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1. Diphoton resonances at the LHC
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Higgs was right Picture that changes the way we see the universe for ever
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CERN LHC jamboree, 15/12/2015
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CERN _._._O _mBqumm 15/12/2015
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But Is it real?

1. Could be a statistical fluctuation
- will know next summer at the earliest (req more data)

- look-elsewhere effect should only be applied
either to ATLAS and CMS. le ATLAS 2.6 sigma global,
then look only near 750 GeV in CMS, giving also 2.6 sigma.
Clearly above the evidence threshold if combined.

2. Could be a mismodelled background

- Simple, small, smotth background, fitted to sidebands.
Ammm however yesterdayOs paperDavis,Fairbairn,Heal, Tunney arXiv:1601.03153 )

In my opinion, the most significant tension with the SM | have
seen in my scientific life. (Not counting neutrino oscillations.)
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What if it Is real?

A good idea to think about implications now

- In the past correct UV picture has been guessed based on
less significant results (eg Cabibbo mixing)

- Many possible decay modes havenOt been searched for with
run |l data yet

- As we will see, possible explanations seem to imply the
existence of exotic (electrically and/or colour-charged)
particles within the reach of run Il

If this is real, we may well get news before new data is taken.



2. Characterisation of the
resonance
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If itOs real, what do data tell us~

Gupta, SJ, Kats, Perez, Stamou 1512.05332
Integer spin 0 or spin >=2 (Landau-Yang)

M = 750 GeV
Gamma <= 45 GeV

— -—— -— n
"N~ 50% 58fb*
013 _ wmd\d\ " 6.9 1fb! Mu . _I|“_...w

The particle likely couples to quarks and/or gluons.
The particle is likely resonantly produced (no patterns in the
data indicating a decay from heavier particles)

Will assume spin-0 s-channel resonance in the following.
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Production & decay

Narrow-width approximation: factorisation into production &
decay, both described by same OLagrangianO (really, effective

action)
1 1lc 1 1c
L=" —__SF t#_n " I|m®t#.mmm
1672 4 M W T6r2 AM i ”
1 0
" owMwSWTEW, " SczMZzSZYZ, " o S

- no assumptions about SU(2) guantum number of S implied

- no assumption of locality (coefficients can&do contain strong
phases)

- heavy particles give local contributions to L (EFT)

- use in VBF relies on equivalent-W approximation, or on
SWW, SZZ vertices being local
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Width

Gupta, SJ, Kats, Perez, Stamou 1512.05332

1 1c 1 1g
L=" —-SFWF SGHM2Gl,
16724 M W TerZAM y
H_. 0
" owMw SWTHW! " MON_,\_NmNtNt " c S

The diphoton spectrum tells us, without assumptions on production,

0) 0)
r _ & i _ & nilc|? $ 0.06 (or smaller, for more
M @ M <_/o_ . narrow width)
| |
model-independent Owidth coefficientsO
mode Width coel cient n; n; (#)
vy T647 1.99! 107 .
99 s 1.60! 10 ¢  NB - Yukawa coupling
3 0119 ~ 2/3 gives 45 GeV
a9 , & . width
te = 1" 4m?M 2 0.106
" i , $ .
WrW!' G 1 amd M 22 1t 4T 127y 0.404 No strong coupling
My 4 m needed.

zZ e 1" 4mZ/M M% 1" 472 +HN 0.154
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Signal strength

Gupta, SJ, Kats, Perez, Stamou 1512.05332

1 1c 1 1
L=" —__SF t#_H " I|mmwt#_mﬁwm
1672 4 M W q6r2aMm w# y
H_. 0
" owMw SWTHW! " MON_,\_NmNtNt " c S

Assuming now a particular production mode, MadGraph gives

M N Awhz_%ﬁ @Q/\_ mm?;_
e . ’

BR+ | BRp=Np——— =$,! — b
PP Bl T 20 L13

&

$,$ {25, 55, 8.9, 96, 140, 310, 2000q 2500G ! 10 S
( gg, w, dd, ss, cc, b, VBFww, VBFzz )

for nominal width, for VBF BR(diphoton) ~ BR(WW/ZZ) ~ 50%

for smaller width, no solution for VBF production.
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Model-independent bounds (13 TeV)

Gupta, SJ, Kats, Perez, Stamou 1512.05332
Decay back into the production mode is bounded by the measured width.

This in turn bounds the production cross-section, implying a lower bound on
the coupling (or partial width, or branching fraction into) photons

N =20 M =750 GeV ! =45 GeV
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Conservative, valid for any mix of production modes.
Equal to bound if gg initial state assumed.
Independent of the width! (Cancels out.)
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3. Constraints from 8 TeV searches
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Resonance search constraints

Gupta, SJ, Kats, Perez, Stamou 1512.05332

No other resonance searches with 13 TeV data below a TeV
yet. But many at 8 TeV. Important constraint on possible
explanations!

Production cross sections scales with parton luminosity:

#13" BR .
#g" BR, = = L, N {1.6, 2.6, 2.6, 1.8, 1.7, 1.5, 1.6, 1.6} fb

r 20 _ _
’ (gg, wd, dd, ss, cc, b, VBFww , VBFzz)

Diphoton searches at 8 TeV provide important constraints:

"g xBRyy ! 25 1b (CMS limit for 10% Gamma/M)

"g# BRn <13fb (CMS limit for narrow resonance)
(ATLAS limits weaker)

Slightly disfavours u-ubar and d-dbar initial states
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Resonance search constraints

Gupta, SJ, Kats, Perez, Stamou 1512.05332
— mn
#13" BR "N
#3" BR, = -3 : Yoy 5p | 116,26,26,18 17, 15 16, 16} b
p

also implies simple bounds on ratios of BROs:

BR; ™ _ﬁ (#g" BR;)Max
BRi ~ P #53" BRy

decay mode 7 — | g¢gg qq tt WW ZZ hh Zh Z"  ee+ up

4000 1800 500 60 60 50 17 12 8 2.4
(13]  [13] [14] [15] [16] [17] [18] [19] ([20] = [21]
production p = | gg | 2600 1200 320 38 38 32 11 7.7 5.1 1.5
| . wi | 1500 690 190 23 23 19 6.5 4.6 3.1 0.9
" BRy ™ | dd | 1600 700 200 23 23 20 6.7 4.7 3.1 0.9
BRy s5 12300 1000 280 34 34 28 96 6.8 4.5 1.4
cé | 2400 1100 300 36 36 30 10 7.3 4.8 1.5
bb | 2700 1200 340 40 40 34 11 81 54 1.6

(#g x BR;)M3X [fb]

large couplings to photons, and/or suppressed couplings to
weak bosons, Higgs, leptons, required
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Special case: decay into the production mode.

Provides separate lower bound on photon coupling

neog # i
N~  58fb!? ! Ya
a|> {55 9.4, 11 17 19, 22 | —
e l> 4 ) 20 L 13 45 GeV

different dependence on production mode and on scaling with
the width - can be stronger or weaker.

N =20 M =750 GeV ! =45 GeV
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4. Models: casualties
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2 Higgs doublets

Gupta, SJ, Kats, Perez, Stamou 1512.05332
Candidate particles: H® and A°

OHiggs basisO where only one doublet gets a veveranco et al 1999

Misalignment with mass basis is due to single operator
#immmmxmwmmv

lv <3  (EW precision tests)

-> small parameter ¢$ Avv/M, decoupling limit applies
consequence: Yukawa couplings of H,A can be large, even
for first two generations (possible production mode)

Mass splitting due to another operato ! 5(H_ Hp)*
) v M
%H_Bmo 3\»0__ %#MH%MQ@/\«

excess could be sum of both contributions (H, A)

consider production from glue-glue and from quarks
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2 Higgs doublets: gluon fusion

Friday, 15 January 16

Gupta, SJ, Kats, Perez, Stamou 1512.05332
Width bounds Yukawa couplings:

!

pseudoscalar case (A°):
fermion loop contribution maximised by y?=0.5, y=0 (other quarks)

from general signal strength constraint:

L(A%# gg)., T(A%) _ 20" 105" I(A%# gg)" T(A%# Il)

Ny =8.0" 10°" BR.." A
A " T'(A9) 45 GeV T(AO# ff)2

evaluating the loop function gives Na < 0.02

scalar case (HY): fermion loop maximised as in pseudoscalar case
evaluating gives lower bound (recall general expressions)

c > 66

Now also H* contributions (unlike A%), but fails by factor ~20
(consequence of decoupling regime)



2 Higgs doublets: g-gbar case

Friday, 15 January 16

Gupta, SJ, Kats, Perez, Stamou 1512.05332

large Yukawas allowed in decoupling limit, largest production cross
section for up quark [ignore possible flavour physics issues]

Now the signal strength constraint gives

1 (A%# ue)! (AD) _8.0" 16% L (A% # ud)! (A°# ##)

Na =8.0" 10°" BRy, | (A0) GeV I (AQ) GeV

rhs maximised for yu?=0.22, y* = 0.28

consider the model-independent lower bound

a >4.1
maximum possible value is ~3, yielding ~factor 2 shortfall in rate

(attained for Ay+ = 1672/ 3 , In conflict with EW precision tests)

No (pure) 2HDM can explain the excess



MSSM

The MSSM is an extension of a 2HDM, containing also sfermions,
higgsinos, and gauginos.

If R-parity conserved, candidate states still H® and A°
[nb bound states like stoponium can be ruled out]

- 2HDM is model I, giving faster approach to decoupling limit and
strong suppression of W and H* loops

- only gluon fusion conceivable production mode as Yukawa
couplings to light quarks small

- would require substantial loop-induced couplings to gluons from
squarks, and to photons from squarks, sleptons, and charginos
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MSSM: how to bound?

Sfermion loop functions almost step-function like in
maghnitude, steep fall-off at threshold msterm = 375 GeV

- difficult in light of direct searches, but blind spots exist

- difficult to have light stops with 126 GeV Higgs. However,
combinations of one light and one heavy and/or large
trilinears conceivable

- even for stop contribution have six-dimensional parameter
space, difficult to scan

However, if we use/assume stability of the physical EWSB
but charge- and colour-conserving vacuum, we get Olow-
dimensionalO constraints on the parameter space

This turns out to be numerically tractable and sufficient.
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MSSM: vacuum stabllity

Many directions in MSSM scalar field space can develop
charge- and colour-breaking minima. Consider:

TL=Tr=HJ, BL=Br=HJ, BL=Tr=H,, TL=Br=HS

For instance, requiring the minimum along the first two
directions to be at the origin implies (after some reworking of the
usual form):

n _ _/\_ N BN
| 2 2 2 HO I |N
|A¢] ! w. m¢ + mg # 2me + 5 [1+cos(2 )] # > cos(2)
!
m2 . M 2
|| ! 1+ 3|wm_:w_ w/\_am +mZ # 2mg + NIO [1# cos(2 )] # m2 cos(2)
t

only the stop mass eigenvalues and tan(beta) appear on r.h.s!
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MSSM: bounding the loops

A:, mu, stop masses, and tan(beta) determine the couplings to
H completely (A has no coupling to sfermions)

The bounds on the previous slide can be used to maximize the
stop loop contribution over the entire MSSM parameter space
(from LEP lower bound to infinite sfermion masses, and with no
further assumptions on the size of mu and A-terms)

For each tan(beta) value, a 2-dimensional maximisation
problem, solve with Mathematica. In fact extrema on one-
dimensional contours where one stop is at threshold

Analogous for sbottom and staus.

For charginos, only a very simple bound is needed.

Bottom and top, W, H* contributions are functions of tan(beta)
only; evaluate - no bound needed



MSSM: verdict

Gupta, SJ, Kats, Perez, Stamou 1512.05332
Put signal strength constraint in the following form:

| 16 G| = #, $ 530
I (tan " )/ (45 GeV)

(width dominated by decays to top and bottom)

Bounding the |.h.s. by adding bounds on individual
contributions linearly (in cgam and cg) gives:

Boundon|c-#g|/V $/45GeV, comparedo LHC13 m_@:mf
o] )

5000
400
300
200 *

100-

tan

Unless metastability saves it, MSSM would be ruled out if the
excess is real.
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Dilaton

= pseudo-Goldstone boson of spontaneously broken, approximate
scale invariance
mass due to explicit breaking of scale invariance

popular as a Higgs impostor (old idea, revived ~ 10 years ago)
classically couples to the trace of energy-momentum tensor

scale anomaly induces couplings to massless gauge bosons

(related to beta-functions at the dilaton mass)
__ ! , $ % , &
L di HN.. msff+2 3@%+E\|+%NN + mwm

““HEMm

8%

G, G" + F»F*

f

For SM values of beta-function, both fail for signal strength and

violate the bound BR(S - WW/Z2)

BR(S — ##)

< 38

requires large extra contributions to beta-functions (light exotics)
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5. Models: possible directions
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so far...

~ 140 papers on the diphoton resonance

potentially viable explanations | have seen so far appear to
fall primarily into three categories

1) extra vector-like particles (with colour and/or
hypercharge) (includes U(1)O models with exotics and
some low-string-scale scenarios)

2) the OsgoldstinoO, superpartner of the goldstino

3) a pseudogoldstone boson/axion with anomalous couplings
to gluons and photons (dilaton is a special case)
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Singlet + extra vector-like fermions

scalar pseudoscalar
207
15
=
9
S, [Tyt M Gy -
10}
m IIIIIIIIIIIIIIII m =
O 20 40 60 80 10C0 12C O 20 40 60 80 100 12C

4lc "yo! 4lc "yo!
Gupta, SJ, Kats, Perez, Stamou 1512.05332

Generically, couplings become strong at a low scale.
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m @ O _ Q m._“_ JN(Q) Petersson, Torre 1512.05333

Bellazzini et al 1512.05330
Demidov,Gorbunov 1512.05723
Casas,Espinosa,Moreno 1512.07895

Couplings to photons and gluons given in terms of photino
and gluino mass (F = SUSY-breaking F-term)

M3 S M o e
L # — tr G9. (psG" | G*) + — tr F(psFH | F*H
5 o n (¢s iop ) 5> o w (95 iopF*)
5.0
2.0¢ |
G /M; =0.0€
> 1.0 |
2
W it / Casas,Espinosa,Moreno 1512.07895
0.5/ |
(width can be enhanced through
decays to hh, higgsinos, via mixing
0.2 ‘ with Higgs)

0.1 0.2 0.5 1.0 2.0 5.0
Ms3/TeV
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Anomalous pGB decay i i

numerous others

(Pseudo-)Goldstone bosons coupling to a current that is

anomalous can couple to photons and gluons
)

Ui a Qy a vpo
th ._"|©t,u 8 ! mwt,u H= mwt,u%w@&@; + >3 @H@|ﬁ.<tt<%th g
—H#5!GeV  ===Cw "500GeV! f# >_ ab _ Hln_nmﬁ._nc. O_ :

ATLASS jj

[Bellazzini et al 1512.05330]

ATLASS tt
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Conclusions
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