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Events / { 20 GeV )

First LHC data at 13 TeV
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E T heoretically clean.
d_— Experimentally simple.

ATLAS prefers large width ' /M ~ 0.06.
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CMS prefers narrow width.
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Needless to say

Maybe the main discovery in 30 years.
Maybe the main statistical fluctuation.



Physics = experiment + : theory

The Gold Rush: [INSPIRES][list]

Date papers
16 Dec 10
25 Dec 101
1 Jan 137
1 Feb 212
1 Mar 263
1 Apr ?

Sociological problem:
gold doesn’t come spontaneously.

,{

Time to review the confusion



http://inspirehep.net/search?ln=en&ln=en&p=refersto%3Arecid%3A1410174&of=hb&action_search=Search&sf=&so=d&rm=citation&rg=25&sc=0
http://jsfiddle.net/adavid/bk2tmc2m/show
http://arxiv.org/abs/1603.01204

8 TeV vs 13 TeV

The background gqg — vy at 750 GeV grows by 2.3.
The signal grows by ~ 5 if produced from gg, bb, cc, s5: OK.
T he signal grows by ~ 2.5 if produced from ~~, uu, dd: disfavored.
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Mass of the resonance in GeV

Compatibility between 8/13 TeV improved if S decays from a heavier particle.



A more complicated kinematics?

Tuning Mp ~ Mg + Mp needed to avoid p... S virtuality can fake S width.

Or large § — Tl with T — ~~, collimated and seen as a single v if Mp < Mg.
Traveling in the detector material, ‘photon jets’ give more v — ete .

Or two nearby narrow resonances. Or N.

Or a QCD bound state of a new quark with M ~ 380 GeV and obscure decays.

Please show the full energy distribution and the events



http://arxiv.org/abs/1512.08221
http://arxiv.org/abs/1602.08100
http://arxiv.org/abs/1602.08819
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Width in GeV
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http://arxiv.org/abs/arXiv:1601.04751

Cross section

Can be computed in terms of (narrow) widths:

2J +1 (S — ~vvy)

o(pp = 5 —=yy) =

8
o M

=
The parton g luminosities are:

V'S Cpp Cez Css Cyg Cuw  Cgg  Cyy
8TeV |1.07 2.7 7.2 89 158 174 54
13TeV |15.3 36 83 627 1054 2137 11




Extreme cases: gg and bb
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Bounds on other decay modes

final o at /s =8TeV implied bound on
state f observed expected (S — f)/T(S — ¥Y)obs
Yy <1l5fb < 1.1f°b < 0.8 (r/5)
ete ,utu=| <12 < 1.2fb < 0.6 (r/5)
- <12fb < 15 fb <6 (r/5)
Z~ <1l1fb <12 fb <6 (r/5)
77 <12fb < 20fb <6 (r/5)
Zh <19fb <28 fb < 10 (r/5)
hh < 39 fb < 42 fb < 20 (r/5)
wrtw- <40fb < 70 fb < 20 (r/5)
tt < 450 fb < 600 fb < 300 (r/5)
invisible | < 0.8 pb - < 400 (r/5)
bb <1pb <1pb < 500 (r/5)
ij < 2.5 pb - < 1300 (r/5)

Here r = 013 Tev /08 Tey- USiNg run 2 data only would be safer. Run 2 557

Even invisible modes are constrained
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Global fits, S < gg,vv, X

Regions that fit o(pp — vv)s,13, the width " and that satisfy all bounds:
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Large width needs I'(S — ~~)/M 2107 °:



SU(2); invariance

implies S — Z~, ZZ nearby. Consider S as a scalar singlet:

2Giv | oWi | 2Bh, | (HPrig | Dy H|?
Leff = S 932/\g+922/\w+ 12/\3 < Ay ‘|‘h~C'>‘|‘ A
SO
operator r(S = Zv) (S — Z2) (S — WWw)
F(S —vy) (S = yv) r(S —yv)
WW only | 2/tan?0y ~ 7 | 1/tan* 6y ~ 12| 2/sin* 6y ~ 40
BB only |2tan?6y ~ 0.6 | tan* 6y ~ 0.08 0

Bounds satisfied for —0.3 < Ag/Ayw < 2.5



Models




VVolksModell (the everybody’s model)

The Sgg and S~ operators can be generated if S couples to charged particles

SQs(yy +iyspys)Qp + SAsQ5Qs

| s,

Extra fermions Q or scalars O needed

|_ —_
SM loop excluded: the tree level decay would be too large e.g. I_—tt ~ 10°.
Y



Can loops give the needed widths?

At one loop

(S — gg) 5
~ (.2x10 (J + o
M Ef: s f2M XS: ’ 16M2
2
r(S — ) 8 > M > AsM
~ 5.4 x 10 d e d
M Zf: Tfoyszf +; TS 16 M2

e Loop decays cannot make a large total width I'/M ~ 0.06
which is typical of a 1 — 2 tree level decay with coupling y ~ 1.

e If [ is large, data want (S — vv) >10~4M, which again seems too large?

e If " is small, data want I"'(S — ~v+) >10"°M, which can be done. E.g. a H/,
with S and P splitted by AM = \v?/M = X x 40 GeV (< 6 GeV in MSSM)



Good particles in the loop: L, E, U
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Large width = non-perturbativity

Enhance I'(S — vyv) with: a) many fermions; b) big Yukawa y; ¢) big charge.

In any case: nearby Landau poles for g3 or e or y:

I'(S - yy) from a fermion loop, M, = 375 GeV ['(S - yy) from a fermion loop, M, = 1 TeV
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Much larger y and M~y if gauged SU(/N) with IR fixed point. Then pp — SS.



Similar results with extra scalars

A large cubic does not give Landau poles, but it is limited by vacuum decay.

['(S = yy) from a scalar loop, Mx = 375 GeV I'(S — yy) from a scalar loop, Mx = 1 TeV
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[~ can be much larger if gauged SU(XN) with IR fixed point



Extra O = Dark Matter?

1) The connection with Qpp\ is interesting on its own;

2) if /M ~ 0.06 allows to hide many particles that enhance S — ~~;

3) if /M ~ 0.06 allows to get tree level S — DM DM decays.
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Direct detection bounds are (weak) irrelevant if S is a scalar (pseudo-scalar).



/M ~ 0.06 is typical of QCD resonances

Composite neutral bosons of QCD
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Strongly coupled models

Larger width natural. S could be:

1) a pseudo-scalar TCn or 7';

2) a scalar mildly light being a (dirty) dilaton;

3) TC-charmonium resonances. Main options:
Technicolor: SU(2); broken by strong dynamics. Bonus/malus:

+ Simple UV-complete fundamental theories. E.g. extra fermions O chiral
under SU(2); and charged under extra SU(N—¢) strong at Aq+¢c ~ My,

+ TCx' is a perfect 750 GeV candidate.

— All the rest is a problem: flavor, precision data, h: dead?

Technidreams, partially composite H and S. Bonus/malus:

— Never born: postulates Z.s that avoid problems, no fundamental theory.
+ Allows large width trough S — tt.

+ 750 GeV compatible with usual (fine-tuned) naturalness.

Composite S, elementary H and SM. Bonus/malus:

+ No problems, simple UV-complete fundamental theories. E.g. extra parti-
cles Q non-chiral under SM and extra strong SU(N¢).

+ Dark Matter could be a stable TCx, and S could decay into it.

+ 750 GeV could source My ~ loop X A1¢c in modified naturalness?



A composite model

Over-ambitious model: extra SU(N—¢) with @ = N1 & N> d U and 6.

TCT('—(S 1)0@2)([(3 1) 2/3"—(3 1)2/3]@ 4)((1 1)0
XNUU @bZNUNz, ¢* |_|NN1N2, |_|>|< 7712

Pseudo-scalars n with couplings to GG, WW, BB predicted by anomalies:
o ~ N1N1 — NQNQ, mn1 ~ NzNz — %UU, ?7/ ~ QQ up to mixings « my; — MpN,-

T Cm masses in terms of Bg ~ Aq¢c for TCQ masses Avc ~ my > %mN12

DM : ml_l = BO(le + mNQ)
750 GeV S : m§1 =Bomy m,; ~ NTc , S mp
Extra colored: mj = 2Bgmy + Ay mg = = Bo(my + mN) + Ay,

S can (/P decay to DM, IN'(n1 — MNM*) ~ GeV x 9-|-C <45 GeV.
DM abundance, direct detection: ok. Lightest T Cbaryon N1 TC can be DM

Predictive! Look for extra resonances




T heoriles

Ferrari 125 Ferrari 750

MONZA SCAGLIETTI 1955
‘_MILLE MIELIA Al

-
-
5
. —
-

Ay
= _f -

® >

e _ _—

- _

. ' \. e



The BIg Picture

‘Who ordered that?’ 20th particle, 2nd massive parameter?
Naturalness? Will it kill anthropics? Too joung to tell what it will become.

If broad, new strong dynamics: theory can be predictive.
If narrow, just add weakly coupled extra scalar and extra charged states.
SUSY: S could be H, A, v, NMSSM, sgoldstinos + sparticles in the loop...

Extra dimensional radion or graviton.
String models often have extra states.

Unification could give extra light multiplets.
Extended gauge group can imply extra chiral fermions, need extra scalars:

G extra ¢ diphoton diboson
SU(3); ® U(1) ® SU(3). L.D yes no
SU3);, ®SU(3)r ® SU(3). L,D yes yes
SU(2)L ® SU(2)r ® U(1) ® SU(3)c — ad hoc yes




What next?

Significant progress soon



warnings

A 750 GeV ~~v peak reminds the 125 GeV ~~v peak. But H = S-
(circumnavigating Elba island) # (going beyond Hercules pillars)

H: SM NNNLO predictions =
neural network analyses of issues
‘with the same potential for sur-
prises as Brasil-Tonga’.

S: deep sea, all issues open =
I will focus on VolksModelGLHC
just not to get lost in a plethora
of possibilities. But

VM #= SM.




More decay channels

['(S

— 77, v/, WW. hh)/T(S = yY)
14T 76 10 4

e - - - - -

AB/Aw = cw/cs

1. S — ZZ,~vZ: a must implied by S — ~~.

2. S — WTW— (or correlations of 1) would tell that SU(2); is involved.
3. S — hh (or correlations of 1,2) would tell that H is involved.

4. S — tt,bb,...DM, ? would point to different directions.



Confirm spin 0 or exclude spin 2,3...

(The speaker is biased, and data too...)
Randall-Sundrum graviton could fit with A ~ 60 TeV predicting I' /M ~ 10—°.

But the graviton is already disfavoured because it predicts

o(pp —ete” +utu™) =olpp — )
and no peaks seen in leptons, o(pp — £1T¢7) < 5fb (ATLAS) and <3fb (CMS).

Spin 2 can be resurrected by assuming that it couples more to v than to /.
But this would give bad 1/M§1 terms: only the universal T, is conserved.
The zombie could even be CP-odd: discriminate with Any and 50 fb—1.


http://arxiv.org/abs/arXiv:1603.04248
http://arxiv.org/abs/1602.02793

WwWhich initial state?

S~ is already disfavoured by o13/0g.

Sgg gives more jets than Sqq, test measuring the transverse momentum of §:

5(20 GeV < pi < 40 GeV) 1.4 g9
g =4 0.6 qq
U(pT < 20GeV) ~1.1 bb

Sbb gives extra b jets.

Related issue: S is singlet or doublet or...? ;5'00
Normally: 8 1.

e if dominantly coupled to gg it’'s a singlet; 80-

e if dominantly coupled to ¢gq it's a doublet. é
Abnormalities can be tested: 58

o singlet coupled to qq gives hard qg — SV}, &

o doublet coupled to gg gives hard gg — SV Vp, 0.01t



http://arxiv.org/abs/1512.08478

Scalar or pseudo-scalar?

How to measure the CP-parity of S (or discover that CP is violated):

Technique Problems
measure S — y*y* — 44 Ma¢/T vy~ 1073
measure S — vy — 44 in matter Small etTe~ angle
measure pp — Sjj 0g;i/0s = 0.04
observe S — hh Shh exists?
measure S — ZZ — 44 SZZ exists*?
measure pp - Z — SZ SZ7Z exists*?
measure S — ZW(*) — 4/ SZ~ exists?

FZZ \/I_ZZr*yZ [ A
* v SZ)=1.7pb—22 L 0.66pb 0.53pb &
o(pp ) pb —~ P v + pb —~



Double S production

Can be sizeable, especially if strong interactions y ~ 4w. The VM predicts

o(pp — S8S) ~

In the limit Mg > Mg the ‘low energy theorem’ pro- |
vides an exact generic result for the Yukawa effect: _ 10
azIN - S 1 y E ol
Lot = G In(1+—) — =
Signals: pp — 5SS — ]339733777777@/ 1077 — \\é\ili\ié\:‘?w}/ 0“7 ——
1077 107° 107 107 0.001
I'gg/M

[to appear, done by collaborators]



Extra fermions or scalars

A) Discover Q at LHC (some anomalies...).

LHC can miss DM multiplets, especially if quasi degenerate (soft tag). Then:

My = 400 GeV

B) High-energy tails of

<
8]

o(pp — £07) oc g* (i1 ~ myy)
sensitive to Ab (BSM running of gy, g>). 8 TeV:

C) etTe™ collider: even if Q is too heavy, it could
be probed indirectly as W, Y ...

10—4 L

10—6 L

dxNxQx? = 200 (darker blue) N
dxNxQx* = 150 (lighter blue) {
dxNxQx* = 0 (dashed)

dopy(pp - (*(7)/dMy, [pb/GeV]

108 ‘ ‘ ‘
200 500 1000 2000

M({ [GeV]



http://arxiv.org/abs/1602.04801

Conclusions

e vy@750 should be accompanied by vZ, ZZQ@750 and by new particles.
e A large '/M ~ 0.06 would point to new strong interactions.
e Finding simple reasonable models is (too) easy. A jungle of options:

il

v

s

Narrow or broad? Spin O or 2 or...7 Singlet or doublet or...?7 Scalar or pseudo
or (P 7 Elementary or composite? A cousin of H or not? [...] Real or not?

Today it could be everything, including nothing. In july we will know.

If real, new data (width, pp — 55, S — ZZ,~Z, ...) will kill models, after the
massacre the right theory and its fundamental meaning will emerge.



