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Introduction

TheStandard Model
particle content is
complete, and we can
be justifiably proud of
Its successn explaining
ATLAS and CMS data

BSM Theory Felix Yu 2

LEPTONS

Standard Model of Elementary Particles

(fermions) (bosons)
I Il Il
=2.2 MeV/ =1.28 GeV/c? =173.1 GeV/c? 0 ) =124.97 GeV/c?
% % % 0 0
Ya Ya Vo 1 0 H
Y S t 9
up J charm J top J l gluon higgs
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? 0 )
% =% -% 0
« (d 5 (8 x (D 3
down J strange J bottom J photon
J
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c? ) »
-1 =1 =1 0
. @ |I- @ || @ |2
. %
electron muon tau Z boson 2
e LU= ) oF
<1.0 eVic? <0.17 MeV/c? <18.2 MeV/c? =80.39 GeV/c? R O
0 0 0 (Lg m
% Ve % Vp. % 1 5 DO:
=
electron muon tau g0
neutrino || neutrino | neutrino w boson (GRS

three generations of matter

interactions / force carriers




Introduction

CMS Preliminary

June 2021
8. -
= 05 o J
© F oo i
I 2n jet(s
- 4|
10 E 2n jet(s)
Eoo@
C @
103
R
10°¢ . °

i

—
T IIIIIII| T IIIIIII|

Production Cross Section
o

—
<
T1 IIIIII|

—
<
N

10°°

T T HHIW

ud
of SM cross sections.. .
. p e i . E
gk T hes -
5 v § :
By | L ek g I -1 Qj*f‘ 2}, 3
AN ﬁé : e
o f ) i i_§
fe :i . ‘@ --—i
.%. T i‘ ?& L E
3 n §
& i

@ 7 TeV CMS measurement (L<5.0 fb™")

& 8 TeV CMS measurement (L<19.6 fb™")

@ 13 TeV CMS measurement (L < 137 fb™)
— Theory prediction

2 Z 2 CMS 95%CL limits at 7, 8 and 13 TeV

Agreement spanning ~10 orders of magnit

107*

All results at: http://cern.ch/go/pNj7
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Introduction
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And the SM )
expectations are also
being borne out In
current Higgs
measurements
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Vd

Lest ye forgeté

The Standard Modalannotbe the end of the story
i 258 O HIE ‘ EXISTENTIAQUESTIONS
A 1 \ A Fundamental

/ v“' ¥ nature of
i ‘ \ _i;’;m ~ neutrinos?
3 " E o A Matter/antimatter

A Dark matter and
dark energy?

For these existential guestions, the Standard Model
IS a spectaculdailure
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Starting point for BSM

A The SM has a (wide) range of Photo credit: SMETEK / Science Photo Lib
validity, but can only be an R
effective theoryof NATURE

I Goal for discovery = probe SM

breakdown at the edge of its
validity

o3 A H;v

Leads to a BSKAARDENDFBRANCHINGATHS
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BSM Garden of Branching Paths

A Treat SM as SMEFT, agnostic
about UV physics

I Caveats: no lighdofs, limited
regime of validity, closure test on
EFT applicability, New Physics Fle
Problem

A Build topdown model, usually

motivated by solvingarticular
problem

I Neutrino models,
baryogenesidéptogenesisnodels, B
dark matter models, naturalness,
auNery3a /tz Tt O:

I Also agnostic about theory
motivation and instead aim to
develop novel phenomenology
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Where Is the new physics?

A No guarantees, only soft guiding principles
I Naturalness
I Minimality
I Thus far, fundamental laws of Nature have always exhibited a
reduction in dynamical complexity at higher energy scales

A More symmetric spacetime and more mininafs
A Side remark: Supersymmetry?!

A Decoupling vs. nedecoupling

I Any new physics model amenable to SMEFT description will
smoothly decouple as\p Ik

A However,particular NPmodel classes can exhilmibn-decoupling
I E.g.chiral theories, chiral anomalies, UR mixing, gravity effects

itAll0ofS bt Y2RSfta gAfft I f gl &:
A State of the art will always be a competition betwedirect probes off \p
vs.indirect tests via EFT description
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LHC = energy + precision

A lllustrate the interplay of direct and indirect tests

via current state of |
ATLAS, Naturé07, 52-59 (2022)
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CMS [2209.07327]
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Case study:-| oSsMe oH I

A SM weak gauge boson scattering results in
breakdown of perturbative unitarity if Higgs Is
absent or if Higgs mass is too heavy

PHYSICAL REVIEW D VOLUME 16, NUMBER 5 1 SEPTEMBER 1977

Weak interactions at very high energies: The role of the Higgs-boson mass

Benjamin W. Lee,* C. Quigg,’ and H. B. Thacker
Fermi National Accelerator Laboratory,% Batavia, Illinois 60510
(Received 20 April 1977)

We give an S-matrix-theoretic demonstration that if the Higgs-boson mass exceeds M, = (8 2/3Gp)'?,
parital-wave unitarity is not respected by the tree diagrams for two-body scattering of gauge bosons, and the
weak interactions must become strong at high energies. We exhibit the relation of this bound to the
structure of the Higgs-Goldstone Lagrangian, and speculate on the consequences of strongly coupled Higgs-
Goldstone systems. Prospects for the observation of massive Higgs scalars are noted.
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My from perturbative unitarity

A SM calculation of >_<
longitudinal gauge boson - \

scattering

A Partial wave expansion of H
scattering amplitude TN

A Unitarity on partial wave ><
coefficients dictates | LW
bound > <

My=M,=(81V2/3G,)!/2~1 TeV/c? v H W

Lee,Quigg Thacker (1977)
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Reinterpret calculation for n@M*,,

. 9 .
s-channel,Z+gamma iMy. 20y =~ Cs+5md - )
My
g%t —3mj
t-channel Z+gamma iMy, 7en = %V T (s S+ )
artic - ig° (2 2 _ g2 Smiy
qu iMy=—7 (5" +4dst+ 17 —dmy (s +1) - ut + . ..
dmyy, S
. . 9 9 4
s-channel, Higgs VI Ay LTI Y (- S L
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New Physics scale

from

A Modifying Higgs amplitudes ky, reintroduces

unitarity violation

4
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New Physics scale frog
A Modifying Higgs amplitudes ky, reintroduces

Is = 14 TeV, 3000 fo' per experiment

unitarity violation = i

.| Total ATLAS and CMS
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—— Experimental
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Higgs® -frameworko modern twist

A Realization of a given ne®M [, has new particles
below[ \p
I Manifest in 2ZHDM models or VLQs/VLLs

A Same for Yukawa couplings
I For exampleﬁCO WHW- scattering breaks unitarity at
8mv? ( = /3 quarks
Ef ~

~ (mg—ypv] © ¢ = 1 leptons
Appelquist Chanowitz PRI59, 2405 (1987
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[-matching to dind SMEFT

A Scale of unitarity violation subsumed by adoptinc
dimension6 effective operators

H'H

A2 QHur
_ ,HT B
+ yaQrHdgr + yg, e QHdr + h.c.

I Diagonalize masses, obtafukawas

! 0y3
v v 3Y'.v 2 v?
my = UYL U Yo _ Y, SYpvT _omy 2

NS N R RN T NS

I Resulting Yukawa interactions are not necessarily
diagonal or Cfeonserving!

I This is theNew Physics Flavor Problem

L O y,QrHugr+1,
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New Physics Flavor Problem and SV

A Dim6 SMEFT has 76 (one generation) vs. 2499

operators (three generations)
it N OGAOFE NBIdZANBYSY (Y NBRdz
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SMEFT global fit

A Dim6 SMEFT has 76 (one generation) vs. 2499

operators (three generations)
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New Physics Flavor Problem and SV

A Dim6 SMEFT has 76 (one generation) vs. 2499
operators (three generations)
I SMEFT does not increase global flavor symmetry of !

I Generic choice of couplings Is excluded by precision
flavor measurements, CPV

I Typically adopt minimal flavor violation, but still
motivates new flavor observables and CPV centered
around Higgs

AConnection to baryogenesis CPV

BSM Theory Felix Yu 19




CPV and baryogenesis

A New sources of CPV are generic but highly
constrained by EDMs and precision flavor probe:

:(ct, Ct, Cr, ¢,) free

= LHC 90% CL
— eEDM 90% CL

1.5

1.0}

0.5F
; Bah| FuchsHeinemeyerKatzy Menen
Peters,Saimpert Weiglein[2202.11753]

0.5 F

—1.0F

e N .
—0.010 —0.005 0.000 0.005 0.010
Ct
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ThEXxp Connection, going differential

Slide from MattedBonanomi[CMS]
Higgs boson CP properties: Hr7 AN

A Identified H? z &as promising
decay mode for CPV test

Loheno D —My TT — I h7(cos A + iy sin A)r

\/§ — —
— — E * —
O =sgn|v+-(E_xFEy)| Arccos [f—_,]
| | B+ |E

Truth level ®

0.10,

Normalized yield

Harnik Martin, Okui Primulandg FY [1308.1094]
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B CMS 137 fb~! (13 TeV)
Effective Lagrangian for Yukawa coupling to o 12— T T T ]
s — Observed: &M 14£19°(68.3%CL) ]

tau leptons parameterized by = iy oy
< 10k Expected: a{JI7 = 021 °(68.3% CL) .|

and CP-odd components ol 9.7 1

. i, ~ 8
Lo = ——H(x, 10 + K Tiyst)
v 6 -
H
3
by _ & F 8
tan(a"™) = — B
K, 2 8
2
. . 1 L 1 S
Table 1: Possible CP scenarios [l e 5 = 20
Scenario £ aH7 (degrees)
Purely CP-even 0% or 180° ! grees
Purely CP-odd 90° B
Mixed £ 0, £ 90°, # 180° aT = — 1 £ 19 (21° exp)
Pure CP-odd coupling excluded at 35
LHC Days, 03/10/22 - M. Bonanami 16

Slide fromYanhuiMa [ATLAS]

SM Higgs CP properties: Higgs-Tau coupling with Htautau

» Effective Lagrangian for Yukawa coupling to tau leptons parameterized by CP-Even and CP-
odd components

m ATLAS-CONF-2022-032
Lyrr === "ry (008677 +in ¢, Tinst) H

T T T T T T ™3
7L ATLAS Preliminary —— Observed: ™ = 9316° (68% CL) |

-Aln(L)

#5=13 Tev, 139 o - Expectsd: 3 - 0£28° (68% CL) 1

o L. m W s o @
1

S
0.1
¢, =9 £ 16° (28° exp)

® pure CP-odd coupling excluded at 3.4 ¢

21



SMEFT caveats

A Aside from NP flavor problem, thinking of BSM =
SMEFT precludes the possibility of ligbfs

A Biggest reason for new light and hiddeéaf: DM
I MET signature at LHC experiments
I Long history for DM EFT leading to simplified models

Name| Type Gy rx
M1 | qq |mg/2M; | 1 1
M2 | qq |img/2M2| ~s 1
M3 | qq |img/2MZ| 1 | 75
M4 | qq |mge/2M2| v5 | 75
M5 | qq | 1/2M2 |y 7*
M6 | qq | 1/2M2 |vs7.|ys7"
M7 | GG | a./8M2 | 1 | -
M8 | GG |ics/SME | 75
M9 | GG | as/8M2 | 1
M10 | GG |ios /8SM2 | s

BSM Theory Felix Yu

L =G,y [xIXx] x [qI'q]

Goodman, et. al. [1005.1286, 1008.1783
Bai Fox,Harnik[1005.3797]
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DM EFT caveats

A LHC probes of high energy taitpicallyinvalidates
MET+X EFT treatment

I Resolved by-shannel or fchannel mediator simplified model

Axial-vector

15001 g,=1.0, g/=0.0 1500+

1250 12501

% 1000 1 % 1000 1
S O,

>~ 750 » 750
& &

500 1 500 1

250 - 250 1

0- 0

0 1000 2000 3000 0 1000 2000 3000
Mmed [GeV] Mmed [GeV]

Snowmass whitepaper on DM collider constraints [2203.12(
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Reasons for hope: DM at LHC

A DM is colorless, EM neutrahow does it couple to
SM?

A Portal operators; leading marginal operators to
new physics (mediators or DM directly)
| Scalar Higgs portal  (ué + A¢*)H'H
i Neutrino portal ynLHN
i Kinetic mixing portal ~ QCOZ 5 B
i Axion portal (dim. 5) 2pg, Fwv

A Soft principle from quaantum theory: anything not
forbidden(by symmetry) isnandatory

BSM Theory Felix Yu 24




DM and Zconnection

A s-channel simplified model for DM vector couplin
to quarks ideptophobic vector boson

A Naturally realized agauged baryon number ¢

Since baryon number is anomalous, require _ Sty over
new chiral fermiong viable only if mainly
chiral under baryon number Higgev

3
Michaels, FY [2010.00021]

£ 2|

lllustratesnon-decoupling !
chiral newphysics,another
caveat of standard SMEFT
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Exotic 2 Z r decay

A Unique phenomenology-
anomalyinduced ZZ-r
vertex

A Signature is exotic Z
decay to [)),.cH

Az NBazylyy
leptons signature alsvﬂ
possible

B'J’)

my, [GeV]

Michaels, FY [2010.0002
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JdB

Current status of direct and |nd|rect Constralnts on bary@’hdz

TLA/scouting

BSM Theory Felix Yu
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Wealth of models meets multitude of constra

Overview of CMS EXO results

CMs preliminary

String resonance: M BE=78 19110347 2])
Zy resonance N 035-4 171203143 2p+ ly; 2e + 1y; 3
Wy resonance M 15281 2106 10502 (1 + Iy)
Higgs y resonance. M 072-335 | 180801257 {1j + 1y}
g Color Octect Scalar, k7 =172 Ll 0537 191143947 {2j}
Scalar Diguark M OS=750 1911.03947 (2j}
th4 §, pssudoscalar scalar), g2, x BR{g=21) > =0.03(0.004) n 0015-0.075 191104968 (31, 241}
48, pseutoscalar {scalar), gz, x BR($=21) > =0.03(0.04) M 0108-0.34 191104968131, 241}
f quak composianass (1), 7, .
E. quak composianass (1), fusn = Ko
Excited Lapton Contact Interaction N 0255060 2001 04521
£ Excited Lepton Cantact Iteraction M QS 2001 04571 {21+
vector mediator {4}, 9. =025, Goe N 035-07 191103761( 2 3j)
.9, = 0.1, g = 1.9, =0.01 M D192 210302708 (2e, 24
M WSZTEN 191103947 (2j)
M 2185 2107.13021{ 2 1j+ pi*™}
01gau=1g=0.Lm,>m...2 Ll 02464 210302708 (2e, 21
= Jo=Lgou=L.m,=1GeV N <020 190101553 (0, 1 4 22j+p7™
£ ‘scalar mediator {fermion portal], 4, =1,m, n L5 2107130211 214 )
% pseudoscalar madistor (+{V). g, =1. o M <04T | 2107130210 =1j+py=l
X SOSCAIST MESEDT (+00F] G, =1, Ge = 1,1, W €03 190101553(0, 1 4 22)4p7"
‘compiex sc. med. (dark OCDY, ma, =5 GeV. cTx, =25 mm N 1587 181010069 (4j)
7 medistor (dark OCD), m,,, =20 G&V. £, =03, a,,, =afis N 155500 211211125 (2j+ py™
Baryonic 2, g, =025, g =1.m, =1 GeW M E160 190801713 (h +pP=)
T - 2HDM, g =03, tang =1 m, = 100 GeV' M 5230 190801713 (h +p5™)
Leptoquark mediator. = 1. B=0.1, A o = 0.1, B00 < Muo % 13040 GeV. M 03-06 11110151 {1p+ Jj+py™
RPV stop to 4 quarks M OUBSOSZN 130803124 (2j; 4j)
RPV squark to 4 quarks N OI=0E2N 1806.01038 (2j)
E RPY gluing to 4 quarks Ll OI=IAT 1806.01058 (2j)
RPY gluinas to 3 quarks ~ EIS) 181010092 {6j)
ADD (g} HLZ, e L
ADD lyy, 1) HLZ, neo = 3 N SO0 181210443 (2, 20
ADD Gy emission, nzn = 2 M
ADD GBH {j). he =6 M B2 1803 0803
ADD QBH {ap), nes =4 M ES561 2205 06709 {ep)
E ADD QBH feTl. neo =4 M S50 220506709 (e}
! ADD QBH {ul. neo =4 N ESI 2205 06709 {pv)
£ S Gt iy = 0.1 M =ATBY 210302708 21)
£ S Gyl kil = 01 M I 180300327 (2y)
RS Goclgq. gg). kMo =0 1 L] BETEN 191103947 {2j}
RS OBH (j). fen=1 N ES5I 1803 08030 (2j)
nonotating BH, Mo = 4 TeV, nen ~ <97
3 rane WED Gerld + 9 999). Goom o =3, £=0.5, mighmignl =01 mg,) ZSHEN 22010214042}
split-UED, p=2 TeV b3 NA=2EN 22020607518 +p7 ™}
N W5=EE) 191103947 (2j}
g- N 0255397 1811.03052 y + 2¢]
N W25=3/80) 181103052 (y + 291}
WMEM, [V 0. Val’=10 M 0001-1.43 1802.02965; 1806.10905 (34() 1j+ A(p, &)}
VMM, Ve Vo NIV [* + [ Vil '} = 1O N 002-16 180610%05(21j+pu+el
E-E pel seesau heavy fermions, Flavor-democratic M 2202086763, 241,17 434, 274 2, 3r 4 1, 1T+ 20, 27 4 1)
Vector like taus, Doublet N 220208676134, 2L, 17 +34, 27+ 2, 37+ 1, I + 24,27 + 1)
Vector like taus, Singlet N 0125-0.15 220208676 (30, 244,17+ 34,27+ U, 3 + 1, 1r + 24,27 + L}
‘scalar L {pair prod J, coupling to 1* gen. fermians, = 1 Ll <l44 181101197 2e+2j)
‘scalar LQ {pair prod J, coupling to 1* gen. fermians, B= 0.5 ~ <127  181101197{2e +2j;e +2j+py™}
£ ‘scalar L {pair prod J, coupling to 2" gen. fermions, f= 1 Ll <153 180805082 2u+ 2}
‘scalar L {pair prod J, coupling to 2" gen. fermions, f= 1 N 0B-15 1B1110151{Lu+1j+pi™)
scalar LQ (pair prod. |, couping to 2" gen. fermions, f= 0.5 M <129 180805082 (2p+ 2j; p +2) + 3=
§ scalar LQ (pair prod. |, couping to 3" gen. fermions, B=1 M <126 CMS-PASEXO-19-016 (21 +2j)
sealar L (single prod ), coupling to 1% gen. fermions, =0, A=1 N 1-16 210713021 ( =1+ =]
‘scalar LQ (single prod.), coupling to 3" gen. fermions, #=1.4 L' <075 OMS-PAS-EX0-19-016 {27 +b)
2., narrow resanance M 00115-0.075 191204776 (24}
Z,, narmow resonance M 011-02 1912.04776 (2p)
SSM 21t M 02-515 " 210302708 {2e, 20
55M Z°(g§) N 05=297 191103947
Ziaql Ll 001-0125 190310331115, Ly
Superstring Z, 'l 02067 210302708 (2e, 20
E LFYW Z, BRieul = 10% Ll NS5 220506 709 feu)
- LFV Z, BRier] 0% Ll 02437 220506708 e}
g LY Z, BRy ] 02=41] 220506709 {ut}
8 Leptophabic 7/ N 005=0451] 190904114 (2j)
£ SSMWLe) M QASSIN 220206075 [ + Py’
= SSMWi{r} N D6=08 | MS-PASEXO-21-009 [T +
SSMWigdl " 055360 1911 03947 (2j)
LRSM Walphis), M., L] 5211203940 (2p+ 2}
LRSM Wp(eNa), My, M 4T 211203049 (2e + 2j)
LRSM Wp(TNa], My, N S350 181100806 (27 + 2
Aighion, Coloron, caté =1 M 052661 191103047 (2]
L

Selection of observed exclusion limits at 95% € L. (theory uncertainties are not included).
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Navigating model parameters for exotics

A Main rule of thumb: new particles charged under
SM gauge symmetries guarantee paroduction
Cross sectionxseconly depends on mass

I Examples: LQs, VLQs, VLLs, SUSY

I Decaysand collider signatures amodeldependent
(fully visible, cascades, X+MET)

A New vectors: new gauge coupling and mass
I Limits depend strongly on coupling

I More informative to present limits in coupling vs. mas
plane
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Z bosons as a standard candle

A Offer one way to
organize future collide
BSMsensitivity

A New gauge coupling
determines productior
rate, particle width,
and lifetime

Robert Harris, FY, @mnvenors of

GbSg 2azyacé
Snowmass Energy Frontier BSM reg
[2209.13128]
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Machine Type Vs JLdt Source Z' Model 5c 95% CL
(Tev) (abl) (Tev) (Tev)
R.H. Z o > dijet 4.2 5.2
HL-LHC pp 14 3 ATLAS | Zeu—> 171" | 6.4 6.5
(V3 Zew>171- | 63 6.8
EPPSU* Z'ynivlgz=0.2) 6

ILC250/ ete- 0.25 2 ILC Zem> T | 49 7.7
cLIc380/

FCC-ce EPPSU* | Z',,,(8,/=0.2) 7
HE-LHC/ pp 27 15 EPPSU* | Z',..(87=0.2) 11
il ATLAS | Zgu>ete | 128 12.8

ILC et e 0.5 4 ILC Zem—>frf | 83 13
EPPSU* | Z',..(8,=0.2) 13

cLIC ete 15 2.5 EPPSU* | Z',,.(8,=0.2) 19
Muon Collider T 3 1 IMCC Z'yol8:=0.2) 10 20
ILC etem 1 8 ILC Zem>THf | 14 22
EPPSU* | Z',.,(g,=0.2) 21

CLIC et e 3 5 EPPSU* | Z',,(g7/=0.2) 24

R.H. Z' s > dijet 25 32

FCC-hh pp 100 30 EPPSU* | Z',,.(8,=0.2) 35
EPPSU | Z'gu—>1*1- | 43 43

Muon Collider puh o 10 10 IMCC Z' ;87 =0.2) 42 70
VLHC pp 300 100 R.H. 2’5 > dijet 67 87
Coll. In the Sea pp 500 100 R.H. Z s > dijet 96 130

AlAlJIsusS 7  Dbuisealou|

<
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Topics not covered

A Anomalies in current date StathesPaganis

A Neutrino theoryc VedranBrdar

A LFnUc DamirBecirevic

A DM theoryc Marco Cirell;

A (g-2) and latticec LukasVarnhorst Highlight: new models for
A PrecisiomQCD¢ KresimirKumerick collider SCE‘;?JS(;B ?2";%?3;320
A Machine learning; JernejKamenik —
A Gravityc GiaDvali
A New naturalnessind other models ..

I Relaxion T
I Clockwork /
I Axionsand ALR

A Lifetimefrontier

ot s ey
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Conclusions

A The SM lives on, but only as an effective description of
NATURE

A Motivations for new physics remain as urgent as ever

A BSM garden of branching paths: SMEFTexqmdicit new

models
I Scale®f new physics: interplay of direct and indirect searches

I Decoupling vaaon-decoupling
A LHC is both precision and energy frontier machine
The Standard Modaannotbe the end of thestory ¢

ultimately, precision calculations, discrepant data, and rok
Interpretations will spell the downfall of the SM
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Discovery targets for new physics

I Dark Matter and dark energy
AWIMPs, lightand hidden

| Baryogenesis

A Electroweak phase transition and triple Higgs coupling
I New particles, new forces

A%Qk2 Qk! Q oMIB2yasz *[vazx
I How Is the naturalness questions resolved?

A SUSY, composite Higgs, extra dimensions, new mqdelaxion,
clockwork

I Origin of neutrinog Majorana or Dirac
| Strong CP

I New Physics Flavor Problem

I SMEFT and precision $hasurements
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A v

Introduction and Motivation
2\ 3

experimental searches

0,

NI

Y RE

SM precision calculations also critical for long tails of

distributions

137 fo (13 TeV) 140 o' (13 TeV)
T T

T T
CMS t Data
[y/Z —e'e

[1Jets

/! [Y/Z —>p'w
mtt, tW, WW, WZ, 727, 1t it tW, WW, WZ, 727, 1t
[] Total Background (NR)
— G, kiM, = 0.05, M = 3.5 TeV
wani Zlgy, M = 5 TeV

— Gy, k/Mi, = 0.05, M= 3.5 TeV
w2y M = 5 TeV

(UL AL LU AL ML AL

i
|l

4,
el "”H

'(D ] | | |
oul !
Ta T T

|
|2
-
T

(Data - Bkg) / Bkg
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L L1 { 1 L 1 1 1 1 1 1
~ 1 70 100 200 300 1000 2000

3060 2000
m(u*w) [GeV]

(Data - Bkg) / Bkg

CMS [2103.02708
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Kinetic mixing and mass mixing

A Kinetic mixing operator induces namitary field
transformations Seege.g.Liu, Wang, FY [1704.0073

I Operator generated by charged matter content under
both U(1) currents

I In EW broken phase, have separate Z and photon kir

mixings and possible mass mixing with SM Z boson

| R—
5 Z’B“ (I{Z ZSM,LW — I{,YF#V) + AM%;ZZ}I;ZSM#
AReal part of Pt. amplitude generates kinetic and mass mixi

Re A%/, = k7 (¢"p" — p'p") + AMZ, , g™

BSM Theory Felix Yu
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Kinetic mixing and mass mixing

A When calculating -pt. amplitude, necessarily sum

over products of charges of fermions
A ,L.gcig /da: ZNf{m?“ (Q£Z£+9£Z£) ! Dobrescy FY [ 2112.0539:
W 0 ¥

+ (o + oheh) |9t + 20— @) (9 = 2p") 1] } , (A.2)
. 2 2
Iy = (17)? In (—IJQ x(1 :E)/ﬁ zeo)

Iif = — (m?c — (1l — .r)pg) Ig ,
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Kinetic mixing and mass mixing

A When calculating -pt. amplitude, necessarily sum

over products of charges of fermions
A igcig /dw ZNf{m?“ (Q£Z£+9£Z£) ! Dobrescy FY [ 2112.0539:
W 0 ¥

+ (g£2£ + gj;zj;) g‘”’"[lf +z(1 —x) (g'“"’p2 — Qp“p”) I(ﬂ } , (A.2)

I Can eliminate leading log divergence and universal fi
remainder viarace orthogonalitycondition

ADistinct from anomaly cancellation condition

>N (Q{Z{, + g{%ZI);) =0
/

BSM Theory Felix Yu 38




Finite kinetic mixing

A In our canonical gauged baryomumber U(1)
model, resulting kinetic mixing is finite and log

growth is fixed

J.7 1 4
- [(5 o) ka2 (o + i) o )|

f=anom.

5 M?2
MQ N21 I e A
iy <an(3t) 4 22

I Previous calculations decouplingomalonsector and
reintroduced |Og divergenc@.g.Carone Murayama [heph/9501220]
ANot physically realistic given chiral U{&ahomalonmasses tie
023SUKSNI % Y| @gamarel £ S g A
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Gauged baryon model

A Minimal set ofanomalong(SU(2), U(1) U(1))
I Colliderphenolike SUSEWInos

1 1
LL(27_§7_1)7 LR(27_§72)7 EL(17_172)7 ER(la_la_l)a
NL(17072)7 NR(laoa_l)

A Introduce. as baryomumber Higgs (= 3)

L=—yrLr¢"Lr —ypgErL¢ERr —ynNrL¢Ngr + H.c.

A In this construction, tredevel 2% YAEAYV:

I Reintroduced logarithmically anomalonmass scale
but cannot be decoupled

| Can also have tree or loagenerated Higgs mixing
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EW precision and Z pole constraints

A Kinetic mixing with Z boson constrained by hadrt
Z decay width and change in hadronim£diated
Cross section PDG, PTEP 2020, 8 083CO1 [2!

AT yaa(Z2)

<43%x 1073
Thaa(Z)

~53x107* <

AO-had

SM
O-had

—34x107* < <32%x107°

I Leads to direct constraints @, baryon gauge coupling constan

M2 N\Y? My, M, T
0.90 1——22 ,fOI‘lesl?VfZ—FZ } P 1-0(1__,_Z):f01"{'251_:,_45,,_z
M3 2 ( 1— Mgz /M Z) o040l < My Mz ™ My
e My b |\sTxaoTg) 08 (M2 ) porwy <Mz < Iz
2.6 (W — 1) , for My 2 Mz + Ty “\ 1, VO RZ S ~ My,
A
From hadronic Z width From hadronic Z cross section
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Introduction

A And span cosmological history of the universe

0& x‘\c
N &
@\\Q‘@&‘a \\QQ?%‘& .{S\Q‘ ‘@\6\
& \& © \@\ o é‘)
K AR & &
E S N & &
& \,\\\(5 &(. & @ X R
& &0 C¥ NS L
%@9 P %\(' e Qq,{\ $ +° s &
N N N\ & W& N
&(\&& &\Q‘&\z S 0\);0 & A0 @ \\¢° o » "
3 & o &
o Y S S (S 87 K ¢
» AN @ O o ARSI L I\ N < 9
K & R & &‘(a S S & N é)\‘@ \\@9 ) 9‘6 \6‘9 o8 5 o8 \,Sp‘o @
3 ¥ S R PP ¥ 49 o & o
14 S P |
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What os | eft t o d«

A The Standard Model only accounts for 5% of the
matter/energy budget of the universe

stars in galaxies
7%

cold gas in galaxies

¢ 2 hot gas in galaxy
) clusters
4%

< .. 'l ; . ;.\'3:.‘:.,-'_ . / '//‘ -
hist i Yecoelatticgs -y
EIOS% - Ny
b 48\~ todlntergalactic gas
N I\ 28%

I ¥ \

WY //’ warm
2,/ intergatactic gas
15%

\|

ESA
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What os | eft t o d«

A Neutrino masses are unexplained EXISTENTIAQUESTIONS
A Origin of the matter/antimatter asymmetry is unexplained
A Dark matter and dark energy
A Quantum theory of gravity

A Mass gap in Yanadills theory (Millennium problem)

A Are there new dimensions of spacetime?

A Are there new Higgs bosons? WHATISNATURE

A Are there new gauge symmetries?

A Does Nature realize supersymmetry?

A Strong CP, new physics flavor puzzle, hierarchy problem,

O02aY2f23A0Ft 0O2Y &aidg¥aliyTucore

BSM Theory Felix Yu

FOUNDATIONAQUESTIONS
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Two concrete illustrative models

I UseSoftsusyw SUSYHIT for spectrum generation and
decay tablesProspinafor NLOxse¢ micrOMEGA$®or

relic density

I All other SUSY particles are heavier

Br(.,9to h.,%

Br(.,0to Z.,9)

Br(.,*to W*.,9)
NLOxsec(.,*.,0) @ 8TeV
Mh?

BSM Theory Felix Yu

213GeV
215GeV
57.8GeV
66.2%
33.8%
100%
0.184pb
0.0211

+/-
‘1

0
t2
0
1
Br(.,°to h.,%
Br(.,0to Z.,°)
Br(.;*to W*.,9)
NLOxsec(.,*.,0) @ 8TeV

Mh?2

191GeV
191GeV
61.5GeV
79.1%
20.9%
100%
0.917pb
0.117
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Testing for exotic production
A Alsoshould look at MET distributions

A Disentangling these shapes requires higholution
final states €.9.4l oro p

Normalized MET distributions

0.08 |
0.06

0.04 -

Normalized yield

0 50 100 150 200 250 300
BSM Theory MET (GeV)




Exotic Z decap complete result

A Anomalonsdo not decouple from partial width
iLT O0KSé 2yfeé 200FAY YI az

Michaels, FY [2010.00021

I G and B are usual threept., two-pt. scalar integrals
ATop quark effectively acts as anomalon
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