Beyond the Standard Model

1. Electroweak theories



Standard Model of Elementary Particles LHC discovered the nggs bosgn

three generations of matter interactions / force carriers
(fermions) (bosons)
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The SM zoo is now complete and so far h looks very SM-like



http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-004/
https://www.nobelprize.org/prizes/physics/2013/higgs/biographical/

Go beyond the SM: where is the lead?

* Theory motivations

Hierarchy problem(s), origin of SM symmetries, unification,
particle mass hierarchies, etc.

* Experimental ‘issues’
strong CP problem, neutrino oscillations, flavor ‘anomalies
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* Astronomy/cosmology
Dark matter, dark energy, matter-antimatter asym.

* SM predictions
electroweak phase transition, precision tests,



Topics

e Higgs fine tuning problem (susy, composite, relaxation)
BSM Exotics & collider search

Neutrino mass (seesaw models)

Strong CP problem & axion



Fine tuning issues

e Cosmological: pp~ 10122 Ap#
* Gauge: Agy ~ 10710 A,
* Masses m, ~ 10°¢ m,

m, ~ 1012 m,



The Higgs’ fine tunning problem

* Large correction to the Higgs potential

0 2
V(H) =~ |HP + NH' )= ( \,) #=5
2

self-coupling gauge coupling Yukawa
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Higgs mass correction has quadratic divergence
with A, exceeds p? for A >> TeV
2

3272

1
—p? = —p? + —6y;’ + 7 (99° + 39") + 6

Note: Quadratic divergence explained 1° T+ mass difference
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* Veltman condition not easy: dm?, = Zci A7 =0
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* Unnatural if a new physics scale exists (A%, >> m,?).

Severe ‘tuning’ must occur to guarantee a ‘'small’ Higgs boson mass

 Scalars generally not symmetry-protected against large corrections

fermion:  &m;~ mlog(A /m,) chiral sym.
gauge boson:  6m,2~ m?log(A/m,) gauge sym.
A i
scalar(s):  Ag|H|?[S|? —— op® = =25 |Afy — m3 log =9 + O(m3)

2
1672 mg



Many proposed solutions

Supersymmetry (cancellation by susy-partner)

Composite Higgs (as a Nambu-Goldstone boson)

Warped extra dimension (dual to composite model)

Relaxation (Dynamically rolling to bottom)

+ many others ...

For exotics, see:

N.Craig. “20 ways to solve the hierarchy problem",
https://indico.cern.ch/event/550030/contributions/2417761/



https://indico.cern.ch/event/550030/contributions/2417761/

A supersymmetric solution

If some symmetry *requires* the presence of fermions and scalars,

with correlated couplings

Q|Boson) = |Fermion)

Q|Fermion) = |Boson)

fields of definite spin = supermultiplets

chiral

gauge

0d; = EV;
(51/"1'(1 - _j(UllfT)(\ V,u(f)i + el

4F; = —'ieTE“Vl,‘z;’ﬁ; + V2¢(T?0); et Ate.
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Supersymmetric Q are (1/2,0) or (0,1/2) operators
under Lorentz algebra, as extension to CM- theorem

{Qﬂi ’ Q;} - QUfide {Qw ’ Qﬁ‘}} — {Ql s Q;} =0
Qo , P*1=1[QL, P"] =0
{Qu: Qﬁ'} — {QL, Q;} =0

[Qa , JILU] _ (U“U)OJHQH [Q(lw ’ J;w} _ _Q;(E,uy),{-}d

Haag, J. Lopuszanski, and M. Sohnius, 75’
S. Coleman and J. Mandula, 67’



olv | F
. . on-shell (np=np=2) 2|20
The supersymmetric Lagrangian. T R——S e
chiral: fermions and scalars & susy partners
gauge: gauge boson & susy partners Ag A D
on-shell (np=np=2)| 2 [2]|0
ﬁ — Echiral _|_ ﬁgauge off-shell (np =np=4)| 3 | 4] 1
—V29(0" T )N = V29N (0TT9) + g(¢" T ¢) D"
gaugino to matter
Loniral = "¢ 0y + 01T Oty — (Wigpy; + Wiptiplh ) — Wiy,
. free fields. _ scalar-fermion interactions scalar interactions
(cov. deriv. for gauged interaction)
a 0 \a ~abc Ab yc
Loange = _EFLLUFW/Q n iATa.E,u,v#)\a 4 lDaDa VA" =9\ + g AN
4 2 covariant deriv.
The Superpotential (scalars) The scalar potential
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R 1 e 1% )= WW'+ = 2(p* T p)>.
W = Ll/d)i 4+ §M2J¢'zl¢j + gyz‘]hqﬁigbﬂbk‘- (gbvqb ) 1 9 Za:ga(qb Q’b)
52 “F-term” “D-term”: ~ D?D?/2
W’ij _ %% ~ F*'Fi
0000

F,=-wr D= —g(¢"T"¢)
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Supersymmetric particle content

Names spin 0 spin 1/2 | SU(3)c, SU2)r, U(1)y
squarks, quarks | @Q | (ug JL) (ur, dr) (3,2, %)
(x3 families) u g u}r{ (3.1, -2)
d &, d, (3,1, 3)
sleptons, leptons | L (v er) (v er) (1, 2 —%)
(%3 families) € €R 4% (1,1, 1)
Higgs, higgsinos | H, | (H; HY) | (H HY) (1,2, +3)
Ha | (Hy Hy) | (Hy Hy) (1,2, —3)
Names spin 1/2 | spinl1 | SU(3)c, SU(2)p, U(1)y
gluino, gluon g g (8,1,0)
winos, W bosons | W= WO | w* W (1,3,0)
bino, B boson BY BY (1,1,0)

Each SM chiral fermion
component has
a sfermion partner.

Two Higgs multiplets with
fermionic partners
(ensures no gauge anomaly)

SM gauge boson acquires
gaugino parnters



Minimal Supersymmetric Standard Model

The MSSM superpotential

Warssm = UywQH, — dyaQHy — eye LHy + pnH, Hy .

The u term: gives higgs(ino) mass

- F0 770
- Ehiggsino — H(H;_Hd - Hqu) -+ C.C.
Higgs mass-square terms
= P (|H, P + [H P+ [H P+ [HT]?).
H°: non-negative & min. at H°=0

Need additional (soft) terms to
make non-zero min.
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R-parity

B, L # violating superpotential terms:

WarL—1 = §A1-J’$L?;Lja,ﬁ + NIRL,Qdy + /'L H,
1 Mmik—"3 73
WAB:] = 5)\ ’U,@djd;f

Impose a U(1), that breaks to discrete Z,
PR — (_1)3(B—L)+28

n— {‘H ; for all SM particle particles,

-1, for all superpartners.

proton decay:
Lightest Sparticle Particle (LSP), L=-1

(] ;*R €
pr u Mo Ao u”
}770
u u
becomes stable and can be dark matter

; ] - if neutral
Dpsetnd ~ Moo 2 NN 2/m ‘ ’
i=2,3 ‘



Susy is broken.

* Unbroken susy requires SM particle & partner have the same mass
(unobserved)

L = Lsusy + Lot

Soft susy-breaking terms contain mass terms & positive dimensional
coupling terms

1 1 .. 1 .. ) L
Loote = — (§Ma AT+ 6@”%@%% + 55”@%‘ + ti@) +c.c. — (m?)so" ¢,
gaugino scalar non-holomorphic
mass cubic

* Susy restores m ., ->0, expected contribution:

L.« maintains quadratic div. cancellation
Girardello & Grisaru, 82’

A
Am3; = m?
H soft 1672

IH(AUv/mSOft) + ...



VISSM soft breaking terms

aan 1 . _ .
LM = 5 (Msgg + MyWW + My BB + c.c.)

— (ﬁau éHu — 3ad @Hd — 7ae EHd + c.c.)

- - - ~ - =f
—QTméQ—LTm%L—Em% T dmzd ~-C %ET
—m3 HiH, m%{dH;‘Hd (bH,Hy + c.c.).
M, Ms, M3, ay, a4, e ~ Mgoft 105 new independent masses,
2 2 2 2 2 9 2 2 phases & mixing angles in MSSM
mgq, mj,, mg, m=, mg, my , my,, b ~ m; _ }
Qr Ly T gy e TOH. HHa softs Dimopoulos, Sutter, 95
‘soft susy-breaking universality’
2 9 2 9 2 2 2 9 2 9 no flavor mixing
mg =mgl, mg=mgzl, mz3=m37l. my=mpl, mz=mzl. (avoid large FCNC)
au = Ao Yu, aq = Aqyd, ae = Aco Ve,

Im(My), Im(Ms), Im(M3), Im(Ayo), Im(Ag), Im(Aep) = 0, no additional CPV



EWSB in MSSM

The MSSM Higgs potential (neutral fields, with soft terms) b & vevs are chosen

real and positive

Vo= (|ul> +my)|H,? + (| +mi)|Hy|” — (bH Hy + c.c.)

1
+= (9% + ") ([ H,1° = [Hg*)*.

8
'D-flat’: quartic vanishes if |H;| = |HY|

Sensible EWSB requires:

2 2 2
Positive quadratic in D-flat: 2b < 2|/JJ’ T~ my, T my,-

Existence of a negative 2 2 2 2 2
square-mass at H,%=H =0 b= > (‘M T mHu)(’“‘ T de)‘

m2,, # m?,, at least @ EW scale



Potential minimization 9V/0H. = 0V /OH] = 0 gives

m, + |l — beot B — (m/2) cos(28) = 0,
m%{d + |u|? — btan B + (m%/2) cos(28) = 0.

] 2b 2 2 2 12y _ 'U2 +U2
sin(28) = L R PR mz/(9”+97)= vy + g
HQU HQd vu = (Hy) va = (Hy)
9 iy, — mi,| 2 2 2 =
my = = — 1y, —miy, — 2|ul” tan 3 = vy /vg

\/1 — sin?(28)

large tanB limit:

2

m(m%{d — m?r{u) + O(l/tan4 3)

my = —2(miy, + |p*) +

Cancellation is again needed
H 2 2 2
if -m, 2% u2>>>m,

| > W problem’




The Higgs masses (tree)

L 5 o, 1 o 02, L o 02, 1 o9 042
Vo= omip(h7)" + gmipe (7)™ + 5mgo(GT)7 + 5mio(47)
i |G +mpy | HT > + ...,
I+ o Physical scalars:
( Hd_) = R, ( H+> ho, HO, A, H*
O y 1 1,0 ; e generally heavy except h°.
(H?) (’UZ) + ERa (HO) + ﬁRﬁo (AU) At tree-level:
mpo < mz|cos(23)]
At tree level, m¢,2=0, [y = s = f3 h® mass needs a lift.
(measured at 125 GeV)
mio = 2b/sin(28) = 2|,u\2 + m%{u + m%d
1 ;
m%o,Ho = 5( ?40 + ?TLQZ -+ \/(mio — mzz)z + 4m22m?40 Sln2(26)),
m%ﬁ — mig +m]2/v.

K & soft masses



Loop correction

IL ?T T~
- 4 AY
stop correction , 0 3,0 O . b
to h® mass A(myo) = = - -- + --4 F-- + b M
\\ L ,l
stop correction to quartic
t } f t
\\ ,d‘s\ // \\ t’q———— - - - =—_-—_ - —_—_ - —_— =
1 K < L
PR P N e Lo A T - -
Large stop contribution limit:
A( 2 ) . 2 2 .2 1 ( _ _ 2 A
Mpo) = o COS @ Yy my |IN\Tg, Ty, /m;) + Aghreshold|
Last term from stop mixing, ‘ ‘
. . ~ o~ .. Athres = Zs2[(m2 —mZ)/m2 In(m2z /m?
maximize with large £, £z mixing. — """ o (m, = mg)/mi] 1( B/
For TeV sparticles, m,0 < 135 GeV —I—(f,sf ('m?_2 —m%l)2 §(mf - m )ln(mt /m )} /my

For review, see P. Draper and H. Rzehak,1601.01890



‘Next to” MSSM (NMSSM)

Nilles, Srednicki, Wyler, 83’,
Addition of a singlet to the MSSM. Friere, Jones, Raby, 83'

. Derendinger,Savoy, 84'
SH_ H, term + self couplings © /

1 1
Wxmssm = Wassm + ASH, Hg + 51153 + 5#852

and extra soft-terms

S|?

1 1
NASSM - pMESM (0 S H, Hy — 5%5"3 + 51)352 +tS 4 c.c.) —mz

A solution to the mu-problem:

in the limit of Yysop = Hs=0, byssp= bs =0, t=0

(can be enforced by a Z; on all chiral multiplets)
Spontaneous EWSB occurs at nonzero <s>= v 5 9 9 . 9
‘Dynamically’ generating an effective p ¢ = Av.. A(mjoe) < A"v”sin™(20)

tree level correction to h® mass
(via singlet | F|?)

Bonus: a global U(1),, emerges when setting u=0. EWSB <> Strong CP



some features in NMSSM...

Additional ( to MSSM) singlet H,A and singlino

light as k=0, dark as A—0 (S decouples)

Large A gets a Landau pole

A ~0.7 for A g1~ Agur A~ 2forA .~ 10 TeV

pole

Singlet scalar may give mass to neutrinos (via seesaw)

Higgs coupling to SM (g,\» 81#), Suppressed by doublet-singlet mixing.



Where is susy?

* Lots of sparticles.
* Extra (pseudo)/scalars.
e Dark matter candidate?
* Virtual corrections?
(g-2, Higgs precisions, etc.)
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Future collider reach,
J.Ellis, 2015


https://arxiv.org/abs/1510.06204
https://arxiv.org/abs/1707.03399
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS

The composite Higgs solution

Georgi, Kaplan "84

* A global symmetry G breaks to a subgroup H at some scale f,
the Higgs boson lives in the coset G/H.

* his a Nambu-Goldstone boson, shift symmetry protects m,.

* m, # 0 requires breaking of G.

Vi¢]

Sketch of (Goldstone) mode in
degenerate vacua (C.Csaki 18)



A toy composite scenario

SU(3)/SU(2) : Global SU(3) breaks into SU(2) by a vac. condensate X,

- [f

One NGB for each broken generator:

SU(3): 8 — SU(2): 3

5 NGBs ® (a=1~5) — one SU(2) doublet H and one singlet S
Dynamics below A=4nf described a nonlinear sigma model (nlsm)

o) s (2

a " 0 H(x s(x 1 0
Has only derivatives if the global 21 () X" = ( Hi(x) ((]I) ) + 2(\/% ( 0 _9 )
SU(3) is exact. Leading term contains | |
lowest derivative terms:

) Yo X% broken generators

see M.Perelstein, 05’

L = f20,510"%



e Gauging the SU(2) subgroup to break global SU(3)

0, — D, =0, —ingf(x)Qa

Now the SU(3)/SU(2) effective nlsm Lagrangian
contains SU(2) gauge interactions for H, and
derives quadratic and quartic diagrams at loop level

Both diagrams are quadratic with cut-off A~4nf

2 2 1

2 = Clgﬂz A ~eg?f N = 6/9_

We  are the SU(2) gauge fields,
Q? (a=1...3) are gauged generators:

o (8

EWSB induced by
physics at scale f.

mu = V2|u| = \egf



for large f, natural Higgs mass seems heavy. my = v2|u| = /cgf

1

= ( Hige H) we g

iy

0, = %’H‘LD#HQ. 0,

+ Problem terms:
EW precision test: A > O(10) TeV The “little hierarchy’ problem

Collective Symmetry Breaking:

Consider a product of multiple global G;xG,x..., each has an SU(2)xU(1) subgroup.
Each G, commutes with one subgroup of G that acts nonlinearly on the Higgs.

— All G, subgroups must be collectively gauged to avoid leaving an unbroken
global symmetry that makes the Higgs massless.

— Non-derivative terms proportional to the product of all G,'s gauge subgroup couplings

— Can also fix the fermion contribution: must involve all Yukawa(s)
if each preserves some global symmetry.



The littlest Higgs model SU(5)/S0O(5)

N. Arkani-Hamed, A.Cohen,
E.Katz and A.E.Nelson, 2002’

* An SU(5)/SO(5) non-linear sigma model, SU(5) spontaneoulsy breaks to SO(5) by

24 - 10 = 14 broken generators, thus 14 NGBs,
Y(z) = em/fEOemT/f — 2/ Iy,

14
=3 %(z)X° /2 0 0
= Q= 0 0 0
global symmetry is explicitly broken by gauging 0 0 0
[SU(2)xU(1)]? subgroup of the SU(5) 00 0
- 0O 00 0
Ekin — gTI(DMZ)(DMZ)T 0 0 _().(1*/2

9.X — DX = 9,5 — zz Wi (QIT+3QST) + ¢/ Bju(YiE + X))

J=



[SU(2)xU(1)]? first breaks into diagonal SU(2)xU(1).
Then the latter breaks at EW scale.

/

A A
s , y (]

g =—F—— 0 = 77— ;
Voi+ g3 g7 + g% 91 91

One copy of heavy gauge bosons acquire f-scale masses (B, and W)

) W
; g : g .
M(Wy) = ~F. M(By) = —t
We) = Gazg ! (Br) = Finaw !
Wi = —cosy Wit +sin Wy, By = —cost)’ By + sint) By

and a copy of light gauge bosons

Wi = siny) Wi +cosyy Wy, By = sint’ By + cos 1)’ By

The pNGBs: su(2) | u()

n 1 0

S wTV2HT VR et ~i% — T35 1 o
—wT/V2 W2 p/V20 H°/V?2 ~i%s el

m=| H-/VZ  H“VZ s HYNVZ HVE | S I

i i H= V2 —u/2—n/vV20 —w™/V2 ¢ 3 1




Collective breaking:

each Q2, Y. (i=1,2) generator commutes with an SU(3) inside SU(5).
Mo

A7 a
Wi,

7

1
T HUH (9092 W™ W3, + g g}, BY By,

~ log divergence with A

Any diagram renormalizing the Higgs
mass vanishes unless involves both g, and g,.



Couplings written in mass eigenstates W, W/, :

1 L ¢ - L r 7L / 7 7 La
3 H H(gz(Wg#Uf'i — Wy Wh" — 2cot 29 Wi, Wi) +
9*(BruBf, — BuyBfy — 2cot 20/ By, BY))
Wi, W, quadratic ~ A% cancel

due to removal of diagonal (W,W,)
couplings by collecting breaking



A

Fixing the top loop
Extend top Yukawa to incorporate CSB. Ty,
q3r, = (ur. bL)T XL = ( U, )

Al

ﬁtop — _?

f XTLz'eijkengijanSR - )\Qf UzUR + h.c.

Zim denotes the 3x2 upper-right block of £, (i, j, k=1,2,3; m,n =4,5),

T acquires f scale mass. Higgs decouples if A,=0; Higgs is NGB if A,=0

- Aouzp — MUR

tr = uy,. tr
VAT + A3

Aq AU
T, — U, T — 1U3R + A2UR

VAT 4+ A3




Top Yukawas, etc.

- 1 i 2
AL (\/§qu - _HTHUz) usr + h.c. A\ = V2M iAo SV \/5)\1 .
. ~ 1
= Negp Htp + Arql HTp — f—zf(mmz (ArTr + Mtr) + he

Mass eigenstate diagrams

a) t b) T
3 ’4/7 d4k 1 i 4‘ :
B T R W T R S
2 12 () B — 077 A

My N+ M
f V2M\r

cancel as

hep-ph/0310039



cos of gauge mixing angle

C

L?H Higgs precision & EWPT exclusion contours

Exclusions
L 95% CL

J ””””””””” B 99% CL |

3500 4500 3500 6300
f [GeV]

Littlest Higgs (L2H) limits, snowmass 2013
Less constrained in LH with T-parity



For composite Higgs reviews, see 1512.00468, 2002.04914, etc

Intriguing application of the pion’s success story for the EW sector

as a pNGB, generally not too far below A.  (LHC: m, =125 GeV)

New physics at A: Heavy composites, heavy gauge bosons, etc. 1805.01476
EW precision tests. (LEP: typically A >5-10TeV)  — lesswith discrete T-parity

Higgs precision tests? (coming with future lepton colliders) 1709.06103. 1502.01701

E 1 E
4= | minimal SO(5)/SO(4) coset
= 4 | )
e |0 . T
¢ bounds i I’z *":’?_:f:/(,f}w'\w’ ’ﬂlp
-2 € bound |
v mp ~ gpf
10-3 from CEPC whitepaper
2 4 6 8 10


https://arxiv.org/abs/1512.00468
https://arxiv.org/abs/2002.04914
https://arxiv.org/abs/1709.06103
https://arxiv.org/abs/1502.01701
https://arxiv.org/abs/1810.09037

A cosmic relaxation of hierarchy?

Graham, Kaplan, Rajendran,15’

V(H,¢) = p2(9)H' H+NH H?+ V(o) + AVi(h, o)

the "problem’ term. / l\

“back-reaction’

¢ is a field at high scale A ¢ rolls downs its A barri
2 2 tential puts up barriers
p(@) = —A"+gho+ ... oW PO en3|a as v;, increases
V(p) =rgA\°¢+ ... o
TRy
\\
Ty,

iy
%"”\mew

¢ rolling —» - v, &V, emerges WW/WJWW



SSB: Rolling of  makes quadratic term more negative and causes Higgs vev # 0.

Why EW scale: V,, must 'know’ exactly where to hit brake.

¢ gets an axionic potential from a strong sector
AV (h, @) = ~_M*IThI cos (?) (QCD or new physics), where the fermions get

/ f mass from v,.

axionic potential magnitude
increases with v,, so at some
point ¢ gets stuck.

¢ ¢

(qq) ~ —4m f>m, cos =

f

QCD-axion model: AWy >~ —m,, cos

issue: relaxation doesn’t guarantee stopping at ¢/f ->0

13
(Y
techniquarks ~ Af, ~ Jr n

r V2

EW symmetric 47 3,119 h2 h

condensates mr, - f

New strong sector near EW scale?



https://arxiv.org/abs/1610.02025

A new light boson mode (relaxion)
minimizing the potential
V = [—A2 + glAop + .. } h? + A\h* + rgA3p + rg® A2p?

— M?h cos (?) (j=1 model)
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Extended Higgs - Singlet

Scalar potential with an additional SM singlet scalar
V($,5) = p* (o' ¢) + X (d7p)?
+a1S 4+ p3 8%+ kSP 4+ Ao ST+ A3 (o7 9)S?

*Additional h® and A emerge. The 125 GeV eigenstate’s coupling to SM
reduces due to mixing ~ cos? a, branching ratios are unchanged.
*If additional hO and A are light, h,(125) -> h,h,, AA are possible.
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Z, version: LUX Excluded

Singlet can be stable if S -> -S under Z,, 1%

S-Higgs is forbidden and requires <5>=0. = x 0010}
Only three singlet parameters: Higgs
portal A;, mass W,, and quartic A,. i
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Extended Higgs — 2HDM

*my,, A5 ¢ ; may be complex:
The 2HDM potential (CP—inva ria nt) mass eigenstates not CP eigenstates.

V (1, d2) = miy ¢plo1 +m3y dhbo — {m% bl o + h.c.}
A A
+ 71 (wal)z + 72 (ﬁb;@)z + A3 (Cﬂ@l) (Cb£¢2) + A\ |¢J{ ba|?

A :
|32 6162 + 20 (6101) (016) + Av (9102) (]02) + e,

*Additional physical states: one neutral scalar, charged scalar, one pseudoscalar
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2HDM: rich pheno with | 30 170 A0
collider & precision tests.

g;;?}//l@ Sp—a C—a 0
The light Higgs coupling to Yt Ca Sa 1
gauge bosons scales as y 56 o ts
Yb sin(fa —v,)  cos(a — )
TV — tan [‘3 — Vb
GV v ho : Y cos(B — ) cos(B — ) ( )
s = sin(8 — «a) .
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Natural flavor conservation requires one fermion family couple to only one doublet.
Canonical schemes:

u-type d-type leptons | ° type-1I, where all fermions only couple to ¢s;
type L(TD) | , ®, |« type-II, where up-type (down-type) fermions couple exclusively to ¢s (¢y);
type I (T2) o, o, d,
lepton-specific | @, ®, @, * lepton—specific, with a type-I quark sector and a type-II lepton sector;
flipped | @, 2, ¢, * flipped, with a type-1I quark sector and a type-I lepton sector.




Extended Higgs — Triplet

Two U(1), assignments:

et
E= 18"+ real scalar, U(1), =0
&
Yt
v = e complex, U(1), =1
| X0 = vy + (hy +iay)/V?2
2 breaks custodial SU(2),
Triplet vevs M2, —

2 2 2 2
contribute to b= My, v + 4(vg + vy)
gauge boson 12— 2 ( 2. g ,2) ci M2 v? + 8v%
masses 2 Vs Ux) >

(likely) in tension with EWPD

A ve¢ = vy scenario protects custodial sym. and evades EWPD.

Can generate neutrino mass — appears in Type-Il seesaw.
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EWK Gauginos




SUSY search @ pp

Colored sparticles: squarks/gluino -> strong production.

EW gauginos, sleptons ->weak production.

Extra Higgs -> strong production (via loop), weak VBF, decays, etc.

LSP dark matter -> weak production/decays. (missing energy)

A susy cascade event

Cascade decay finds
a way to the LSP




Squark diagram in QCD production

g g g P

g q g \\(Tk

Weak VBF production of charginos
jet
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+ t-channel diagrams, etc




Heavy resonance

g
t
_H_ Large top Yukawa leads to
large resonance width
g t

Issue with LSP: "Compressed’ scenario

~ ¥
, 4
/
/

/
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N ZOLSP | . ,
N if LSP mass too close to squark’s,
q < jet has very low energy.

_ Entire system will be missing.
soft jet




sparticle limits
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String resonance
Zy resonance

Higgs v resonance

Color Octect Scalar, K = L2

Scalar Diquark

e+ ¢, pseudoscalar (scalar), g7 BR(-+21) > = 0.03(0.004)
ti+¢, psevdoscalar (scalar), g2_x BRi§—21) > = 0.03(0.04)

quark compositeness (gdh Nums
quark compositeness ({1}, fuss
quark compositeness (qd), Numa
quark compositeness (1), Nuss
Excited Lepton Contact Interaction
Excited Lepton Contact Interaction

{axiakjvector mediator (x), go=025.geu=1.m,=1GeV
(axiakjvector mediator (gg), g, =025, g
scalar mediator (+4tH,5,=1 500 =1,m,
pseudoscalar mediator (+4/t), g, =1,
scalar mediator (fermion portal), A
complex sc. med. [dark QC0), ma, =5 G&V, cTx, =25 mm
Baryonic ', go=0.25,9cm=1,m, = 1 GV

Z'— ZHOM, g- = 0.B go =1, 2nf = L,m, = 100 GeV
wector mediator (g3), 9o =025, gow =1, m, =1 GeV

Leptoquark mediator, =1, 8 = 0.1, &x ow = 0.1, B00 < Mo < 1500 GeV

APV stop to 4 quarks
APV squark to 4 quarks
APV gluin to 4 quarks

APV gluinos to 3 quarks
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ADD G @mission, n =2
ADD QBH (jjl, Nez=

ADD QBH (2p), N = 6
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norrotating BH, Mo = 4 TeV, nes = 6
splitUED, p=4 Te¥

RS Gixl93. 0g). kM= 0.1

excited light quark lgy), fz =
excited bquark, fo=f=F=1,
excited light quark lgg), A=m,
excited electron, f; A
excited muon, fi =

LA

WISM, [Venf* =10, [Vl = 1.0

WSM, Vol [Vl + VP ) =10

Type-lll seesaw heavy fermions, Flavor-democratic
Vactor like taus, Doublat

scalar LQ pair prod }, coupling to 1 gen. fermions, 8 =1
scalar LQ Ipair prod }, coupling to 1" gen. fermions, @ =0.5
scalar LQ Ipair prod.), coupling to 2 gen. fermions, B =1
scalar LQ pair prod.), coupling to 2 gen. fermions, B =1
scalar LQ [pair prod.), coupling to 2 gen. fermions, § =05
scalar LQ (pair prod.), coupling to ¥ gen. fermions, £ = 1
scalar LQ fsingle prod.), coup. to 3™ gen. ferm., A =1,A=1

Zys, narrow resonance
Zys, narrow resonance
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Overview of CMS EXO results
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Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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