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SM can (???) explain everything in the Universe

; mglmcm '-A _ 4
e o S8
g

o

2400

i Standard Model
territory

CALE 1

ING S

o e

\ A—\
pDOWN ‘“?gsms &4

. SYMMETRY BREAK

g

)
T ngn

=
SELEC

D\ JVWVVYA LU IS



SM can NOT explain everything in the Universe

BSM
= ¢ | Standard Model Dark Matter/Energy
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Where is the BSM?
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We are exploring high E & luminosity regime
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However,
what if...

“ “New Phase Space”

.J Btterworth A Map of the Invisible
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We’ve already seen the tide of BSM!
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Dark Matter/Energy
Baryon Asymmetry

B-anomaly

Muon g-2

Unexpected W mass




—— “B-anomaly from LHCb experiment” —

Tide of BSM
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There is something new related
with b-jets & muons!

“Non-isolated lepton”




Muon Studies in the CMS Experiment

2. Displaced muons
CMS-EXO-17-004: delayed p’s
CMS-EXO-16-022: epn

1. Nominal muon
CMS-EXO-19-002: multilepton
CMS-SMP-17-001: DY )

3. High pT muon
CMS-EXO-19-019: 2’
CMS-MUO-17-001: Reco & ID

What’s next? -

4. Boosted muon pair
CMS-EXO-14-006: Z’->dbd->4l

Non-isolated Muon 9



Muon Studies in the CMS Experiment
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leptons inside a jet
— large lepton isolation

Non-isolated Muon



CMS detector

/¥ | OS Dimuon Mass

H (same event selection with pp. 8,
H but no b-jet requirement)
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Initial difficulty: No generator!!

- How to generate non-isolated signal samples?

1) Implementing BSM radiations in Herwig 7 (with Prof. Mike Seymour)

funded by Marie Curie Actions, as a part of MCnet project
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2) |Goal Calculating as many (general) splitting functions as possible

Non-isolated Muon



Parton Shower

Crop parton shower processes from a hard process

ﬁ% " (q%q’x) e total cross section

W@ 4T, 1o (2, q)|do-

fﬁ% dJH‘J = It é,g i ij
/”splitting function”

N 2
Plj—rt-l-j Z, g Z‘ 1j—>t+j z » @ /\}‘ :

Y

O-H.J

lteratively add the splittings using a specific ordering scale(g?)

1) Herwig: angular-ordering (6%) |

2) Pythia 8: pT ordering _ These orderings are equivalent
in soft and collinear region

3) Pythia 6: virtuality ordering

Non-isolated Muon 13



Spin-0, 1 Splitting functions

- upto m?(p;%) order in quasi-collinear limit(m, p;—>0)

Process Splitting Function
1 ( .- m3(1+22) (1+z)m% m3
Psqrv = 7 |(g2p—+ ghp) (S ——mg — L - 22)
1’} 1 -z [(_@'Lp +9rP+) 2(1—2)¢* z2(1—2)¢* =z¢?
a>q'V - ma 2mom1gLIR
(same with SM SFs) +(9Lp+ + ghp-) g — (P4 + MT"']

massive ~ 1
VSV PyET 0 (2,q) = 1- z)Z(P—l,—l + p1.1) [zmg,t(l - (1- 3)2)2 - Zmit (1 —(1- Z)ZQ)
— ng,t (1 —(1- z)gz) + 4p0.0 m%st z(1 - 2)3} .
, ey,
(mgo +my)® —ms
’ Pisqgo=1—2+ =
:q%q ;IJ . ) 1 2(1— 2)(q)?
e.g. charged higgs, ...
g g g8 /VFW
P 1 (s + )z(l—,z)+ l—z+ 1 {p_—l—p_(l_‘_ﬁ
V=Vie T g P+ P 2m? po 2m2 z(1—2)¢? 2 -
VoV’ _ _
¢ 2(1—2)m3 zm3  pg (1—2)m? m3
e Y L 1)
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Spin-0, 1 Splitting functions

- upto m?(p;%) order in quasi-collinear limit(m, p;—>0)

* Upto ~O(mP°) order?

Ans) VV¢ vertex factor already contain m? term

1 z2(1—2) 1— =z 1 pr+p_
Py _vie=—=|(pr+p_ — + 5 + H‘{ (l+z
Voo T (p++p-) 2m? Po 2mg - z(1 — 2)¢? 2
VoV’ _ _
¢ 2(1—2z)m3 B Zm3 Po (l L (1 —2)m? B %)}
m3 m3 2 i zm? mé

Non-isolated Muon 15



Spin-2 Splitting functions

- Considering Kaluza-Klein excitations of gravitons
Eur.Phys.).C56:435-447,2008

Lypr = 4GTTH* [_%u{f_(i’)’pap—mlf)f— %6P(f’5’7pf)}

{57t — 20uFimd) + (e n)}], (29)

Fermion-Fermion-Graviton Lagrangian:

e

Apr(m, — zm(,)]2

Pysea = P+[[\/—4PT )]24—[ (1_7)\//:

N [2_ (1 — 2)%(my + zmg)my — 22°m3 + (1 — 2)p Tr
pT (1 — 7)27*/31??2
[le (m2(1 — 2)? — 22m3 + p3) — zmo((1 — 2)°mi — 2*m3 + Q-p%)r N
(1 2)z3/2my

+p_(...)

1. Why do we calculate it upto ~O(m?) order?

- ffG coupling contain llMiterm
2. Why is it so complicated?

- We should consider all combinations between my, m;, my, and p; | .




Results

- g~ qH splitting is validated using “ttbar+Hyg,, sample” with the type-ll 2HDM

MG ‘ MG Herwig7 BSM
\
o ‘—l_' 5 — FU ‘I
'__'_ — H] with dR cut |
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w% ' 17%—1H
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Results

q — gH splitting is validated using “ttbar+Hpgg,, sample” with the type-Il 2HDM

-FO: [pp > tt~H] -RS: [pp>tt¥] +[t > tH] _
MG MG Herwig7/ m(HBSM) =20 GeV

L8



Results

- g~ qH splitting is validated using “ttbar+Hyg,, sample” with the type-ll 2HDM

-FO: [pp > tt~ H] -RS: [pp>tt¥] + [t > tH] m(H...,) = 50 GeV
MG MG Herwig?/ BSM
PT(H) r]sub
lrlll- N H—Fol a E i l
10 E — RS — RS
— FO with dR cut : | — FO with dRTyt N
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Results

- Splitting function implementation status in Herwig 7

EWK shower in Herwig 7 BSM shower

Electroweak Radiative Corrections in Precision

ion of Angularly Ordered Els
Parton Shower in Herwig 7

will be published soon!

M.R. Masouminia & P. N. Darvishi & M.R. Masouminia,
Richardson, arXiv: 2108.10817 arXiv: 2112.15487 J.-B. Lee & M. Seymour (2023)
(24.AUG.2021) (31.DEC.2021)

This will be used in...

- Most of low scale BSM searches in future collider experiments
- Dark sector shower, e.g. Hidden Valley model

« BSM search using non-isolated leptons

Non-isolated Muon
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Signal kinematics

ut Muons
] ul: pT = 102.7 GeV
z W u2: pT = 33.0 GeV
b > »— b

Z’ shower model
m(Z’) = 20 GeV

Jetl: pT =475.0 GeV

Jet2: pT = 426.6 GeV

[Signal MC]

Work in progress

Non-isolated Muon 21



BSM search using non-isolated dimuon in CMS

. full 2016 CMS datasets (L = 36 /fb, 13 TeV) = will use Full Run2 datasets

OS muon pair

- (standard) tight ID

- AR(b-jet, p;) < 0.3

- Particle-flow isolation (0.4 cone) > 0.3

. At least 1 b-jet

/ } - (standard) tight ID

/ - b tagging:

Pass DeepCSV tight working point

Double muon trigger
- pr > 30, 11 GeV
- No isolation

[Pythia8 Signal MC]

Work in progress -




Background Contributions|ches

* Data vs MC

* Non-isolated lepton study has large Q(
lepton contributions

lom non-prompt

single B meson

 The sources of the QCD background ar] dominantly, v
BBbar
CMS Preliminary/ 35.9 fb™' (13 TeV) b
31 062 i /I
*§1 05 %P—FI_-W
g F .
104§—
3 ke
e —— data
10° I acD(others)
10 [ ]acD(BBbar)
[ ]QcD(single B)
1 Il aCcD(DDbar)
107 [ ] acD(single D)
2 [ ttbar
10 1 2 3 4567 10 20 30 40 107 | [ tW
M(u* ) [GeV]

Non-isolated Muon
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Background Contributions

* Data vs MC

* Non-isolated lepton study has large QCD backgrounds from non-prompt

lepton contributions

* The sources of the QCD background are studied precisely

CMS Preliminary

35.9 fb” (13 TeV)

e
o
[=)]

Evgpts / GeV
<

—_
o
S

Search region

- Above Y peak

- No single B(D) contribution

1

107"

1072
]

2

3 4567 10

Non-isolated Muon

—— data
I QCD(others)
[ ] QCD(BBbar)

20 3040 10°
M) [GeV]

[ ] QcD(single B)
[ QCcD(DDbar)
[ ] @cD(single D)
] ttbar

B tw
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Background Contribution| [chesny

* Datavs MC
* Non-isolated lepton study has large ( — Crystal ball function

lepton contributions \

 The sources of the QCD background { | dominantly,

Same distribution shapg!

BBbar
CMS Prelim b
% =
O10°: ﬁ
451 0° é__r”“"”"‘m
single B meson %104‘_ e b |
s
10 —— data
102 I QCD(others)
10 [ ] QcD(BBbar)
[ ] QCD(single B)
1 I acb(DDbar)
o cingte P
ork in progress I ttbar
10_21 2 3 4567 10 20 3040 10 | I tw
M(u* ) [GeV]
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QCD Background Estimation

e Data-driven method
e QCD shape is extracted from the SS dimuon mass distribution inside a b-jet
* ttbar & single top MC events are subtracted

- Crystal ball function

CMS Preliminary 35.9 b (13 TeV)
8k [ |Data - MC® (x — p)? _
z " \@’tbo eXp(- o2 for TE < ¢
2 el ‘ e (x) =N - o o
i} 102§ S % f -n X—U
g Sy X—u , for > a
10 H\ 9 A-|B+ o
| ) o
C N /l¢
e *‘\;\/ * Crystal ball function describes the QCD background
107k G, shape very well at M > 5 GeV
107; * Plan: extend the search region up to 5 GeV (= backup)
=| Work in progress
insl a 1
13 N =8074.5
L oraf
Sg 1'1;—0—_*_{"% SeiE U= 4.2
%g.zf Tt 0=3.5
a F i
0-711 20 30 40 50 60 70 80 90107 n= 25-2
M(u=1) [GeV]
a=1.5




Results 1: Mass distribution

* OS dimuon indisde a b-jet
* Check an anomalous contribution like LHCb
* The same-sign fit result is normalized by #(OS events)/#(SS events)

« Data and prediction agree well in 1o(stat.)

- applied corrections -

o | sources

jet

muon

trigger
top

Events / GeV
Sm

Jet energy resolution 10°
Jet energy correction 10
b-tagging scale factor

1
Pile-up reweight |:>
107"

momentum scale

CMS  Preliminary

35.9 fo' (13 TeV)

data

(3]
J

+
I
]
I

Work in progress

ta-driven

(Rochester correction) 102
e 1'35
ID scale factor B
B E +
. -— 18 J I
trigger scale factor S TL
0.8E
Top pT reweight 07°
PP g 11 20 30 40 50 60 70 80 90107

Non-isolated Muon

M(u*u) [GeV]
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Results 2: Asymmetry

e Dimuon charge asymmetry
_N@T) - NQ@pe)
N(utu*t) + N(p—p™)
e anomalous production of same-sign dimuon events inside a b-jet

A

* Asymmetry is not observed considering the uncertainty (within +20)

CMS  Preliminary 359 (13 Tev) 04CMS Preliminary 35.9 b (13 TeV)
5 E >YVer—
S et bt g -+ b-jet L
€ 10° z £ 0.3 ] . .
g L—Hm”‘”m 2 Dllght'let :::
10% T  bjet) 021 (Veto loose b-jet)
ol ol an I 4
T it [
H o o T
-| Work in progress A B |
1n2 L L - I B [
= .28 : —0-2; I
S 1e | - . u
5 BB RER SR 0 03 -
PRY gl | Work in progress ||
= A YE — T ——————————————————————)
= 8 : At esi0 B 5040
1 2 3 4 567890 20 30 4050
M(up) [GeV] My, p) [GeV]
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Opposite-sign Dimuon mass distributions

e electron id: medium, vetoing isolation (iso > 0.198+0.506/pT (EB), iso >

0.203+0.963/pT (EE))

* event selection

- HLT: P;(W) > 37, P,(e) > 27 GeV

- To reduce y—>ee, exactly 1elu is required inside a jet (AR < 0.3)
CMS  Preliminary 35.9 o (13 TeV)

OS epinside a jet

P-(1) > 40 GeV

) > 30 GeV

10°

Events (log)

T HIIHI‘ T \*\IIIH‘. [T TTTI
#
41
3

102

-
3

—+ DATA
Il ocD (Heavy|flavour)
acD:

it
LR

1/3 electrons are originated
from ¢, b mesons
Fake rate is too large

Data / MC

O PO NBDON
L4
e
T+

OO0 Ao

o ISR an i L L
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[Thank you for listening]
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BACKUP



Muon g-2 Theory Initiative, Phys.Rept. 887 (2020) 1-166

Budapest—Marseille—~Wuppertal-coll., Nature593(2021)7857

o
BNL g-2
O i
FNAL g-2
< 150 >
¢ L it O i
BMW, lattice QCD  Experimental
Standard Model Average
< 420 >
' O i
White Paper
Standard Model

175 18 185 19 195 20 205 21
aux109—1165900
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Parton Shower

Crop parton shower processes from a hard process

ﬁ% i (q%q’x) i total Cross section
~ ﬂ’int(‘ﬁz) dqz

fﬁ% doit; > o G2 dz Ptp}—nﬂ( X dg;j’
/”splitting function”

2
Pﬁ—nﬂ Z‘ ij—i+j (2.4 )“)‘ '

Y

O-H.J

lteratively add the splittings using a specific ordering scale(g?)

1) Herwig: angular-ordering 2= g; —m?

o . z(1—2)’
2) Pythia 8: pT ordering PR (1= 2)m? 4 em? — 2(1— 2)m?
3) Pythia 6: virtuality ordering B 22(1 - z)?

B 2q; - qr + m‘;‘ +mi — m?_

z(1 — z)

Non-isolated Muon 33




QCD Background Estimation

< Data-driven method

e Same-sign dimuon events are dominated by ’-" events, but its
distribution shape is same with “BBbar” events

e > 55 & 0S dimuon mass distribuitons have same shape

CMS Preliminary 35.9 b (13 TeV) CMS Preliminary 35.9 b (13 TeV)
g ol - | light-jet OS & L. | b-jet OS
2 E. i rhto P e e e R i
=S =S N —+ light-jet SS s I + b-jet SS
0>J 10° : T = 0>J 10°E e
RIS I S B I - - —+
B - " - 10% e
10°E e = [
- Data T 1ol +{i:
C E -~ -
o R L — T - QCDb MC 1
=l -jet events 1 .
L RS I = b-jet events
— (Vetoloose b-jets) oL
10" = | Work in progress | 102 Work in progress
BT T * |tt + tW dominant F |
£ 14?‘ / E 243
T 12, same shapet e € 5t EE
10F it dapg: E 3
o S 0 O o | = 25ET) CEETTT T =1
oF e et ) E (BE e w T
af N — L~ E 0'512 I -
oF E ‘0E E
5 6 7 8910 20 30 40 50 5 6 7 8910 20 30 40 50 60 70
M(p*u) [GeV] M(p*u) [GeV]
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