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Run-I1 ATLAS Data (12/15/2015)
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Fact sheet (update 3/17/2016):

* local significance 3.90 (global 2.00)
best fit ms = 750 GeV

1.90 effect in Run-I data (8 TeV)



Run-I1 CMS Data (3/17/2016)
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CMS Preliminary 3317 (13 TeV) + 19.7 b (8 TeV)
. & FNT\FN 77 Af = 7
S ERES + Data J S O A \ o
O 102 —— Fit model L A -t B R
SV E : B s
N E Bl R 55 I LN S PP
s E t2o 102 | b vl
n - g
T 10 i |
— _ r |
> JN metdxiotyz W 36
LLI - 10 - —— Combined V
= - e BTN
1 - e 13TeV Spin-0
- 104 L ' ' '
- 5x1 6x10? 7x10? 8x10?
— mg, (GeV)
_ R S S S Sl e i Fact sheet (update 3/17/2016):
S ol 8 * local significance 3.40 (global 1.60)
2 __ in combined analysis of Run-I and
ZopefagT et - Run-II data
S i * Dbest fit mg= 750 GeV
©

7400 600 800 1000 1200 1400 1600
m, ., (GeV)



This has triggered a tsunami of theoretical papers
and ideas ...
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Blessings of a phantom

* The 750 GeV diphoton resonance was, at the same time, the

most exciting new-physics hint after the Higgs discovery and
the most spectacular over-reaction of the high-energy physics
community to a (global) 20 effect!

* While perhaps too many papers have been written in response

to this effect, the “swarm intelligence” of the community has
produced, in a rather short time, a comprehensive picture of
the physics of such a particle!

* Several very useful lessons have been learned!



What has remained after the resonance
turned out to be
a statistical fluctuation ?



T'he photon PDF of the proton

CERN-TH/2016-155

How bright is the proton?
A precise determination of the photon PDF

Aneesh Manohar,*? Paolo Nason,®> Gavin P. Salam,? * and Giulia Zanderighi? *

! Department of Physics, University of California at San Diego, La Jolla, CA 92093, USA
2CERN, Theoretical Physics Department, CH-1211 Geneva 23, Switzerland
SINFN, Sezione di Milano Bicocca, 20126 Milan, Italy
* Rudolf Peierls Centre for Theoretical Physics, 1 Keble Road, University of Oxford, UK

It has become apparent in recent years that it is important, notably for a range of physics stud-
ies at the Large Hadron Collider, to have accurate knowledge on the distribution of photons in the
proton. We show how the photon parton distribution function (PDF) can be determined in a model-
independent manner, using electron—proton (ep) scattering data, in effect viewing the ep — e + X
process as an electron scattering off the photon field of the proton. To this end, we consider an
imaginary BSM process with a flavour changing photon—lepton vertex. We write its cross section
in two ways, one in terms of proton structure functions, the other in terms of a photon distribu-
tion. Requiring their equivalence yields the photon distribution as an integral over proton structure
functions. As a result of the good precision of ep data, we constrain the photon PDF at the level of
1—2% over a wide range of x values.



T'he photon PDF of the proton

* Model-independent determination using available,
high-precision data on electron-proton scattering

* Key observation is a statement of duality: the process
e+p — e+X can be described in terms of proton structure
functions, but it can equally be viewed as the scattering
of the electron off the photon field in the proton



T'he photon PDF of the proton

* Key relation:

)
szvq(z) + 2@'27”229) Fa(a/2,Q%) - 2*Fi (£.Q?) ]

* Contains all large logs of the form
aL (asL)", a(asL)” and o?L? (asL)"

+ Contains both inelastic and elastic

contributions

* Basis for a precise determination
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FIG. 4. The ratio of common PDF sets to our LUXqed result,
along with the LUXqed uncertainty band (light red). The CT14
and MRST bands correspond to the range from the PDF mem-
bers shown in brackets (95% cl. in CT14’s case). The NNPDF
bands span from max(u, — or,716) to ur + o, where p, is
the average (represented by the blue line), o, is the standard
deviation over replicas, and ¢ denotes the 16" percentile
among replicas. Note the different y-axes for the panels.



T'he photon PDF of the proton

* Amazing improvement over previous work, making
the photon PDF one of the best known structure
functions of the proton:
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# This will have an impact on many other LHC analyses!



New spin-0 partcles

Spin-0 gauge singlets play an important role in many
extensions of the SM, e.g. as mediators to a hidden sector
or in solutions to the strong CP problem



Motivation

+ Consider a spin-0 particle S, which is a singlet under the
SM gauge group

# Its only renormalizable interactions with the SM arise
through the Higgs portals:

A
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* First term gives rise to a mixing of S with the Higgs, with
mixing angle « ~ v\ /m% which naturally can be large

+ Affects Higgs phenomenology (a must be small) and
potentially the phenomenology of S decays

[Bauer, MN 2016; Dawson, Lewis 2016; ...]



Motivation

* Finding ways of suppressing the coupling A; is a
challenge to model building (coupling A is harmless)

[Carmona, Goertz, Papaefstathiou 2016]

* Two options:

* dynamically, e.g. sequestering in WEDs, where A; is
suppressed by a small wave-function overlap or a
loop factor

* by means of a discrete symmetry, such as CP
invariance, as A1 is forbidden if S is a pseudoscalar

boson



Sequestering in a warped extra
dimension

Bauer, Horner, MN: arXiv:1603.05978 (JHEDP)
Csaki, Randall: arXiv:1603.07303 (JHEP)



Randall-Sundrum models

Randall & Sundrum: A large mass hierarchy from a small extra dimension, PRL 83 (1999) 3370

Island Universes in Warped Space-Time
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Living in the bulk

o MOVing fermiOnS into the bUlk Offers Usual spacetime

direclions

new possibilities for model building: 4 v

Higgs boson /

* lowest-lying states (zero modes, \ /
corresponding to SM fermions) )
are chiral

top quark

N

Extra-dimensional
boundary

» zero-mode profiles are localized Mirossopc e dvension
near the IR Or UV braneS [Grossman, MN 1999; Gherghetta, Pomarol 2000]

» Explains two striking features of the SM, namely chiral matter
fields with hierarchical masses and mixing angles

* RS models address both the hierarchy problem and the flavor
puzzle of the SM by means of the same geometrical mechanism!



| .ocalizer field for bulk fermions

* The mass term for a 5D bulk fermion is necessarily an
odd function on the S'/Z, orbifold:

/d4x /7T dore 47(®) [— Z sgn(¢) fof]
Ll -

* But any coordinate-dependent coupling in a Lagrangian
should be derived from the VEV of a field:

/d% /idgbr6_4a(¢) [# (0S) (OnS) — V(8S) — Z (sgn(qs) fM;f+ Sfof)]

i
due to VEV of the field I
C 2 * . 1 f S f 1
* Such'a particle shotild’be included malf™ = === =0

RS models containing bulk matter fields!



| .ocalizer field for bulk fermions

* The mass of the lowest-lying KK state of S is predicted
to be of order the KK scale (i.e. few TeV), but a smaller
mass (e.g. 750 GeV) could be arranged by a tuning of
boundary conditions

« With the Higgs localized near the IR brane, the linear
Higgs portal interaction A; is suppressed by a small
wave-function overlap or by a loop factor

* The matrices G are automatically diagonal in the bulk

mass basis (built-in flavor protection mechanism)
[Konig, MN, Novotny, to appear]



Phenomenology

« Integrating out the heavy KK fermion states gives:

Qs a v,a Q a v,a Q

S B, B"
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* The Wilson coefficients “count” the fermion degrees of

fI‘ eedom ln the bUlk [Bauer, Horner, MN 2016]
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Phenomenology

* Results depend on the KK mass scale and the coupling
of S to top quarks, both normalized to the average gess:

Custodial Model I
e
2 mg = 750 GeV |

ATLAS & CMS data

Predicted branching ratios:

[Bauer, Horner, MN 2016]

Br(S— XX)| gg 0%} Ww  ZZ Zy tt hh tth Lot A1/ms
Custodial I 43.0% 1.30% 51% 21% 0.10% 47.9% 0 0.50% | 0.08 GeV
Custodial 1I 284% 0.68% 2.1% 0.9% 0.02% 67.2% 0 0.70% | 0.22 GeV 0
Minimal 89.2% 03™% 2.7"% 1.0% 0.16% 6.6% 0 0.07% | 0.14 GeV
Custodial 1 322% 0.97% 9.9% 4.6% 0.08% 485% 3.1% 0.60% | 0.11 GeV
Custodial 1I 24.1% 0.58% 4.3% 2.0% 0.01% 66.9% 1.3% 0.77% | 0.25 GeV (.02
Minimal 78.0% 0.32% 6.3% 2.8% 0.14% 102% 2.1% 0.14% | 0.16 GeV
Custodial I 21.5% 0.65% 18.0% 8.7% 0.05% 42.1% 8.4% 0.59% | 0.16 GeV
Custodial 1I 19.2% 0.46% 9.1% 4.4% 0.01% 61.9% 4.2% 0.77% | 0.32 GeV 0.04
Minimal 60.4% 0.25% 13.7% 6.5% 0.11% 12.3% 6.5% 0.21% | 0.21 GeV

Mxxk/8ger [TeV]




(P-odd pseudoscalar resonance

Bauer, MN, Thamm: arXiv:1607.01016 & 1610.00009 (PRL)



Motivation

* How can one probe if S is a scalar (CP even), a
pseudoscalar (CP odd), or a particle with mixed CP
properties?

> Tradltlonally (nggs Case) [Soni, Xu 1993; Chala et al. 2016; Franceschini et al. 2016]
+ study angular distributions in S — ZZ — 4l decay

* but method requires large statistics and fails if S only
weakly couples to Z bosons



Motivation

+ QOur 1dea:

+ search for the decay S — Z+h (— 1*I'bb), which can
only be mediated via CP-odd interactions of S

“ observing a single event proves that S is a pseudo-
scalar (if CP is conserved in the UV theory), or that
it has pseudoscalar interactions (in case it is a mixture
of CP eigenstates)



Introductory remarks

* We assume that S is heavy enough to decay into Z+h,
i.e. mg> 216 GeV

+ For illustration we will sometimes consider the cases

mg= 750 GeV and mg=1.5 TeV

* An analogous discussion can be made for the Higgs
decay h — Z+a involving a light pseudoscalar a with
mass ma < 34 GeV (work in progress)  iwith M. Bauer, A. Thamm]



Introductory remarks

* Besides the Higgs portals, all other interactions of S with
SM particles arise from higher-dimensional operators
starting at dimension 5

* The pseudoscalar couplings at D=5 order are: (womany res.]

SapSEL

BEINES 5 T A
o8 IR et =
Eferm et U e
off ——cttMS 1Qrotr +he. ) +...

# They induce couplings such as gg = S,S — vy, S — ZZ,
5 - itete

Caveat: EFT does not really make sense if Mnp~ms !




Operator analysis of S—7+h decay

(not in 2HDM,, but for a SM gauge singlet!)



Operator analysis at D=5

* There does not exist a dimension-5 operator giving rise
to a tree-level S — Z+h matrix element!

+ The obvious candidate

(0"8) (¢1iD, ¢ + h.c.) = —=2— (8"S) Z,, (v + h)?

2€0;

can be eliminated using the equations of motion:
o" (¢TiDM o + h.c.) — — (1—|— %) Z 2T3fmffm5f
f

* The corresponding S — Zh(h) matrix elements vanish!

_____‘(\I\/\r —-—-W\/‘\I\I\I\ ————.-----(\I\I\F
\\ \\ \\
\\ \\ \\
- - -~
\\ \\ \\
- -~ -



Operator analysis at D=5

# The unique operator giving rise to a one-loop S — Z+h
matrix element is:

ﬁgc];ZS — _Ett % S (ZQLQEtR R hC)

« Hvaluating the resulting diagrams

we obtain:

N¢ th
82

2myz € - D,

iA(S — Zh) = — T

C;Op , with C;—;Op = T§ 6tt F

2 2 2
21—y e 2

1
== dlxyz
/0 =y ]m%—xzm%—xym%—yzm%—i()




Operator analysis at D=5

+ We obtain:

2 Ko 5 Nc 2 -
iA(S — Zh) = — mZ;; i oo ith g 87:? TG
il 2 2 2

Im2 — i
0 m; — xrzmg — xym;y — yzmsy — 10

+ Z boson is longitudinally polarized (€%, =~ p’,/mz)

“ Loop integral scales like:

2 2 2 4
e (lm__) m(m_;)

meg ms;

¢ Numerically, F' =~ —0.01 4 0.67¢ for ms= 750 GeV, and

F = —0.09 + 0.237 forms = 1.5 TeV



Operator analysis at D=5

+ We find

3

m
T i S
(5 = Zh)p=s = 1o

~ 0.6 MeV ¢, (TeV /M)

|C;Op’2)\3/2(1,$haxz)

in both cases, which is a very small decay rate

« If the decay into top-quark pairs is kinematically
allowed, one obtains

T'(S — Zh)p=s  3y; <m5)2|F|2 A3/2(1, xp, 22)

(S —t) 1672 \4nv V1 — 4z,

yielding 3.6 - 10* (1.8 - 10) for ms = 750 GeV (1.5 TeV)



Operator analysis at D=5

* The current experimental bounds on pp — S — tt then
imply pp — S — Zh rates less than 1.1 fb and 0.1 fb (at
D=5), respectively, which is two orders of magnitude
smaller than the experimental upper bounds of 123 fb
and 40 fb (arLas-conr2016-015]

* However, it is by no means guaranteed that the D=5
contributions to the S — Z+h decay rates are the
dominant ones!



Operator analysis at D=7

* At dimension 7, there is a unique operator mediating the decay
S — Z+h at tree level: [see also: Gripaios, Sutherland 2016]

O7 = (8"S) (¢'iD, ¢ +h.c.) p'¢ = — S (¢7iD, ¢ +h.c.) 9" (¢'9)

— %SZM(erh)?’&“h

« It yields the decay rate:

2
)\3/2(17 Lh, xZ)

3
mg

16w M?2

,U2

2M?

I'(S — Zh) ~ CeP +

Cr

+ With C;=1and M =1 TeV this rate is 7 MeV for mg = 750 GeV and

60 MeV for mg = 1.5 TeV

“ It Sis produced in gluon fusion and dominantly decays into dijets,
these rates are close to the current experimental upper bounds!



Operator analysis at D=7

* Beyond tree level, there are several fermionic operators
contributing to the S — Z+h decay rate at dimension 7;
those mixing under renormalization are:

= C AT e TR e e o = e
ﬁgcf_7 = MZO7+ ﬁ%t}{ ngzﬂqbtR S ]\;3 [ZSQLlﬂlﬁqbtR—Fh.C.] = ML% (8“5‘) tR ¢T’y“¢t}g

¢ Only the sum of these contributions is scale invariant at
one-loop order



Non-polynomial operators at D=5

# Recall the result from the top-loop amplitude arising at

dimension 5:
N, y?

_2mgzey - ph =
812

1A(S — Zh) = i

C;Op ) with C;Op = T3t étt F

2 2 2
2my —xm; — z2my

i
i dlxyz
/0 [ J ]m%—azzm%—xym%—yzm%—i()

+« Consider the fictitious limit where m; > mg, in which
case F =1+ O(mz/m3)

* The top quark is then a very heavy particle, which
should be integrated out



Non-polynomial operators at D=5

* This yields a short-distance, D=5 matching contribution!

* However, we found that no corresponding dimension-5
operator exists on the effective Lagrangian!?!

* What's going on?



Non-polynomial operators at D=5

* This yields a short-distance, D=5 matching contribution!

* However, we found that no corresponding dimension-5
operator exists on the effective Lagrangian!?!

* What's going on?

* When one integrates out particles whose mass arises
from electroweak symmetry breaking, then non-
polynomial operators in the Higgs field can arise in the
effective Lagrangian! isce g Pierce, Thaler, Wang 2006]



Non-polynomial operators at D=5

* In our case, the relevant operator is:

:
Os = (0*S) (¢'iD,, ¢ + h.c.) In i—2 = —S(¢'iD, ¢ +h.c.)

0" (9" ¢)
e

* Assuming that S is produced in gluon fusion, we then
obtain the production times decay rate:

2
K
o(pp — S)Br(S — Zh) = T?Si sz_)S A3/2(1, zp, 2 2)
—9g9

C5 ?)207

M+2M3 :

2 2

X (%) Br(S — gg)

where:
N, y?

872

G R ith - G Tt ¢y F



Comparison with ATLAS bounds
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FIG. 3. Predictions for the pp — S — Zh — Zbb signal
rate vs. mg, compared with the ATLAS upper bounds [10].
The red line shows the contribution from C'7 evaluated with

1/ ?|C7|/M? = 1/TeV?, while the blue line shows a generic
dlmen31on—5 contribution with Bl/ ?|Cs|/M = 0.1/TeV (see
Section II C), where By, = Br(S — gg). The green line shows

the contribution from CI°P for Ba.? |éw|/M = 1/TeV, while
the dashed green line incorporates the upper bound on ||
implied by the ATLAS limits on the pp — S — tt rate [15].
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Bounds implies by the ATLAS data on the
effective new-physics scales:




Heavy vector-like fermions



Heavy vector-like quarks

« To illustrate our results, we have considered a heavy,

SU(2)L doublet ¢ = (T B)* of vector-like quarks, which
mix with the SM quarks

* The most general renormalizable Lagrangian reads:

L=¢(D—-M)Y+QriDQr+triPtr+brilbg
—y(Qrotr +he) — (g dtr + go¥ br + h.c.)
— 1S Yivs Y —icaS(Qry — ¥ Q1)

« Tree-level matching gives:

Ctt = —C2 Gt/ Yt Cé = 9?’ C;a — O C;b A



Heavy vector-like quarks

+ The coefficient ¢} is constrained by precision
measurements of the Z-boson couplings at LEP:

M 2
c =g — (0.76-20127) (TeV>

# The pull away from 0 is driven by the b-quark forward-
backward asymmetry, which is 2.80 below its SM value

* Our model can easily account for this effect



Heavy vector-like quarks

* Performing the matching at one-loop order, we find
v? N. g3 3 AL e 2 3
5w 2; o {QTZ{ [m?” (L_ 5) e ] 3 9sumz (L_ 5)}
2 m2 m2
+ Cyt ]1\[6071?{5 {QTpf [Bm% (L = g) o Th (L - %) = TZ (L+ %) — g;v° (L =y %)] T QtS?UmQZ}

where L = In(M?/u?)

# This can naturally lead to sizable values, e.g. with g, = 2
and u = myz:
Cr ~ |e1 (53067 +0.95 gF +0.16 g7 — 0.95 g3
+ &y (10.18 — 6.90 g?)] 1072
~ (0.36 c1 — 0.17 &)



Conclusions

* Thanks to the phantom of the 750 GeV resonance, several interesting
new development have been started, which are of lasting value!

* [ have discussed three examples (several others exist):

+ precision determination of the photon PDEF, because it finally mattered

+ realization that models of warped extra dimensions should contain a new
bulk scalar field (the “fermion localizer”), whose lowest-lying KK mode is
a gauge-singlet scalar particle with TeV-scale mass

+ S — Z+h decay offers a novel way for probing the CP properties of a new,

heavy spin-0 boson

* This motivates continued experimental searches for heavy scalar
particles in the LHC Run-2!
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