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Abstract: <p>I will discuss the recent LHC excess in the di-photon distribution at an invariant mass of 750 GeV. Various explanations in terms of
weakly coupled and strongly coupled physics will be presented. Possible connection with Dark Matter will aso be discussed.</p>
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What is the gamma gamma
~_resonance-at 750 GeV?
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Even better after Moriond?

SPIN-0 ANALYSIS

33013 TeV)+ 10.710 ' (B TeV)

ATLAS Preliminary

= Background-only fit

Spin-0 Selection
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Compatibility with |3 TeV scalar

v gg (scaling: 4.7) = compatibility: | 2 © ATLAS runz:

v qq (scaling: 2.7) > compatibility: 2
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S-channel resonance:
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spin=0, ['/m ~ 0.06
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parton luminosities:

\/5 | Cbb Ccc Cs ] Cdd Cu u Cg q C".' g |
8TeV | 1.07 27 72 89 158 174 11
13TeV | 15.3 36 83 627 1054 2137 54
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Assume:

o(pp = v7) ~ 8fb

gluon production:
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LHC13 vs. LHCS:
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Poor compatibility runl/run2 for u, d, gamma.
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Significant constraints in all channels:

et

final
state f
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hh
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o at /s = 8TeV
observed

| < 15fb

<12fb
<12 fb
<11fb
<12 fb
< 19 fb
< 39 fb
< 40 fb

< 450 fb

< 0.8 pb
<lpb
< 2.5 pb

~J

expected
<1.1fb
<12fb
< 15fb
<11fb
< 20 fb
< 28 fb
<42 fb
< 70 fb
< 600 fb
< lpb

implied bound on

r(“)‘ — f)/r(‘g — A,’Af)nlm

<:
< 400
< 500
< 1300 (r/5)

If width dominated by gluons:
['<2GeV
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INYV, tt, bb:

WW, hh:

. Lyy -ﬁﬁ
weakest bound: IR | TTesY,
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INTERPRETATION

Likely a spin-0 resonance coupled to photons and gluons.

v2 LY 2 %
q%S(Gpu + Gpu‘-G# ) +C2S(F#u + Fpu;p‘p )
A 2Ay " 2A, 2A.,
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SU(2)xU(1) invariant lagrangian:

2 Gh  GLG" (W W, W ., (B, B,B"™
.[lj.s‘ ( . Ji + ji A ) + .(”j};(' b 4 M . ) L {ll.."' (I Jil J M : ) i
'-)vAy 2;\” 2-\1'-' 2.\“' 2A B 2A B

A HYLYg ADHI?  M? (. As
+S5 + h.c. S . S+
( 4'\‘,. = A ) ' a\” 2 i 2

Coupling to electro-weak gauge bosons:

NS —2Zv) | T(S—2ZZ) | T(S—WW)
['(S— ) ['(S =) ['(S— )
WW only ' 2/tan’ Oy ~ 7 I 1/tan® By =~ 12 . 2/sin® Oy ~ 40
BB only | 2tan?6fw =~ 0.6 | tan® 6w =~ 0.08 0

operator

S must couple to hypercharge:

—0.25 < Ag/Aw , Ag/Aw < 2.4
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A coupling to gluons and photons requires new particles
with color and electric charge.

® Weak coupling:

SQs(ys +1iyssvs)Qs
g 70000000)

‘ e ¥
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Easy to reproduce signal:

Scalar (continuous), pseudo-scalar (dashed) and cubic coupling y,ys = 1, A=M

N = 1 triplet

N=3,0=1 '
300 400 500

Lepton mass in GeV Quark mass in GeV

Total width suggests tree level decays

N M 87

2
1—‘tree y
~J

The width into photons is challenging:

M 2Mjy

f

\ M
o sg0t —m0m Y d, Qyp e > 50
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A large width implies either large multiplicities, large
charges or large couplings. In all cases one obtains
Landau poles:

M¢=750GeV,I'/M =0.06,ds=3
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Theories are strongly coupled at the TeV scale.

Alternatively the width is reproduced by multiple states.
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® Strong coupling:

Composite neutral bosons of QCD

-
(3]
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Width/mass ratio, I'/M

L'(n — vy) ~ 10~ L'(ne = vy)

~2x 1076
M M x
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- S could be part of an extended Higgs sector where
the Higgs is composite. For example it could be a PGB
in models with partial compositeness

mSthX£ fNTeV

Unbroken group must contain SM group

Ea: SU(11)
) SO(11)

k

- S belongs to a sector that does not break electro-
weak symmetry and the Higgs is elementary.

Simple gauge theory realisations. Di-photon could be a
new pion or a bound state of vectorial fermions.
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- Composite Higgs Models:
If S is CP even (a dilaton or a composite scalar):

1 S

Lert = =gz 7 (b0 S2GwGH +bw W W™ + b5 6B, B

S , o il S .
+CH?|D;;H|2+C5‘mi'f|H|2+nyf?HfoR+h.C.

ba,w,B ~ N cg~1

For PGBs coupling to gauge bosons is suppressed by
symmetry breaking SM couplings.
k

Width can be reproduced with decays to SM fields:

: for T'=T(S — tt)

for '=I'(S > W"W~,ZZ, hh)
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A large width implies:

ba + by > 80(f/M) \/1'/-15(:0\’ for T = T(S — it)
P 285(f/M) T/45GeV for T = T(S — W*W~, ZZ, hh)

b, < 28(f/M) forI'=T'(S — tt)
G~ 08(f/M) forT ~T(S — W+*W~,ZZ, hh)

PGB CP odd case:

1 8
Lpep = — 1672 f

I
be,w,B = cc,w,B

Coupling to gauge bosons determined by anomalies.
It only depends on the pattern of symmetry breaking.

- v : 17 v y — “,- ‘- S
[C(" 953G G* + cw gsW, WH + cp gi B B" | +icsyy foLfR + h.c.
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2 Af2
Fgg o a3 M

& 5 2
=Cr —=—— =06 X 107" &
M “8r3 f2 -

Ratios in electro-weak gauge bosons predicted:

2(—(‘;" cot ()u' + ¢p tan 01")2 ]‘zz g (('u' cot H‘z‘ + Ccp tan ﬂﬁ)"’
2 " s 2
2 " 2.2
Cw 8aj cg

(.2
2 . : 336G ~ 1300 -< .
c3 sin® Oy a? ¢ c?

di-jets: cg < ¢y

If no other decays exist:

F’Y’Y —6
— 10
M
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Extra decay channels:

I o Cev I’ r
99 __ 1.3 10 3 OJ tot vy
M 8 ¢y V GeV

[~ 130GeV /e cq (GCV) I.

rtut

L'yy -4
—= > 10
M >

1) Composite Higgs: M=f, N=10. The strong dynamics is
heavier and weakly coupled. Landau poles.
ge ~ 3

2) Elementary Higgs: M =4 pi f, N=3. Automatic for eta’.
Strong dynamics nearby but hidden by strong coupling.

2
- Ism
4m

g y |
Geff ™~
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Kilic, Okui, Sundrum '09

- VeCto r-l Ike gauge th eorl eS: Antipin. MR, Stru mia.Vigiani "15

SM + H

New confining gauge theory with fermions vectorial under SM

I
SM including Higgs couples to the new sector with

renormalizable couplings:

gjf}l‘f 9'1'(7 AA~AA — I R
+ g;'wg;‘w + [H\I”l(y;}PL -+ yUPR)\IJJ' -+ h.('.]

29 = ..(f' ‘i’,‘ 1 — i \I’,‘ - r :
sm + V(i) — m;) 12, T 3om2
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® Models

SU(N) gauge theory with NF flavors.
Techni-quarks are vectorial with respect to SM.

Fermions SM SU(n)rc
vy > T n Zd[r,—] = Np
% Ez- Ti n :

47

Tiwi 3 5ij Roris 20
(B0 ~ 4r f36 o ~ =

f

Vag:uum does not break electro-weak symmetry.

NGB:

SU(Np) x SU(Np) _ X X
Adjsrrn 1= ; ;
SU(NF) Jsung) T+ ;7‘ XET
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Singlets NGB are di-photon candidates. Two species:

_ _ dr - d.
N~ Q1Q1 + Q2Q2 g Qi@ — /5 Q20

) P 2
mf’; ~ 7Ar‘i('~ mr,l o mQATC
Npc -

¢; 048 = 2Ny1c Tr (T, TAT?)

Cf"vO

VAV W "f,Z.,W,g
I

6— angle induces CP violating interactions allowing decay
into two pions if kinematically allowed.
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Di-photon system

TCb ,spin2 ...

750 GeV

ft
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MR, Strumia, Tesi, Vigiani ' 6

rt, I'z 2
™ [

DoL| ! i | 4y 1.8 | 46 | 240 7 0.22

DelU ) . 0.58 | 0.083 0 - 0.58 0.083
DoE | ¢ 1/ 0.58  0.083 46 4 ' 0.58 | 0.083
DoQ | ¢ , 17 | 21 0 - < : ‘, 29 6.0
DOT | 6 2 L [042 ] 23 | 15 | : ' - | 022 | 19
LoU i1 Wi / 200 | 180 | 12000 - s | 0.0032 | 0.82
LoQ A 0.58  0.083 740 ¢ ; _ 29 6.0
L®S ' A 200 | 180 | 74000 - ; : 0.097 | 047
U E ‘ 0.58 | 0.083 | 120 ' : . 0.58 | 0.083
UeQ | f ‘ 32 | 16 0 " ia " ) 078 | 3.0
UeV | 6 v, % 83 @ 80 740 - ! : e 1.5 4.1
UN | ¢ 1/ 0.58  0.083 180 7 , 0.58 | 0.083

E®»Q Vil 38 36 051 70 ' 1.2 3.7

EoS b 0.58 740 : 5/14 | 058 | 0.083
Sev 5 83 4600 ' 2y 3, 2.3
1200 §y/i ; 0.083

9

Y = AT 8
S®N | 357 |
|

Each model predicts NGB and spin-1 resonances with SM
quantum numbers that will be visible at LHC.
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Ex: D+L

GB=2x (1,1)0 + (1,3)0 + (8, 1)o + (3,2): + (3,2)_:

1
6 6

|2

. 1 5, ’ 2
m',f ~ Ngfle mf, ~(cmp + SmD)Q-f-. m(y1,3), = ML g.f + As

mp+mp
ms,1), = Mp g f + A3, m3,2), = ( 9 )Q-f + Az + Aj

F.‘JQ — 4 P
M = 2TX10 Y 02 Gev

f ~ 80GeV (O'QIC,;GV) " x Nrc
Color octtet scalars decay into gluons through anomalies.
Squark-like pion is long lived. Triplet pion could be lighter.
Very rich phenomenology.
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- Q-onium

Kamenik, MR '16

If the fermions are above confinement scale dynamics is

similar to charm and bottom in QCD.

Gov Q-onium
850 - 2mo

(35)

(2P) (2P)

Mpo ~ 2MQ
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Decay info photons is a tree level process

Py |

2
= 12N1ca®Q* |Rff;3|

T(ng = 7Y)
M

Almost degenerate color octet spin-0 resonances and
spin-1 resonances analogous to J/PSI predicted:

- spin-0: gluon production @ 778@

- spin-1: quark production Vo U

Di-photon can also decay into glueballs or light pions
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Rates in all channels predicted:

pp = n' = gg
pp = 1" = gg
pp — '(j)l
pp = P° = jj
pp — Y° — ti

- ee

ou[fb]

y 200(920)

500(2300)
0.3(0.9)
600(1600)
120(320)

o x [fb]
12(58)
34(160)
0.1(0.2)
40(110)
8(22)

oy [fb]
44(200)
110(520)
0.1(0.3)
1 3[)( 360)
25(6:

5)

o[fb] @ LHCS

<2500

<2500
<1.2

<2500
<600

Large width could be reproduced by the production of
excited states. Splitting 6% is natural.

nx

My [GeV]

C(nx = vy)

|\R(0)|*

My

m; .

n
1e(15)
1.(25)
TIb( IS)
m(2S5)

0.958
2.983
3.639
9.398
10

5% 107°
2x 107"
10°°

5x 1078
2x 1078

1.5 x 1072
6 x 107°
6 x 10°°
2.5x 1073

U =(3,1);
X =(3,1),

Y = (3,2);
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DARK MATTER

Fitto § = gg, YY, DM at fixed [

Invisible decays

InV|S|ble width could be reproduced by decays into DM.
Most S|mply add new fermions neutral under SM:

YoM SYpu¥pym
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Thermal relic density mediated by S can be obtained
even reproducing the total width.

10f T

£
2.
g
)
5
5
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w0

DM mass in GeV

Yas Yes | Yes | Ybs . Yis|’
-ds8S S S S
+15=+= 4+ L

S 103075 4038
Yd Ys Ye Yp Yt
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Accidental DM candidates in gauge theory models:

® Baryon number

® Species number

Lightest baryon and meson with species number stable.

Easiest possibility add singlets. DM candidates:

HNN1N2 B=€ili2,,,inNi1Ni2...Ni"

NGB interactions:

b

X nll? g3 % . e 1 . ., m? ,_.
Lpm = Cynn 5+ 16:1'20”“99 12 GG + f2nf(0II)‘3+ 72 n?11?

2
m
i I
Crirgg ~ Nt Chin ~ ——6rc

f
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Q=U®N; &N,

24 = (8,1)o®2 x [(3,1)—2/3+ (3,1)2/3] @4 x (1,1)0
N =~ s N ~ d

X ®1,2,90% 5 ILIT*, my 2

2
m ~ NiNy + NNy - iUU

Fmaz(m — TI*) ~ GeV x

Q=UaNMeN;

weded | - ml=m2. Singlets dont mix.
Chng=(mpm/TeV) | .
Relic abundance reproduced

through di-photon interactions
Excluded by LUX

— - — -
-

- Even for small mixing self-
interactions dominate.
mDM < 100 GeV.

1
favoured by diphoton

- -
my¥ myz
TRV S VY W WY —r— -

e 100 200 %00 4 ‘ ' - Baryon DM candidates

DM mass in GeV
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FUTURE

- If excess is confirmed it will be revolutionary.
It is the dream nobody in our field anymore had.

- Effects will be visible in many different channels.
Invisible decay suggestive of connection with DM.

— Theoretical speculations rely on the width. Is S
weakly or strongly coupled? Is it related to
EWSB? With more data we might be able fo pin

down the right theory.
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