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Beyond the SM

— talk by Alessandro Strumia model, like birds in
a gilded cage, ever since.”
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THERE USED TO BE A JOKE THAT
IN COSMOLOGY A FACTOR OF 100 BUT LITTLE BY LITTLE, PARTICLE

WAS "PRECISION” COSMOLOGY. PHYSICISTS HAD TO START ADMITTING...

THESE GUYS ARE\
DOING SOMETHING
(MPORTANT... /

© Jorge Cham 2011



decreasing coupling
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Beyond the SM?

particles (hierarchy problem,

WIMPS)

searches for very heavy
particles with large

couplings

terra incognita

searches for light particles

with very small couplings

>



SMEEFT

* Indirect searches for heavy new physics should be

analyzed in context of a systematic extension of the SM

[Buchmdiller, Wyler 1986;

dsS an effeCtlve ﬁeld theory Grzadkowski, Iskrzynski, Misiak, Rosiek 2010]
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SM without Neutrino masses Generic new-physics

neutrino masses and oscillations phenomena



SMEEFT

* All scales A; probed so far appear to be rather large:

New-physics scale
for g=0(1)

Observable

Jeutrine A ~109 TeV
oscillations
Proton decay i [l
Flavor physics A >1-105 TeV
VISR ez T

Higgs couplings o 05 ey



Searching on
all Fronts

— nicely reflected in the program of this conference!

Besides theory talks on the B-flavor anomalies, we will also hear about:
CP Violation in B Decays (Keri Vos), Heavy Exotics Spectroscopy (Marek Karliner),
Flavor at High pr (Admir Greljo), Lattice QCD for Heavy Hadrons (Chris Bouchard),
Rare Kaon Decays (Giancarlo D’ Ambrosio), Rare Leptonic B Decays (Gilberto Tetlalmatzi-Xolocotzi),
Charm Decays (Stefan de Boer), Very Rare B—K*vv Decays (Mohammad Ahmady), and lots of
beautiful ideas about Physics Beyond the Standard Model (Alessandro Strumia)



Searches for axion-like particles

at the LHC

based on work with Martin Bauer and Andrea Thamm
1704.08207 (PRL), 1708.00443 (JHEP)




Motivation

* Why not?

* New pseudoscalar particles appear in many extensions of the SM
and are well motivated: strong CP problem, mediators to a hidden
sector, pPNGB of a spontaneously broken global symmetry, ...

*  Assume the existence of a new pseudoscalar resonance a, which is
a SM gauge singlet and whose mass is kept much lighter than the
electroweak scale by means of a shift symmetry a—a-+c

* Such particles can explain various low-energy anomalies, such as
the muon (g-2),,

[Chang, Chang, Chou, Keung 2000; Marciano, Masiero, Paradisi, Passera 2016]



Eifective Lagrangian

* The couplings of an axion-like particle (ALP) a to the SM start
at dimension 5 and are described by the effective Lagrangian
(with A a new-physics scale): (Gt Kasaln Lt 0]

2
Mg 0 oHa
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L58° = 2 (8,0)(0"a) -
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a ~ a
+ g2 Coe ~ Gy, G + ¢° Cww -
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* At dimension-6 order and higher additional interactions arise:

p>6 _ Can e O i
o 2 (0,a)(0"a) ¢'p + A5 (0"a) (¢"iD, ¢ +hc.)d'd+...

» Qur goal is to probe scales A~1-100 TeV at the LHC



Eifective Lagrangian

After electroweak symmetry breaking the effective Lagrangian
contains couplings to photons and Z-bosons given by:

a e el a e a -
L e e G O
with;
€ —Cyn tCx. € 7 — Ci, Cww — S%U Cpp Czz = Ci, Cww ~+ Si Cpp

In the mass basis, the couplings to fermions contain both flavor
diagonal and flavor off-diagonal contributions, but the latter must
be strongly suppressed; the diagonal couplings can be written as:

cer OFa -
££f§5 = Z gf A f7u75 f
it

M. Neubert: ALPs at the LHC and future colliders



Higgs decays into ALPs

* The effective Lagrangian allows for the decays h—aa and

h—Za at rates likely to be accessible in the high-luminosity
run of the LHC (already with 300 fb-1)

* The subsequent ALP decays can be reconstructed largely
irrespective of how the ALP decays

* Higgs physics thus provides a powerful observatory for
ALPs in the mass range between 1 MeV and 60 GeV,
which is otherwise not easily accessible to experimental
searches



Higgs decays into ALPs

* We compute the relevant production and decay rates of
the ALP at one-loop order, e.g.:

with:

Ccel%.: ------ <: ------ <t “““ QW,Z

= Con(A) + 0.173 ¢% — 0.0025 (C2pyy + CZ5)

* A 10% branching ratio is obtained for |Cg;| =~ 0.62 (A/TeV)?



Higgs decays into ALPs

* The effect of the ALP decay length must be carefully
taken into account (important for small ALP mass or
couplings)

“ We require 100 signal events in 300 tb-! of LHC data

“ Always probe a pair of ALP couplings, those relevant
for the production and decay process; here we focus on
h—aa and a—vyvy, but a—e*e, u*u- can be probed as
well



Probing the ALLP-photon coupling

/ model dependent!

103
YT — inv. +
1
i
>
E 10—3
<
= SN1987a
O o~
O
1076 SN
Decay
Cosmology
10—9-
0~ 1072 10 100 1073 1 103
m, [GeV]

[Armengaud et al. 2013; Jaeckel, Spannovsky 2015; many others ...]



Probing the ALP-photon coupling

* Higegs analyses at the LHC (Run-2, 300 fb-1) will be able
to explore a large region of uncovered parameter space:

103+

SUMICO
OHT

T — inv. +y
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Decay
Cosmology
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* The ALP-photon coupling can be

probed even if the ALP decays
predominantly to other particles!

* Region preferred by (g-2). can be

covered completely!
i =00l Brfia— ) 049
C2 = 0.1, Br(a — vy) > 0.049

¢ [ Bric ) 0006
oA — 1 TeV)
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Probing the ALP-photon coupling

Alternative representation of the parameter space in the ALP-Higgs
and ALP-photon coupling plane

Accessible region depends

lo*g 1 : : ' : i : :

on the ALP mass and a—-yy T m I O/ o i
branching ratio (dashed ~ . e - w
contours) < 0 e

- - |
Lines show predictions for il - 1, ’,
the coefficients in two “’,mr_ ;GV - o N
scenarios with couplings B B R

|Canl/A? [TeV ]

induced by loops of SM
fermions h —aa — vy +77



Heavy flavor

anomalies

— talks by Olcyr De Lima Sumensari, Admir
Greljo, Nazila Mahmoudji, Ferruccio Feruglio,
Marco Ciuchini




B-flavor anomalies

* Intriguing hints of anomalies in B decays entered the
stage starting in 2012 (Rp, Rp#, P5’, Rk, Rk*)

POE — 0
Rpo = ——= =
2 TiB D) i
B
Ry =

['(B - K®ete)

« If true, they would be hugely important for the future
development of high-energy particle physics at large!

« In fact, their importance cannot be overstated ...



B-flavor anomalies

... as they would give a clear target for future searches
at energy frontier — exactly what’s missing right now!

eXpeCted region for new increasing mass

particles (hierarchy problem, — > New PhYSiCS cannot be
WIMPs) _

too far from here!

searches for very heavy
particles with large

couplings

(primarily driven by Rp)

terra incognita

searches for light particles
with very small couplings

decreasing coupling




B-flavor anomalies

« It would teach a lesson about the complementarity of
different fields (as flavor physics was sometimes
considered as being irrelevant in the LHC era)

* Cherish the connection between flavor and high-pr !
— talk by Admir Greljo

* Imagine the LHC legacy:
» discovery of the Higgs boson (2012)

» discovery of lepton-flavor non-universality (2013+)



B-flavor anomalies

« It would teach a lesson about the complementarity of
different fields (as flavor physics was sometimes
considered as being irrelevant in the LHC era)

* Cherish the connection between flavor and high-pr !
— talk by Admir Greljo

* Imagine the LHC legacy:
» discovery of the Higgs boson (2012)
» discovery of lepton-flavor non-universality (2013+)

»discovery of the predicted Z’ bosons/leptoquarks
(20227?)



B-flavor anomalies

“ Lots of reasons to be excited!
» two different sets of anomalies of very different taste
» many are seen by more than one experiment

» in case of b—sll many observables appear to deviate
from SM predictions, and the deviations appear to fit
d Slmple pattern — talk by Nazila Mahmoudi



B-flavor anomalies

Coeft. best fit lo 20 pull
Ci? —1.21 [—1.41, —1.00] [—1.61, —0.77] 5.20

C} +0.19 [—0.01, +0.40] [—0.22, +0.60] 0.90
ChRY +0.79 [4+0.55, +1.05] [4+-0.32, +1.31] 3.40
Cly —0.10 [—0.26, +0.07] [—0.42, +0.24] 0.60
Cit =Ly —0.30 [—0.50, —0.08] [—0.69, +0.18] 1.30
CNP = —CONF —0.67 [—0.83, —0.52] [—0.99, —0.38] 4.80
Ch = C1, +0.06 [—0.18, +0.30] [—0.42, +0.55] 0.30
Ch = —Cl, +0.08 [—0.02, +0.18] [—0.12, +0.28] 0.80
Cit, CRF (—1.15, +0.26) — — 5.00
CcNP, C} (—1.25, +0.59) — — 5.30
CcNP, O, (—1.34, —0.39) — — 5.40
Ch, CNF (+0.25, +0.83) — — 3.20
ci, Ch (+0.23, +0.04) — — 0.50
CF, Ci, (+0.79, —0.05) — — 3.00

[Altmannshofer, Nies, Stangl, Straub 2017]



B-flavor anomalies
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[Altmannshofer, Nies, Stangl, Straub 2017]



B-flavor anomalies

T .

-3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3

NP NP
C9u Cgp

[Capdevila, Crivelin, Descotes-Genon, Matias, Virto 2017]



B-flavor anomalies

0.6 0.8 1.0 1.2 14

[Geng, Grinstein, Jager, Martin Camalich, Ren, Shi 2017]



B-flavor anomalies

Observables Rp, Rp*
SM tree level, CKM
favored
LFU violation TVvs. e/l

T reconstruction
difficult, oldest
experiment (BaBar)
shows largest effect

Benefits Solid theory

Rk, Rk,

angular distributions

one-loop FCNC,
GIM suppressed

LLVS. e

electron reconstruction

difficult at LHC), so far
no confirmation by
another experiment

Solid theory for Rk,
some caveats for P5’
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B-flavor anomalies
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B-flavor anomalies

* Important theory progress on treatment of non-local
hadronic contributions (charm penguins and friends)

— talk by Marco Ciuchini
G
: L
K el
RN
HEE L P D D
14
| 1C =169
T
Lo
Fo
e
i
Q ' | i
N S : N
E
2 AR
/Q(f> i /Q B | T
&1 % . |
s Q > ,».Q o
/'\" i 7/ Nl
3 1
9 e) E B
/'\" i /\’ [l
] Ll | 1l
4N o N LS R
@ - /'\r /'\r /Q Q
NP NP
Luca Silvestrini Co,+ Cy,



B-flavor anomalies

Observables Rp, Rp*
SM tree level, CKM
favored
LFU violation TVvs. e/l

T reconstruction
difficult, oldest
experiment (BaBar)
shows largest effect

Benefits Solid theory

Rk, Rk,

angular distributions

one-loop FCNC,
GIM suppressed

LLVS. e

electron reconstruction

difficult at LHC), so far
no confirmation by
another experiment

Solid theory for Rk,
some caveats for P5’



B-flavor anomalies

* Challenge to model building, yet several interesting
models have been proposed!

—> talks by Admir Greljo, Ferruccio Feruglio, Alessandro Strumia (?)

* We should not necessarily assume that all anomalies are
correct. .

* And we should not forget that experimental systematics
might be correlated (e.g. between Rk and Rk+)

* An independent confirmation of the flavor anomalies by
Belle II is as crucial as refining current LHCb analyses
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Events / 40 GeV

Data - fitted background

10

Remember that thing?

———
ATLAS Preliminary

® Data

é_ —— Background-only fit _§
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Past (elusive) B-flavor anomalies

* Several anomalies in B physics (many rather persistent,
some at the 3-40 level) have created quite some
excitement at their times:

» puzzle of the too short Ay, lifetime

» hints of a too low sin2j/y ks

» evidence for a low sin2B¢ks from loop processes
» puzzle of the too large B—1tv branching ratio

» AAcp(B— K) puzzle of direct CP asymmetries



Past (elusive) B-flavor anomalies

« It is important for theorists to be very careful and

question error estimates

* Yet, in all cases above, improved measurements have
resolved the tensions (A}, story was most impressive) ...



MN, Physics Colloquium, Univ. Heidelberg, 2004

CP Asymmetry in B—®Kq

#* [nterference of mixing and % Penguin graph is real to
decay: very good approximation!

§0 «— RO
\ / I/t:C Ny
DK,

» Phase structure identical B
to the decay B —J/J K J Ks

# Model-independent result:

S(OKg) - S Kg) = 0.02+0.0"

[Beneke, Neubert 2003]




# Experimental situation: (prior to LP 03)

S(®K.) = -0.18+0.51+0.07 BaBar
S(®PK.) =-0.73+0.64+0.22 Belle

~ -0.38+0.41

S(®PK) - S(Jy Ko) = -1.112£0.41 (2.80)

Constraint from sinzB[q)Kg] confidence level

Standard




# Experimental situation: (after LP 03)

S(®K.) =+0.45+0.43+0.07 BaBar
-0.9610.50£0.10 Belle

S(PKs)

~ -0.15+0.33

S(PK) - S(J/w Ko) = -0.88+0.33 (2.70)
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W‘W
| f # Experimental situation: (after ICHEP 04)

S(®K.) =+0.50+0.25+0.06 BaBar |
S(PKs) =+0.06£0.33£0.09 Belle

~ 0.27£0.25

S(PKs) - S(J/w Kg) = -0.4610.25 (1.80)

# But, trends for deviations are also seen
iIn other b—s penguin modes, e€.g. a 30
effect for n’Ks from BaBar!

# All combined: (after ICHEP 04)
S(b—s) = +0.42+0.10 BaBar
S(b—s) = +0.43+0.12 Belle
deviation from 0.73 is about a 30 effect

~ 0.42+0.08
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Charmonium :
0.722+0.040+0.023 . @
: ICHEP 2004

0
Jiyn BABAR
—0.05+0.49+0.16

D** D*~

-0.06+:0.37+0.13

D** D" : - j
0.82+0.75+0.14 ; S-penguin average at 2.7c different

D 0604012 s from sin2B[cc] (BABAR)

q)KO +0.07 : . . .

050£0.25 ., T Similar difference at 2.4 ¢ seen by
' K ! L

0.27+0.14+0.03 R Belle

+0.23
95 15, £0.10

0.55+0.22+0.12

Average (s-penguin)
0.42+0.10

[A. Hoecker, ICHEP 2004]
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B-flavor anomalies - quo vadis?

* Today we are in a much better situation and the flavor
anomalies are much more compelling!

* Nevertheless, they will need to mature and be
confirmed by independent measurements ...







Al P-GIM mechanism

“ Derivative couplings of ALPs to fermions give rise to etfects

suppressed by the masses of the fermions involved

*  As a result, the potential effects in B physics are generally

rather small compared with other models of TeV-scale new

physics

« Potentially large effects can arise in Bsq— utu-/ete- decay

modes, which are chirally suppressed in the SM (I'~m,, ¢?)
BriB, - i Cup T V7 1 (Kp — Ka)sh 2

Be(B. s - e [ = mg/m%s Vis Vv

+ Moreover ...



Explaining the low-g2 bin of Rk~

* While the high-g2 results for Rk and Rk can be
accounted for in terms of effective operators, the low-g?

bin can only be modified by at most 10% from short-
distance physics

BR(B — Kutu~ :
Rk = gpp o Ki+5—)) — 0.74510990 1 0,036, for ¢* € [1,6] GeV? ,

BR(B — K*utp~)  [0.66%04; £0.03, for ¢* € [0.045,1.1] GeV?
BR(B S I¢cc) 060 005 forg2elll 6 G2,

RK* ==

R 10000l  for - c Il 6] Gevi

e {0.91 +0.03, for ¢ € [0.045,1.1] GeV?

K7 11.00£0.01, forg?e[l.1,6] GeV2 .




Explaining the low-g2 bin of Rk-

* Several authors have proposed to account for this effect
by introducing a light new particle, such as a dark

phOtOn [Sala, Straub 2017; Ghosh 2017; Bishara, Haisch, Monni 2017; Datta, Kumar, Liao, Marfatia 2017; ...]

* It was argued that a viable scenario must involve a light
resonance with mass within 10 MeV of the di-muon
threshold, which decays preferentially to electrons

[Altmannshofer, Baker, Gori, Harnik, Pospelov, Stamou, Thamm 2017]

+ An ALP in the mass range around 200 MeV, _‘ |

produced on shell in B—+K"a, is a perfect
candidate for such a light resonance!

ta

e+ e




Explaining the low-g2 bin of Rk-

* One flndS: (plots are preliminary; courtesy of Andrea Thamm and Martin Bauer)

Br(X —wete”) =1 mg = 208 MeV
1.% 10_6 1.x 10—6
8.X10_7 e 8.X10_7'
N 6.x1077¢ e 6.x1077}
T IF
R = ) =)
% 4.x10 gé 4.x10
2.x1077 2 %1077

Br(X — other) = | _i 2

Y95 200 205 210 215 05 0 2005 30
my [MeV] K

W:l:

* Branching ratios of this magnitude can be v
generated naturally via top-quark loops! /\
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