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@ Diphoton Excess at the LHC
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A New Era for Particle Physics?

“Who Ordered That?” - |. Rabi

Muon
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The Moon's cosmic ray shadow, as seen in
secondary muons generated by cosmic rays in
the atmosphere, and detected 700 meters

below ground, at the Soudan Il detector

From Wikipedia
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"WTF?" - A. Falkowski

A new boson at 750 GeV?

ATLAS and CMS presented today a

L arias prominary

summary of the first LHC results §

obtained from proton collisions with 3 UEN

13 TeV center-of-mass energy. The & EN

most exciting news was of course

the 3.6 sigma bump at 750 GeV in 1 "-~’¢’

the ATLAS diphoton spectrum,

roughly coinciding with a 2.6 sigma |
excess in CMS. When there's an s " e NRSRITSSER— |

experimental hint of new physics
signal there is always this set of
questions we must ask:

Gtzz )
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Diphoton Excess - CMS

_ CMS Preliminary 2.6 b1 (13 Tev)
2 E ‘ EBEB category
3 s
Q1P
% 10 %
@ 2.6 o local excess in @ F t pua
. 1~ —Fit model
Diphotons near E it
10* §- t20

MX ~ 760 GeV

@ 1.2 o global significance

(data-fit)/o,
A NON S
GRSy Gusy

@ assumes narrow width

3x10°  4x10° 5x10° 10° 2x10°

CMS-PAS-EXO-15-004

Christopher W. Murphy (SNS) Diphoton Excess, B-decay Anomalies Genova 11/2/16 6 /45



Diphoton Excess - ATLAS

10*

T T T
ATLAS Preliminary

® Data
10°
—— Background-only fit

Events / 40 GeV

R

10 Vs=13TeV, 3.2 fb™

@ (3.6 +3.9) o local excess in
Diphotons near 10
Mx ~ 750 GeV

e (2.0+2.3) o global 1
significance 5 I :
5 15
@ significance width §» 10
dependent: E G “ lei";_ e
(NWA = Ty /My ~6%)  ° + !
®  -15F
° 200 400 600 800 1000 1200 1400 1600

m,, [GeV]
ATLAS-CONF-2015-081
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Diphoton Excess - ATLAS

§ Y RTRTUAS prefminary . Dat; E

SM Higgs boson w/ M;, = 750 GeV: fg: wE ettt 3
@ og(pp — h) Br(h — vv) = ’ wE G=13Tev.32m" =
1.55-10~4 fb b f

o T'j, = 247 GeV | E
Depending on who you ask: mi |
° o(pp = X) Br(X = y7) = | 3
(1+13) fb S ‘H iTﬁh“l N

e 6% width (45 GeV): very % 13: } + E
important or not important at all & T

m,, [GeV]

ATLAS-CONF-2015-081
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Reminiscent of Another Excess in Diphotons
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This Has Happened Before

@ 2.93 o excess in Diphotons
w/ m, =~ 136.5 GeV

@ preliminary analysis w/ full
Run-1 dataset

@ seen in both ggF and VBF

@ 125 GeV Higgs boson
included in background

o
[
o

o
s

5=7Te
{s=8Te

CMS Preliminary

— Observed

- Expected + 10

...... Expected + 20

L=5.1 fb*
L=19.6 fp*

O0xBR(H-vyY) . (pb)

0.05

10 115 120 125 130 135 140 145 150
m, (GeV)

CMS-PAS-HIG-13-016
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This Has Happened Before

Excess disappeared in final analysis (w/ same amount of data)!

5015 RN R ERERER
=
3 CMS Preliminary —— Observed
H \5=7Tey L=5.1 fir*
= Vs=8TeV L=10.6 - Expected £ 10
<
LN TR S 111111t Expected + 20
L 0.1 —
&
o
x
5
0.05

CMS-PAS-HIG-13-016

Christopher W. Murphy (SNS) Diphoton Excess, B-decay Anomalies

10 115‘ 120 125 130 135 140 145 150
m, (GeV)

95% CL limit on 6'/cg,,

19.7 1" (8 TeV) + 5.1 b (7 TeV)

3
r CMS ]
25*_H~>W —=— Observed .
HE Median expecied o
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750 GeV Diphoton Excess

W Large Hadron Collider - Wi x

& https://en.wikipedia.org/wiki/Large_Hadron_Collider#Second_run_.282015_onward.29 @

[ Latest Headlines W Wikipedia, the free ¢ [] UC San Diego Physic M Gmail - Inbox (818) ™M Inbox (13) - christor  [Fd Welcome to Facebor [.] Other Book
Second run (2015 onward) [ edit]

At the conference EPS-HEP 2015 in July, the collaborations presented first cross-section measurements of several particles at the higher collision
energy.
On 15 December 2015, the ATLAS and CMS experiments both repol supersymmetry (SUSY)

searches and exotics searches using 13 TeV proton collision ddta. Both experiments see a moderate excess around 750 GeV Ty the two-photon
invariant mass spectrum.[1341135](136]
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750 GeV Diphoton Excess

> 10* g1 T T T T T T
8 ATLAS Preliminary
=} R ® Data
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PR
2 E Background-only fit
& E
I.I>J -
L= Vs=13TeV,32fb"
1o~ ety
- 1 ;7 W
7 _ S:MS Pre?nmary 261" (13 TeV)
@ Both experiments see a 3 = EBES caregary
{1
moderate excess around s E
§ 10
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i I?—Filmodel
E 1o
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Statistical Combination

20

[ 4. Narrow

@ Plot assumes spin-0, gluon o
fusion, narrow width

e Combination increases
significance, 8 TeV data
doesn't decrease significance

o xBR (fb)

@ No preference for spin-0 vs.

spin-2, narrow vs. wide
width

740 760
Mg (GeV)

arXiv:1601.04751
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What About The Background?

arXiv:1601.07330:

significance of excess stable w.r.t. choice of background fit function

10°

= [
S} o
G N

Events / 40 GeV

-
o
>

10"

k=0
k=1
Free norm.
Fixed norm.

m., [GeV]

200 400 600 800 1000 1200 1400 1600

Background function NWA Free-width
Fixed normalisation

k=0 420 490

k=1 340 3.7c

k=2 340 3.70
Free normalisation

k=0f 340 3.60

k=1 3.50 3.80

k=2 3.40 3.60
ATLAS reported 3.60 3.90
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The Theoretical Community is Very Excited

I N S P I R E Welcome to INSPIRE, the High Energy Physics information system. Please direct questions, comments ¢
feedback@inspirehep.net.

HepNames CONFERENCES

001:1409807 or 001:1410174 [ Brief format

find | "Phys Rev.Left, 105" :: more

Y Easy Search
J Advanced Search

Sort by Display results:
[Jatestfist 4 |[ desc. #|[ -orrankby- ¢ [ 25resuts 4 ([ singlelist +)
EP 2 records found Search took 0.12 seconds.

1. Search for resonances decaying to photon pairs in 3.2 bl | of ppjcollisions at \/E\ =13 TeV with the ATLAS detector

The ATLAS collaboration. Dec 15, 2015.

ATLAS-CONF-2015-081

References | BibTeX | LaTetbis
N Do

| LaTeX(EU) | Harvmac | EndNote
ulltext

2. Search for new phys mass diphoton events in proton-proton collisions at 13TeV
CMS Collaboration. 2015, 17 pp.

CMS-PAS-EXO-15-004

LaTeX(US) | LaTeX(EU) | Harvmac | EndNote
CGERN Docliment Serve to Fulltext
Detailed Cited by 181 records TNz

(Experimentalists not so much)
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Apparently | Should Get a Twitter Account

Jester 2+ Follow
Resonaances

First LHC 13 TeV rumor: modest excess in di-
photon spectrum at 700 GeV in both ATLAS and

CMS
w0 27 BErE@I0E

2:35 AM {6 Dec 2015
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An S-Channel Resonance

2J+1
MXs

olpp = X = vy) =

ZC X — m)] Br(X — vv)

Vs/ TV [ Cyy Cpy Ciz Css Cyg Cua Cyg
13 54 153 36 83 627 1054 2137

8 11 1.1 27 72 89 158 174
see e.g. arXiv:1512.06799
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An S-Channel Resonance

olpp = X = vy) =

ZC’ INO.¢ —>n)] Br(X — vy)

Exotic Possibilities:
@ Spin-2 Resonance: J =2
o Multiple Resonances: o(pp = vy) = > 0(pp = X; — 77)
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Production through Gluon Fusion

Ag/M
1000 300 100 30 10 3
Lo e
Assume o(pp — X — vyy) =~ 8 fb ol Ho1
-3 [ 7 :§:0'3
@ Gluon Production: 107 z L
Ty Tog g 1.1 w 106 Ltotar s Ll 51 =
MX MX MX [5 10 :["——\ 2|l <>,
. =}
e Small Width: < D\ 2{s
I(X—=yy) > 106 10¢ \\ \ a
Mx By \ 110
o 45 GeV Width: 107 |
D(X—vy) —4 130
i > 10 P T
107 10% 10° 10* 107 102 107!

[ge/M

arXiv:1512.04933

Christopher W. Murphy (SNS) Diphoton Excess, B-decay Anomalies Genova 11/2/16 20 / 45



More Exotic Production Mechanisms

b Production:
~ Production:

Tvy Ty
olpp = X = yy) =
Ap/M Ciotal 2
10 3 1 03 10.8 pb (45 GeV Br (X - 77)
10-! T
02 0.1 0.08 Br(R-yy) vs. I" for Photon Production
“ 0.07
%, 03 0.06
E" 10 ; §‘ o005
[ F 7 g
r ) N € 0.04
- "'*““M-] “
1074k ) 0.03
e 0.02
3
10- ‘ . 0015 10 20 30 40 50 60
10°° 10 1073 102 107! I [GeV]
/M

arXiv:1601.00638
arXiv:1512.04933
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What About Other Channels?

@ If excess due to BSM physics, can't just be one new particle!

@ Size of coupling to SM particles needed would have already been seen
in another channel

Final State 95% CL U.L. on o x BR [fb] |lim. normalized to o, =5+ 10fb
WW (gluon fusion) 174 174+ 34.8
WW (VBF) 70 7514
ZZ (gg prod.) 89 9+ 18
ZZ (VBF prod.) 40 48
Zy 42 4284
Zh 572 57 + 114
hh 209 21 + 42
bb 10* 1+2x108
tt 4.04 x 10° 404 = 807
77 (gg prod.) 56 611
77 (assoc. b production) 54 5.4:10.8
aQ 104 1+2x 103
174 3.5 0.35 0.7

arXiv:1512.04928
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A Simple Model

Most plausible candidate: scalar resonance coupled to photons and gluons

Figure from arXiv:1512.04933

G2 F2

L 2X MKV 2X pnv

S R TR T
M3 M3
N(X —y) = WQZA—?, (X — gg) = 87ra§A—§
2 g

(analogous formulas for psuedoscalar coupled to FIF)

MX MX Ftotal
—= = ~0.037
A, A, 15 GeV
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Simple Models

Scalar resonance 4+ vector-like fermions

o LD —Xf(yy+iysys)f I(X=17) N54><10_8‘Zd 0%y 2
e Easy to reproduce signal Mx e fsz ’

2
I(X N —5 M
PO % 7.2 x 10703 1y b

1073 e

1073 ¢ VT
< 1074 2T TS SS 107 ¢
b SO
~ [_?c Fa--
-5 |
107 1 1075 &
107 10-6 - . N SRl
200 400 600 800 1000 1200 1400
Lepton mass in GeV Quark mass in GeV
arXiv:1512.04933
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Models

Compilation by S. Knapen

EW singlets
Buttazzo et.al. 1512.04929 Falkowski. et.al. 1512.05777
Falkowski et.al. 1512.05777 Aloni et.al.: 1512.05778
Raidal et.al. 1512.04939 Trott et.al. 1512.06799
Gupta et.al. 1512.05332 McDermott et.al.1512.05326
Craig et.al. 1512.07733 Ellis et al. 1512.05327
Knapen et.al. 1512.04928 Benbrik et.al.1512.06028
Francescini et.al.: 1512.04933 Low et.al. 1512.05328
2HDM’s
Altmannshofer et.al. 1512.07616 Bizot et.al. 1512.08508

Becirevic et.al. 1512.05623
Bertuzzo et.al. 1601.07508
Badziak et.al. 1512.07497
Chakrabortty et.al. 1512.05767
Gupta et.al. 1512.05332
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Models

Compilation by S. Knapen

Photon fusion

Harland-Lang, et. al: 1601.07 187 Fichet et.al.: 1512.05751
Martina et.al: 1601.07774 Fichet et.al.: 1601.01712
Csaki et. al.:1601.00638
Csaki et.al.:1512.05776

Dark matter
Flavor anomalies

Backovic et al. 1512.07992
Bi et al. 1512.06787 Bauer et.al. 1512.06828

Han et al. 1512.04917 Murphy 1512.06976
Park et al. 1512.081 17 Bizot et.al 1512.08508
D’eramo et al. 1601.01571

Bhattacharya et al. 1601.01569

Huang et al. 1512.08992

Dev et al. 1512.07243

+ many others
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What It Can't Be: Hypercharge Neutral

SU(2) x U(1) invariant Lagrangian:

G2 2 32
2x e
Lo 24, 2A 9Ag

In concrete models generated by matter w/ SM charges:

t (X—2Z7) (X—ZZ) N(X—->WW)
operator ‘ TX=7) TE=77) TX=77)
WW only | 2/tan’fy ~7 1/tan® Oy ~12 2/sin? Oy ~ 40
BB only | 2tan?6y ~ 0.6 tan?6fy ~ 0.08 0

see e.g. arXiv:1512.04929, arXiv:1512.04933
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What It Can't Be: 2HDM and similar

Claim: any model where all the BSM particles are scalars, and the scalar
interactions are all generated by dimension-4 operators, cannot explain the
size of the diphoton excess
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What It Can't Be: 2HDM and similar

Claim: any model where all the BSM particles are scalars, and the scalar
interactions are all generated by dimension-4 operators, cannot explain the
size of the diphoton excess

Ex. 2HDM:
Dh=WW) _ . 2 L(h—g9) ., cos? D(h—bb)  _ sin2
ThsWWanr = S0 (B = @)y TiSggienr = 80 Thobhgy — cos? 8

Alignment limit, § — « ~ /2, experimentally preferred
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What It Can't Be: 2HDM and similar

Claim: any model where all the BSM particles are scalars, and the scalar
interactions are all generated by dimension-4 operators, cannot explain the
size of the diphoton excess

Ex. 2HDM:

F(h*)WW) o Sin2 (/8 _ Oé) F(h%gg) ~ COS2 « F(h*ibi)) _ sin2 o
F(h—=WW)sn — » T(h—gg)sm ~ sin2B8’ T(h—bb)gar  cos2f

Alignment limit, § — « ~ /2, experimentally preferred

I'H-WW)

_2(a [(H—gg) . sin? D(H—bb)  _ cos?
TH=WWan = 5 B= ) ri=ggien ™ 250 THWsn — o
gHHE+H- = —V[Z3c08(f — a) — Z7sin(f — )]

|Z7‘ < 8w
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Theoretical Constraints on Weakly Coupled Models

o Perturbative Unitarity: |ag| < 1, |[Re(ap)| < 1/2,

1 0
agp / dt A(s,t)

~ 167s s
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Theoretical Constraints on Weakly Coupled Models

o Perturbative Unitarity: |ag| < 1, |[Re(ap)| < 1/2,

1 0
agp / dt A(s,t)

~ 167s s

@ BSM theory of scalars, £ D —mX¢p@t @ — A(¢9T¢97)2,

1 1
(6T 0+ s p@T @) — )\ _ 2 ’
(977977 = 9¥7977) L VR V)
r —-A . . S>>MX7Q
Ta) = 4 g2 M3+2M2 N
Mzt N 5 AMg

|m| < (6.2+7.3) TeV or (4.4 +5.1) TeV
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Theoretical Constraints on Weakly Coupled Models

@ Perturbative Unitarity: |ag| < 1, |Re(ao)| < 1/2,

1 0
ag = / dt A(s, t)

167s

@ Scalar and Vectors: £ D K—VXVJV“

4 2\ 2
M 1
aviv v~ () (S5) 5

174 v

theory break down around /s ~ 4/mv /||
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Theoretical Constraints on Weakly Coupled Models

Quartic coupling, large width — large multiplicities, large charges, or large
couplings — Landau poles

M; =750 GeV,T/M = 0.06,d;=3

Hypercharge Y

Excluded by S—inv

Excluded by S- jj

3 10 30
Multiplicity Nyxdy

100 200

arXiv:1512.04933

= = E DA
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Theoretical Constraints on Weakly Coupled Models

Cubic coupling, if large enough, could destabilize Higgs vacuum

(S - yy) from a scalar loop, M = 375 GeV (S - yy) from a scalar loop, My = 1 TeV

1076

10 10 10° 10 10
Landau pole scale in GeV Landau pole scale in GeV

arXiv:1602.01460
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Outline

© Anomalies in Semileptonic B-meson Decays
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Violations of Lepton Flavor Universality

LHCb: 2.6 o deviation from SM - Experimentally Clean

——LHCb —=—BaBar ——Belle

v 2 T T T

R LHCb ]
15 .
: I
1 =
: | | SM
: T
0.5 -
% 5 10 s

20
q* [GeV?*c4
http://Ihcb-public.web.cern.ch/lhcb-public/

Br(B — Ku*tu™)
Br(B — Kete™)

RY = = 0.745+3:9% + 0.036
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Violations of Lepton Flavor Universality

BaBar, Belle, LHCb: combined 3.9 o deviation from SM

Belle 2010
657x10° BB
(Inclusive Tag)

BaBar 2012 (Full)

471x10° BB ——

(Hadronic Tag)
Belle 2015
772x10° BB e

(Hadronic Tag)

LHCb Runl preliminary
3.0 b ———
R i I I I
0.1 0.15 0.2 0.25 03 0.35 04 0.45
Standard Model R(D*)

(Fajfer et al 2012)

http://lhcb-public.web.cern.ch/lhcb-public/

R.,—/[ . BF(B — D(*)TD)/BI’(B — D(*)7'17>5M
D™ Br(B — D™w)/Br(B — D)) gp

R}/ =1.37+017, R}/f =1.28+0.08
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Angular Analysis of BY — K*u*pu~

@ LHCb: deviation from SM in S5 and P} at low ¢?

@ Hadronic Uncertainties Important

e depending on who you ask: (2 +4) o anomaly
e LHCb: global fit yields 3.4 o deviation from SM

s w1 T T T

a
LHCb

0.5k preliminary ]
N — SM from DHMV E

ot B4
Lo

3
T

15
¢* [GeV¥ 4]

http://Ihcb-public.web.cern.ch/lhcb-public/
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Model for Lepton Universality Violation in B-Decays

B — Drtv
b > 5 - [ b " v
@ Leptoquarks: charged, colored, W veo
spin-0 or spin-1 bosons \ T I
e (Z' also proposed) v T
@ See e.g. arXiv:1505.05164, B = Kuu
arXiv:1506.01705, B O O B b
arXiv:1512.01560 “all e ye
@ Symmetry arguments lead to : e

Minimal Flavor Violation _ "“ :
Figures by A. Falkowski

Ly = (VH2/3)T(D2 + M\%)(VfZ/?))u + (gquL'YMQL + gedéRVudR)Vfg/g +h.c
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Outline

© A Leptoquark Model for the Diphoton Excess and the B-decay
Anomalies
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The Model

Model: SM + Scalar Singlet (¢) + Vector Leptoquarks (V)

@ Minimal extension of model for B-decay anomalies, no new fermions

2M2 i ;
o LOK—YoV, V¥, k~0.1+0.3, My ~1TeV

v
@ Scalar leptoquarks and diphoton excess: arXiv:1512.06828,
arXiv:1601.02457, arXiv:1601.03267

SU@B). SUQ2)L UQl)y Ju
3 1 —=2/3 | LLyugqr, erYudr
3 3 =2/3 | Lrvuar
3 2 5/6 | {5y.dR, ERVAL
3 1 —5/3 ERVUUR
3 2 -1/6 05y, uR
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The Model

e Mixing with the Higgs,
¢\ [cosa —sina) (X
hy/  \sina cosa h)’
@ leads to tree level decay rates,

(X — ff,VV)
DX = ff,VV)su

) L'(h — If, VV) 2
= sin” «, - = cos” .
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The Model

@ Interaction with leptoquarks,

2M?2
L D cosak VXVTV“

@ leads to loop level decay rates,

M = |sina + cos « kA1 (Tv) ?
D(X — g9)sm Ay yo(1e) + Arja(Tp)
2
PX 27 _ |ina+cosa Nev Q3 rAi(v)
DX = yy)sm > NepQF A a(ry) + Ar(mw)
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Viable Parameter Space

Measurements of the 125 GeV Higgs boson
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Viable Parameter Space

Searches for resonances in other final states
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Outline

© Summary

Christopher W. Murphy (SNS) Diphoton Excess, B-decay Anomalies Genova 11/2/16 44 / 45



Summary

@ More data is needed, but the Diphoton Excess would be an amazing
discovery if comfirmed

@ First step towards a unified explanation of Diphoton Excess and
B-decay Anomalies

@ Found parameter space that gives the correct cross section for 750
GeV resonance decaying to photons, consistent with
e unitarity
e measurements of the 125 GeV Higgs boson
o direct searches for resonances in other channels
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