Welcome to the 24™ International Summer Institute

on Phenomenology of Elementary Particle Physics
and Cosmology (S12018)!

e SI 1995 —2005: Fuji-Yoshida, Japan
* SI2006: Pohang, Korea

e SI2008: Chi-Tou, Taiwan

* SI2015: Huarou, Beyjing, China

e 2018, the 24t SI: PanShan, Tianjin, China
by Nankai University

Thanks to the local organizing commaittee:
Profs. Xueqian L1, Le1 Chang, Yuming Wang + ...
Thanks to the International Advisory Commaittee!

Thank you all for coming!

Enjoy the conference and the scenery!
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EW SECTOR @ HIGH ENERGIES

Univ. of Pittsburgh & Tsinghua University
Tao Han %

24th Tnternational Summer Institute

PanShan, Aug. 13, 2018
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With J.M. Chen & B. Tweedie, arXiv:1611.00788; arXiv:18xx
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LHC ROCKS!

Standard Model Production Cross Section Measurements
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Status: August 2016
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Future High Energy Frontier: FCC,,/SPPC

8 TeV 14 TeV 33 TeV 100 TeV

o it WC oo | Process | @ (100 TeV)/O (14 TeV)

Totalpp | 1.25

W ~7
Z ~f
S, ZZ ~10
© tt ~30
s ~15 (ttH ~60)
HH ~4()

| I\iCFMI+ Higgs Eulropqan ?trqteéy

. 2
10 \s [TeV] 10

Snowmass QCD Working Group: arXv:1310.5189;
N. Arkani-Hamed, TH, M. Mangano, L.-T. Wang, 1511.06495;
CERN Yellow books, + many others ...
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EW AT HIGHER ENERGIES
Some numerology:

b MeV \ 10 TeV \
e GE2~< >~108, < >~104!

pM
er.(p) ~ Moy - need a proper treatment.

v foor
S T s 100 GeV

* u/E power counting 2> Higher twist etfects.

okl B M B0l
massless theory; EW symmetry restored !
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Some numerology:
T+ Ty
- 100 TeV 2 TeV
The top quark at the FCC/SppC would be as

“massless” as b-quark was at the Tevatron.
= Top quark PDF? 6-tlavors?

Daswon, Ismail, I. Low (2014);
TH, Sayre, Westhott (2015).

At scale Q: %CF ™ Q’

T m;

0
QOéSOF
For 6 = 20% — 30%, a, ~ 0.08,

Q = (25 —110)m; = (4 — 20) TeV.

)

Q ~ T -exp(
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Some numerology:
(4). EW logarithms

% Q2 J. Chiu, A. Manohar et al., 2005;
At scale Q : ?Cw In® M2 A Manohar, Bauer et al. (SCET);
% s M. Chiesaetal, PRL (2013);
Q) =~ Mw exp( )5 T. Becher et al., 1305.4202;
4o Oy Bauer, Ferland, 1601.07190;

Row o— 807, a, ~ 0.035, .
Q sl — 2.5 Te\.. 15

* Virtual Sudakov suppression;

e Real emission enhancement. ..

* (Bryan Webber) |
SU(2) versus SU(3): B R T R S
Gauge boson splitting Vs (TeV)
& 9N 9 3
“Color factors” : C—? ST (Z)N_S and (§)N:2

%



TODAY:

EW SPLITTING FUNCTIONS
EW SHOWERING

EW PDF: FACTORIZATION,
RESUMMATION (on going efforts)



FORMALISM:

dox pc =~ dox oA X dPaBiC

EprzE,, Eco=zE,, kr=~zZEA0pc

dPas_Bic = it 27 ’M(Split)|2
dzdks. 1672 (k% + zZm% + zm2, — z2Zm?,)?

On the dimensional ground: | M., |* ~ k7 or m?

In general, the splitting formalism must be
* nfra-red safe
* leading behavior



SPLITTING FUNCTIONS: QED
Most familiar example in QED: f =2 f vy

e

Py/f(2) = = Zdie
al4+z.
i = Jie =
1/ (2) Darer sy nm?

The familiar Weizsacker-Williams approximation

o g

L —

pY/f

| x

olfa— FX)

X

/ dx d.p.% BT (z, p%) o(vya — X),

Can L Gl AU e
P, /o(z,pF) = (=) Im.

Note the infrared & collinear behavior.
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SPLITTING FUNCTIONS: QCD

Most common in hadronic collisions: ¢, g

EdE =2 HE ,zz)2 2% 4 Z°
Pyq(2) = ,  Pagl2) = ——, Py(2) = 9

- New 13 TeV results!
> = Ro4 ATLASP Irln g
Jaz,t) =3 / E1n© [ Pasnrclele ). §IER
S 10'E venn, YiocE
0 2 z d¢ dPa,pic(z 3. 10F Sooner s
o Z/ £ PPapeelefolt) f6,2). § st
- % ok fffﬂﬂ%}%-f e 3
10" g A“A‘“‘Am“ o : %
FSR, parton showers: T I -
t mg oooooooooooooo 0 E
A 4 t) — exp[— Z / / dzPa_, BC( Z)] 182 = v S

5 Jto 107 10°

p, [GeV]

Bt A
At

dz

PAlte st = AR falzts) —|—/

to

_PA—>BC( s

Very important formulation for LHC physics!
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SPLITTING FUNCTIONS: EW

Start from the unbroken phase — all massless.
ESU(2)><U(1) o Egauge 53 ﬁcf) g Lf + Ly uk

Chiral fermions: f, gauge bosons: B,W', W+; = (ZZ) = ( 8 (h¢i igbo))

Fermion splitting:

= LT
AN \

by e [ Ciafaloni et al.,
N ) 872 k2, (5) Hep-ph/0505047.
> Vo £ [BWISLf, H® f,or ¢*f,
fe=rr | 90(Q})? q190Y:.T} yfﬁ)
Infrared & collinear Collinear singularity,

singularities (qu) Chirality-tlip, Yukawa (new)
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SPLITTING FUNCTIONS: EW

SM in the unbroken phase
Gauge boson splitting:

-
-
-
-
\Mﬂi:: \/\/\< NN
~
~

e (1 — 27)° Tl
S 87T2 k2 872 k2 )

S g+ o= or HO HO* ¢+ HO* or = HY
Vr 2g5 (V=W"%) Nng(Qfs) 19 595
[BW ] 0 Nyg19:Y1. T}, 59192154 o 0
Infrared & Collinear (qu) Collinear (new)

collinear (Pge)  Interference (BWY)

must be included!
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SPLITTING FUNCTIONS: EW

SM in the unbroken phase
Scalar splitting (new):

K
o =
¥ =

|icgas] Nz | e 1
872 k% 2 872 k% 2

— VRH [BWlH WEH' ugmy did) oepe)
= ¢+, 5 %9‘2/ %9192T§+,Ho %g% Byg Nd,ey?i,e
Infrared & collinear singularities Collinear,
(a charge source, similar to P, ) similar to (P_,)

14



EW Symmetry breaking &

Goldstone-boson Equivalence Theorem (GET):
Lee, Quigg, Thacker (1977); Chanowitz & Gailard (1984)

At high energies E>>My, the longitudinally polarized gauge bosons
behave like the corresponding Goldstone bosons. (They remember

their origin!)

“Scalarization” to implement the Goldstone-boson

Equivalence Theorem (GET):

E % kH
T i g
6( )L My (6W7 ) muy

+ O(My/E)
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(a). Unitarity at higher energies:

: p
e i(ﬁW, k) ~ RLE L e high-energy behavior!
Tw Tw
E- C+ W *
L ZO< 2 = W7 YT
mtE
+ b ] X ;
- (Y,
T+ W, -
L e / % Wi-
WY
A “light Higgs” fixes 1t:
TN+ |
X

’02
Wi- D. Dicus & V. Mathur (1973);
Lee, Quigg, Thacker (1977).
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(b). Puzzle of massless fermion radiation

V, contributions dominant at high energies:
- P
€(k)L W (6W7 ) %
Then, massless fermlon sphttlng
= V.

would be zero, in accordance with GET for

2>t (v =2 0).

GET ignored the EWSB effects at the order M/E
(higher twist effects)

17



Corrections to GET

It example: “Eftective W-Approximation”

S. Dawson (1985); G. Kane et al. (1984);
Chanowitz & Gailard (1984)

At colliding energies E >> My,

8% 1 —|— (1 — s
Fg—qVr = (9\2/ o 9124) ;
R o

 Vector boson tusion observed at the LHC
WW, ZZ—->h & W+*W+ scattering

* 2t W,, tZ, do not vanish; no collinear-log!
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“Ultra collinear behavior”

New characteristics with the mass:

2 e : 2 2 2
k* > my~, it shuts oft; v dk7 i

ki ? < my?, flattens out! k7 k7

dP(fL—> W* 1) dP(fLe W* 1)

- =1
dz dk, vs k; (z=0.2) dz dk, Vs z (kT_2mW)
> 0-002 T T T T ‘|‘ \\\\\\\\ ‘ T T T T ‘ T T T T > 0.014 T T T T ‘ T T \“ T ‘ T T T T ‘ T T T T
(] - [} - Q B \
0] (0] i \ i
o 3 0.012- “, .
o | Y | o : \\ -
0.0015|- _ . \‘WT (massless)
f . W, (massless) 1 0.0117y ' .
% — | \ \
\ [ ]
I . ] 0.00811 \ -
0-001 [ WT “‘s — - \ WL "s~ n
- N . ~
I 0.006|— \\ -
I /Y N : ooo4:— \ 1
oooos/ /N T = L AN 1
ol \ == i w \\ 1
il \Wo . 0.002| T S~ -
1 ~ ) : \\‘~~~~__“;
0 1 | | | ‘ | | | | Tﬁﬁ*%w J‘* . . . 0 i | | | | ‘ | | | | ‘ | | | | ‘ | | | | -
0 100 200 300 400 500 0 0.05 0.1 0.15 0.2

K, (GeV)

* Kinematic basis for “forward jet-tagging, central
jet-vetOing” ' Barger, Cheung, TH, Phillips (1989).

* The DPFs for W, thus don't run at leading log:
“Bjorken scaling” restoged (higher-twist etfects)!



“GOLDSTONE EQUIVALENCE GAUGE”

(GEG)
- E i kH W 2 -

15t term leads to GET ~ ¢, well behaved;
2"d term captures EWSB ~ A # well behaved

Separate them out by a special gauge choice:

(hybrid of Coulomb & light-cone gauge)
1

Coe = =02 k) Wik n(k) W R €40
e i R

el =1 Al — 70 i

L : ‘k2| = on-shell TN/ SR

ons () n(k) - k o, E+|/Z\( 1’]")'

A similar work by A. Wulzer, arXiv:1703.08562.

20



SPLITTING IN THE BROKEN GAUGE
CORRECTIONS TO GET

N £ : P me il i
ew rermion sphitting: .5 -5 ~ (1 - @)
T T

L OVE 5
e O\\ = ©<
™~ X

V;i1sof IR, h no IR

WS feaees
1642 k2 1672 k2,
hk/ Vr £

Y

w _\ 2 ~ 7 ;
e e O gf e s (i 2F LB (O uer O )
= 5 2
1Wrz(1+2)°  gv2(Qp,yr7 — Qpy50)
Chirality tlipping: ~m,

1% 2—)2

for | A e Qg7

Chirality conserving:
Non-zero for massless f
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SPLITTING IN THE BROKEN GAUGE
New gauge boson splitting to W; W,

s/
; Vel v

Vector boson V; 1s of IR. % ey

s k% k% QQ
1§72 E (;
— W yr WZE Zr \% WE WF Wz oo W, Wi
Wy 232> Ledgiz ((1+2) +1t32)° 1giz(+2)? 0
S 0 0 0 eGog
Zr 0 0 0 zco g5z (1 +2) — th2)
(v Z)1 0 0 0 zewegsz (14 z) — t3,2)
Y h =
h & f have no IR. V<A 'VVO§<
150 L
1972 ]}3{ 1672 ];%,
s h VNI #) e
Vi Lozgh  bod (@hyor+ QYus7)
2l 0 Legzy3Q) (Q% 2 + Q% 2)
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SPLITTING IN THE BROKEN GAUGE
New gauge boson splitting in 3-W

L 0/Va 2 k2 2
b (e

Vector boson V; 1s of IR. R
0?2

S 2 2
k3 kT

Az )
167 ]}é‘; oz
— WH Wi ~— ZLWE|Zy
Wi 0 LIl P e s
h 2 (g3(1—22) - )\hzz)2 £ (g2(1 — 22) — )\hzz)2
Zr g5 ((Z—z)(?—i—zi—t%‘,zz))2 0
(hZ1) | 93 (g3(1 — 22) — Mp22) (2 — 2) (2 + 22 — 15, 22) 0
#% h o h
htha< no-liR T e I
~~9/VL “<h
() .
1672 k% 2 16x2 ]gé{
— hWZE/Z; P
Wi 22 (g5(1 — 2zz) + )\hE)Q 0
h 0 %A%zi
Zr 22 (92(1 — 22) +)\h2)2 0
hZr] 0 0
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SPLITTING PROBABILITIES:

Process 84UgE COUP]‘ingS ~ P(E) P(1 TeV) | P(10 TeV)
q— VTq(’)J'é%E-O-HH——(S 195 {log %} : 3%
ey UC IR ol oo % 0.8% 1.1%

tr — Wby, (CL) (8 x 1073) log % 2% 4%

tr — Wibr (UC) (B 107 0.6% 0.6%

Vi — V;\)F@E&R-) (0.015) [mg %} ; 8%
Vr = ViVr (UC+IR) (0.014) log % 3% 7%
Vs i (C) (0.02) log % 5% @

Vi Vpl=tet+R)— | (2 X 0 {log %} : 1% %

I e h (DO IR OO ilon % 0.4% 1%

* Non-Abelian gauge spliting larger than fermion splitting!

* Collinear splittings larger than perturbative radiation!

NOW SOME RESULTS AT 100 TEV —



MULTI GAUGE-BOSON PRODUCTION
W radiation costs ~ 1/10

d, -initiated shower, 10 TeV

At 100 TeV: M. Mangano’s talk

% = E
Diagramatic calculations

S 107 E
WW c=770 pb = |
102¢ E
W W W o= 2 p b : full shower E
10° = —— a->Vqonly =
W W Z o= 1 ] 6 p b E ----- q—Vq uncorrected L """"'""""i
104 q—Vq PYTHIA [
E I I I I 3

WWWW o=15 fb 0 1 2 3
#W and Z

WWW/Z o=20 fb ‘% [ Wi-initiated shower, 10 TeV

5 1 =
"% 10";— S —
10‘2:— —é

Each W costs you a factor T

of ~ 1/100 (EW coupling) 0% VY unconstangg | .

- — —— back-reaction correction | ___ __ ]

L[L - angle veto

back-reaction & angle veto

-5_ | | | | |
10 1 2 3 4 5

#W and Z
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AN EXAMPLE: WZ+J @ 100 TEV

2—2 + full weak FSR shower

3000
22500
—2000

—1500

—11000

500
0

AR(W,Z)

2—2 + PYTHIA weak FSR shower

...................................................................................................................

3000

2500

—2000

05 1 15 2 25 3 35 4 45 5

—1
AR(W.Z) >00

1000

OJWWWEWWW&WWEWWW?WW?WWW Mw?wwmé ............. ; .............
0 i ; : i i .II- . : : 0
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26 AR(W,2)

WMZ




fraction of events (per 200 GeV)

Higgs boson showering:

|||||||||||| | T TT | LI | FTTT | FTTT 1T ITTT ITTT
102} H™* - wW*w =
[ (10 TeV example) :
0% L =
- I‘: incoherent |
1071 : T'L orL'T -
= ; : LL i
nTT |
10-5 = ; ! _E
- 4_,_— LT i

| | [ :-:-i-l | | | | ' [ | [ | L1 | Ll | L1l

-6 [ | L A ERE e
0o "1 2 3 4 5 6 7 8 9 10

M(W*W") (TeV)

(a)
H% = h- i coherent:
Wehe oV h
h/Z, separate wrong!

27

X
—h
1<
w

o
-t

o “hohh(1Tev)
0.08
0.07
0.06

0.05

fraction of events (per 0.05)

0.04

0.03

0.02

0.01

II|III|III|III|III|III|III|III|III|II
02 04 06 08 1 12 14 16 18 2

oo

AR(h,h)

(b)
Ultra-collinear behavior:
Some guidance for h” search.



eetn &epes 2 WW- + shower
(e'e" E__ =5 TeV)

2500

<) 0.01_I T T T | T T I-I | T T T T | T T T T | T T T ]
? - y/Z - W*W  splittings (e source)
S 0.000 ' ., L 3
o I - ]
ol - .
$ 0.008— =
o - ', fixed-ord -
7)) - -:_lxe =oraer s
-ac-; 0.007E 3 FSR ;
o 0.006/— -
© - .
c 0.005 _ —
2 - coherent L ]
§ 0.004- shower -
0.003| ! -
0.002 —
0.0011 :rm%\ =
0: 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 i I | I — s

0 500 1000 1500 2000
M(W*W) (GeV)

(a)

W/Z shower important;
Coherent treatment important.

fraction of events (per 50 GeV)

—h
<
N

=
=]
w

=
<
£~

—h
=]
a

LA I L A S AU AR RN
vZ — W*W’ splittings (e, source)

v only OR Z only

coherent
shower

6 111
100

2000 2500
M(W*W) (GeV)

1000 1500

(b)

Pure BY exchange:

Small.

500

SU(2), x U(l)y interactions restored!



W+’ Shower examples:

Wi — th, tH(W™), bb(WT), bE(WTW).

T ||||
20 TeV W’ — t b, with EW FSR

T | T T
20 TeV W’ — t b, with EW+QCD FSR

—r

=
[ IIIIII|
L1 IIIIII|
L1 IIIIII|

—
e
-
Qe

th+X

tb+X

—h
Qe
N
—t
Q
N

fraction of events (per 200 GeV)
fraction of events (per 200 GeV)

—t

S

w

T IIIIIII|
| IIIIIII|
—h

<

w

I IIIIIII|
| IIIIIII|

107

bt+X
II|III|III|III|III|II

:IllII|III|III|III|III|III|III|III|IIIIII N N I | |
0O 2 4 6 8 10 12 14 16 18 20 22 O 2 4 6 8 10 12 14 16 18 20 22

M(QQ) (TeV) M(QQ) (TeV)

(b) (c)

With W/Z showers, ALL t/b 1so-spin components exist.
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W*” Shower example: Lepton hinal states

20 TeV W™ — I'v, with EW FSR

-
e

1-lep, no shower

—r
<
N

fraction of events (per 200 GeV)

—h
S
w»

10-4I IIIIIII|III|I||III|||||||ILLL
O 2 4 6 8 10 12 14 16 18 20 22

M, (leptons,E;) (TeV)

With W/Z showers, all leptons/neutrino components exist.
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Top decay/showering (10 TeV):

T T | T T T T | T T T T | T T T T | T T T T
10 t —» Wb decay/shower

10

10"

normalized differential rate per TeV

1072

10°

o IIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| T IIIIIII| ]

| | | | |
1000

| | | |
2000

(a)

| | | | | | | | | | | |
3000 4000 5000

M(Wb) (GeV)

Yukawa:
U(l) gauge:

Ultra-collinear:

T T | T T T | T T T
tRah/Zt

|
]

—h
=
w

I I |||||||
=TF
—
=2
="
] ] IIIIII|

ht /Z,t,

—h
Q
i
T IIIIIII|

fraction of events (per 200 GeV)

[ LL ZTtR
10° L + =
s SUTL =
- ZLtR L 1 .
B L _ _
i L ar |r|1 _
| Jl H_:F
10—6 T | | | ITI o I A 11
0 1000 2000 3000 4000 5000

M(tX) (GeV)

(b)

P(tR = htL) =2 P(tR - ZLtL) I (e
Pt S e

tp — htr, Zitg
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W, W, Scattering:
e The existence of a light, weakly coupled
Higgs boson unitarize the WW amplitude:

-7

W Wy Wi W

no Higgs

Standard Model

oWy

~ s/v?

Wy W, Wi Wi

10°

e Consistent perturbative theory up to A (?)

* New strong dynamics effects may still exist,

but “delayed” to /1.
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EW PDF's
QCD factorization:  Colins, Soper, Sterman (1985 ).

: dL;;
o(pp — X + anything) :/ dTZ y L 6(i5 — X),
i

T0 ’L]

dﬁij 1 f T 9 ; :
dr = 1—|_5Z]/7' f |:f@/p(€ Qf)f]/p (E)Qf) T (Z HL7):|

EW partons:
o df le dZQ
Yo 5VV/ s 0] / / /g Z / e x
X [fV/q(ZZ)fV’/q’(Z1> AL R <£ 1z2) S o R A s s ) (ﬁz;g) fq'/p(f)]

Chen, TH, Tweedie, arXiv:1611.00788;
Bauer, Ferland, Webber, arXiv:1703.08562, 1712.07147.
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EW Evolution @ Leading Double Log

Bauer, Ferland, Webber, arXiv:1703.08562, 1712.07147;
Chen, TH, Tweedie, arXiv:18xx.

2
= =Slidakey: factor; A, ~ exp[—a@% 1ﬂ2( Qg )]
70 MW

Following SU2)xU (1) DGLAP equations.

e.g., 1s0-spin state evolution @ leading log:

1 4+ ¢—(o2/m)log?(u/mw) 1 — e (az/m)log?(n/mw)

fe(az,,u) - fe(x70) 2 I fl/(x70) 2

with W/Z showers, leptons/neutrinos redistributed.
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EW Evolution beyond Leading Log

Ai%(\l) ) )
e~ (p) e (2p) e (p) e~ (p)

Incomplete cancellation for non-inclusive process in SU(2)
—> Bloch-Nordsieck theorem violation
hE - G

dPyi e = dPery ~ 1_22 e

AL
dpe(—e S dpw—y L (1 —)Z = (1 /_L

de(—e o h d%(—y = 0

2 4
AT e i e TS —/dzCQ( ):—/dz 3/
e =

- non-cancelled sub-leading log(OQ*/IM_~)
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Consider ete” 2 X

2
Aveex = 7log (%) Ale, €) (ﬁ) ] SR T
- : Clafalom et al., hep ph/0007096.
€ et e 3 FVV vy OVV—)X pv—X

C'b I

eu—)X Sl FVé,D@ ey iee

T|
cm

=S
e
E

ez, v Oez—s X orv—X T Fupee Oypsx ee—X T

- State ensembles:
Parton-Luminosity Ensembles (PLE).



Our Approach

* Decompose an incoming state into

gauge multi-plets: SU2) f;, 2 1 + 3.
1: (ev—ve)/V2
3: ee, vv, (ev+ve)/V2

* Gauge eigenstates properly evolve with O%;
and the oft-diagonal terms never develop:
1. or 3. would not hix.

e At which level would i1t break down?

More to come ...
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CONCLUSIONS
* With the discovery of the Higgs boson, we

have a consistent QM, relativistic, unitary

theory up to (possibly exponentially) high
scales, but where 1s 1t? We wish A ~4 = v (?)

* EW sector @ high scale holds the hope for the

probe!
Perturbative cutoff via SSB

: Longitudinals/scalars
 First, bread & butter Chirality

rich physics: Yukawa showers

Neutral boson interference
Weak isospin self-averaging
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CONCLUSIONS

* EW splhitting/showering will become an
increasingly important part at higher energies.

* [t still has technical & conceptual challenges
at higher energies.

* Be prepared:
Very high-energy W, Z, h, t may serve as

tools for the next discovery !
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REALITY IN HADRONIC COLLISIONS

“Hard” Scattering

outgoing parton

proton proton

%

4“
underlying event 7 i

underlying event

initjal;state
radiation

: final-state
outgoing parton radiation

Collinear splitting, ISR & FSR,

is one of the dominant phenomena.
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EW SPLITTING FUNCTIONS

Motivations:
We have marched into the territory where E >> My,
where EW symmetry can be restored.

Conceptually ditterent trom QCD: Aqcpvs vev:

EW sector remains perturbative.

New degrees of freedom:
the Higgs sector / Longttudinal vector bosond

Clear understanding of the “Equivalence theorem”.

Most sensitive to new physics above the EW scale.
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GAUGE-BOSON INITIATED PROCESSES

At colliding energies E >> M,
EW gauge bosons are new “gluons”!

In the EW theory:

9 D eCYl 1 e (1 o $)2 QQ
Pyqvr = (9v + 92) o = In A2

Gl =g
Bosqvy = (9\2/4‘9124) e

X

* I/, radiation the same as g, y : [#1* ~ p;*:
- “dead cone” at k =2 0: ~ k dk/my?
- log-enhancement at high p & soft x
* I/, radiation no collinear enhancement/suppression,
no log-running at leading order.
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Snowmass NP report, 1311.0299

Big Questions
o %
A e
. F o
Big
|deas
SUSY

Compositeness,
Extra dimensions

Extended
Higgs Sector

WiZ

Minimal
Dark Matter

Hidden
sector

Multiverse




NEW PHYSICS WITH ENERGETIC
MULTI TOPS/GAUGE-BOSONS

SUSY examples: Db iy by e Wt e il
Heavy quark examples: 77", BB, ...
Heavy W', Z’" decays.

Heavy DM annihilation in indirect searches

...... Ciataloni, Riotto, Strumia, et al., 1009.0224;
Hook, Katz, 1407.2607;
M. Bauer, T. Cohen, et al., 1409.7492;
Baumgart, Rothstein, Vaidya (2014 - 2015)

= Energetic W7, 7, H, t from new radiation
sources and decays.
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