soper, Sterman ('85,'88,'89); Collins, Foundations of pQCD (2011)

. AR
dolO(pp = W+ X) =3, , Aap®F2®Fp,@d610(ab — W)+ 0 (Qpr2>

—_——
fun stuff

In practice, inclusive pp — W 4 X is a 2 — 1 process and hence special:
— d6t0 ~ §(&6 — M2, /s)

- Aab ~ 5(1 — Z) (parton shower is unitary)
= only one integral remains

} “soft” central /forward activity
Old idea: approximate .
e.g., Mangano [hep-ph/9711337] )

fipl€) ~ (const) [USEE] xato
-6 ~0.40
-5=0,1,2,...

— const. = Y, Axaslog(pk/Anp)

Vf"“}mn“ central fforward activity
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https://arxiv.org/abs/hep-ph/9711337

Challenge: how to estimate
pY at \/s =13/14 TeV?

interesting resolution by
approximating PDF:

fi/p(§) ~ const. (1;75)”)(1-(;

for 8 =2, (fyl(/l‘?b)) =

—1-970+972+78 —670(1+70) log(70)
3y/m0[3—37+(1+470+7¢) log(mo)]

where 79 = M2, /s
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Challenge: how to estimate Plotted: avg. Lorentz boost of W

(lab)y (lab)
pY at \/s =13/14 TeV? (v ) = (Ew ")/ Mw)
—————— :
interesting resolution by /\;7oj pp - WH+X ) a
approximating PDF: 7 60— B=0- .
- (€) ~ (1-89° 1+5 % [ P
fi/p(§) = const.*=>—x § 50~ o
40+ -
for =2, (1y") = 5. T
= 30— -
—1-970+972+78 —670(1+70) log(70) 3 r //‘ ’ :
WRB-3 It log(ll T g (NN31 L6 520130) |
O 10 _
where 79 = M2, /s g8 il
— 0—7‘ + ]
N 1 4
take away: varying 3 shows ¢ 095
importance of £ =1 and P 0(_);% ‘ ‘ ‘ —
o p ; 00 20 40 60 80 100
large y (rapidity) regions s

collider energy, (s[TeV]
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Challenge: how to estimate
W) at /s = 13/14 Tev?

interesting resolution by
approximating

Ay = (1P| gp x EGY)

Whﬁ/re "
Ev') =M+ g - o)
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Challenge: how to estimate
W) at /s = 13/14 Tev?

interesting resolution by
approximating:

lab (lab)
o) = e ) s=ax YY)

where
EYY) = Mu(1q My —)

take away: boosts of ultra
light N can be computed
analytically

R. Ruiz (IFJ PAN)

>

10

Plotted: avg. Lorentz boost of N
lab lab
(™) = (B /m

- J‘/”E avg. HeavyN+MG5
1GeV — - avg. from model (3=2)

5GeV

\
o]

MG5/(B=2) average Lorentz boost, <y

0.9k N

0 20 40 60 80 100

collider energy, Vs[TeV]
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how good are our assumptions on phenomenological modeling?
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decays of sub-GeV N

N with mpy € [150 MeV,5 GeV] decay to , not free quarks

(breakdown of the parton model)

important to remember difference between energy scale
En ~ O(My) > Axp and mass scale my ~ O(Axp)

My, My, M, . ..
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inclusive hadronic decays of sub-GeV N

clever idea: to build inclusive hadronic width of N
F(N —/(+had.)=>, T(N—= 7+ ncMy)

use formalism for computing I'(7 — ., + had.) Boyarsky, et al [1805.08567]
RCC(mN7 MT) -
U **
W
7L[] l‘[g,]\[&

isolate “hadronic” component of M, simplify with optical theorem,
solve loop via RG running (du? — dag): Braaten (PRL'88) — many others

2

[M(N — N)[?

M, My, Ms, ...
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https://arxiv.org/abs/1805.08567
https://inspirehep.net/literature/266042

the problem?

iz (IFJ PAN) HeavyN_Meson — Bled 24 28 /43




the technical details, of course
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inclusive hadronic decays of sub-GeV N

[(r — v, + had.) assumes m, = 0 and |(p; — p,)?| < m?

Braaten (PRL'88) -+ many others

]\;
RCC(mN, /117) - U'Jrz W
M, My, Ms, .

(N — / + had.) needs my, my; # 0 and |(py — pe)?| < (my — my)?

— replace m; dependence with mp de viies, et 21 [2010.07305)

— including missing phase space term for my # 0

— my — (my — my) replacement in boundary of phase space integral
— include neutral current contributions coioma, et =l [2007.03701]

— include threshold effects for meson masses(adhoc) coioms, et ol 2007.03701]
— check consistency with pQCD result in large my limit
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https://inspirehep.net/literature/266042
https://arxiv.org/abs/2010.07305
https://arxiv.org/abs/2007.03701
https://arxiv.org/abs/2007.03701

Updated value of RCC is a bit larger than estimates of RCC ~ 3.54

)V
RCC(ml\th) = e

N

My, My, M, . ..

o (XQ(MZ)=O.I 18 with (k+1)-loop running

Hadron Ratio Factor R(uR)

I3
[

R

0,,(M,)=0.118 with (k+1)-loop running

[553
=]

0 x (1-M2/p§)°-5
cutoff

Hadron Ratio Factor R(1L )

T T T T

:A EE e 14—
;£ LO Charged current decays LO 7 Neutral current decays
] I ] I ] ] I PR | I ]
S IF S 1 =
E 0.9 NLO E‘ 0. NLU """""
& 08f/- 1O X 08F £ 1O
< 1 10 10 &~ 1 10 10*

Available Virtuality My [GeV]

R. Ruiz (IFJ PAN)

Available Virtuality [ [GeV]
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challenges of a low-mass analyses

]
- -

B K~
~J ¢ N _

. —
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For my < My, N can appear in B} — decays (or similar)

B} is low-pT physics
@ signal rates are higher, but so are background rates
@ lower kinematical scales = more difficult to trigger/tag

@ less certain knowledge of production mode
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exclusive decay modes at high pr
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how to do this in a generator?
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Event generators build amplitudes algorithmically via Feynman rules

Helicity Amplitude

(1dea . Evaluate 7 for fixed helicity of external particles
=Multiply 7 with 7" -> |m |2
=Loop on Helicity and average the results

G

7 n g ™\
\ / M= ((aeyﬂv)iz”)(miu‘n
q

Numbers for given helicity and momenta

‘ 5 Uy = fet(pr,ma)

) = (w—x(p)xx(ﬂ)

(
Uy = fet(Pa,ma) wA(P)xa(#)
Lines present in the vy = fet(ps, ms3) w(p) = /E £ |pl.
code. s = fel (i, ma)

I

x® = \ﬁz\ﬂ(ﬂ‘p,)(m+ﬁ>y)'
[ Y

e~ e (i )/

o

Example (mgbamc):
o for i — f process, start from f and attach permutations of legs
allowed by Feynman rules until i is reached
> forete = pup ey Z/y = (V)
»fore e = tryg = (X)

@ algorithm will not attach g anywhere since nothing carries color index
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Assume some set of Feynman rules containing the following:
- SM (massless QCD)

- N COUp|Ing to W (Pheno. Type 1)
Degrand, RR, et al [1602.06957]
- N C0up|lng to M (low-energy EFT)

Coloma, Fernandez-Martinez, et al [2007.03701]

Example (mgbamc):
o for ud = W — NI/ — 7//, attach permutations of legs to (7//) as
allowed by Feynman rules until ud is reached

> try g — 7l (X)
> try N — 7l (V)
> try ud — m (X)

@ algorithm will not attach g to 7 since no color charge

e algorithm will not attach ud to 7 since no Feynman rule
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https://arxiv.org/abs/1602.06957
https://arxiv.org/abs/2007.03701

Light mesons from light N at the LHC

g [ My=05GeV — ]
n - 1GeV —
2GeV —
10 Gev
scalevariation| |- |@
= 08 PDF variation| 7= 1&
o) +
= 9
8 osf :
Proof-of-concept: = %
% |
N S o4r b
1. pp = WH) - Net at g .
NLO in QCD at /s = 13 © ozf 4
TeV LHC 2 s
° 2
\ . 3
2. N — decay with full ‘3
<
spin correlation §
B .
3. full parton shower (PY8) M, [GeV]
4, baSIC I’eCOHStI’UCtion [w/ Jeon, Fernandez-Martinez, et al (in progress)]
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Light mesons from light N at the LHC

lab frame ,
N’s frame
my=05Gev —— 06 ’ "
w0l N o — 4 my=05GeV —
16 — 1GeV —
N = % — |
e variation @ e
= H > scalevariation -
= , PDF variation o = PDF variation =
810 : o]
= o
Qo 3 =
g g 8
= 2
% 10° i @]
S g =
3 e 8
. & O
—~10
Q) G
2 : 3
2 Z
E
-5
o 10 t t t t t t t o
B 025} B
g o
5 5
E E
0 10 20 30 40 50 60 70
s
pr"[GeV]
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Summary and conclusion

v have mass and discoverying their origin motivates searches at colliders!

for reviews, see Cai, Han, Li, RR [1711.02180] and Pascoli, RR, Weiland [1812.08750]

(sub-)GeV sterile N is a well-motivated solution (sut not only solution!)

°

@ new analytical results for energies and boosts in the lab frame
@ new software (uiiaws) for computing total width of GeV-scale N
°

new software (ieawn veson) for simulating N — /v, — Nl/v, and
— N/ at colliders

o final results out summer 2024!
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https://arxiv.org/abs/1711.02180
https://arxiv.org/abs/1812.08750

final words
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3-year postdoc vacancy [deadline 15 Nov]

Join #Tea mSNAIL (Scattering neutrinos on Atoms In the LHC) tO work on VDIS@LHC

PAGE CONTENTS Job Information
fellisi ey Organisation/Company Institute of Nuclear Physics Polish Academy of Sciences
Offer Description Department Department of Particle Theory INZ42/
nere oEmny Research Field Physics
s Researcher Profile Recognised Researcher (R2)
Country Poland
Additional Information
Application Deadline 15 Nov 2024 - 23:59 (Europe/Warsav)
Work Location(s)
Type of Contract Temporary
Contact
Job Status Ful-tme
Hours Per Week w0
Offer Starting Date 10ct2025
Is the job funded through ot funded by a EU programme

the EU Research
Framework Programme?

Reference Number 5/Ad2024
Is the Job related to staff No
position within a Research
Infrastructure?

Offer Description

The successful candidate will be expected to carry out theoretical and into

cattrig or actviesat CERN's Forard Physis Facilty as part o the Scattering Neutinos on Atoms at the LHC (SNAIL project
Depending on individual talents and interests, projects may involve Standard Model physics andor physics Beyond the Standard Model, as
well as contrbuting to the development of the MadGraph5aMC@NLO event generator. The candidate will also be expected to participate and
coorganize local group activites, e.g. seminars wand workshops.

Application page already up but advertising campaign starts in October
[protip: “adjunct/adiunkt” in PL = fixed-term contract]
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https://euraxess.ec.europa.eu/jobs/236701

Thank youl!
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