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Outline

® Why a “New Standard Model™?

® The High Energy landscape

® The Low Energy landscape

|

“Compelling and unique science to be done
in the next 5 years and beyond”



Why a “New Standard Model™?

® The SMis remarkably successful, but has no answer to a number
of questions about our universe = new degrees of freedom
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High- and Low-Energy Frontiers

® [wo complementary strategies to probe BSM physics:

Low Energy Frontier

(indirect access to new d.o.f
through virtual effects)

High Energy Frontier

(direct access to new d.o.f)

BSM particles
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High- and Low-Energy Frontiers

® [wo complementary strategies to probe BSM physics:

High Energy Frontier

(direct access to new d.o.f)

- EWSB mechanism
- Directly probe scale and

interactions of new heavy particles

Low Energy Frontier

(indirect access to new d.o.f
through virtual effects)

- L and B violation

- CP violation (w/o flavor)

- Flavor symmetries (quarks, leptons)
- Precision tests (heavy mediators)



High- and Low-Energy Frontiers

® [wo complementary strategies to probe BSM physics:

High Energy Frontier

(direct access to new d.o.f)

- EWSB mechanism
- Directly probe scale and

interactions of new heavy particles

Low Energy Frontier
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- Precision tests (heavy mediators)

Nuclear Physics plays a major role at the Low Energy Frontier:

“The New Standard Model” initiative in the 2007 LRP



High- and Low-Energy Frontiers

® [wo complementary strategies to probe BSM physics:

High Energy Frontier

(direct access to new d.o.f)

- EWSB mechanism
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® Both frontiers needed to reconstruct the structure, symmetries, and
parameters of Lpsy = address the outstanding open questions

L= Lsm+ Lpsm



High- and Low-Energy Frontiers

® [wo complementary strategies to probe BSM physics:

Low Energy Frontier

(indirect access to new d.o.f
through virtual effects)

High Energy Frontier

(direct access to new d.o.f)

- EWSB mechanism » - L and B violation

- Directly probe scale and B > - CP violation (w/o flavor)
interactions of new heavy particles ;\; - Flavor symmetries (quarks, leptons)
- - Precision tests (heavy mediators)

® Both frontiers needed to reconstruct the structure, symmetries, and
parameters of Lpsy = address the outstanding open questions

® The two frontiers are not entirely decoupled: important in setting
the goals for precision tests (more on this later)



The High Energy
landscape

Z-> uu event from 2012 data with 25 reconstructed vertices



What the LHC has seen

® New bosonic particle discovered (=5.00) by CMS and
ATLAS with the same mass ~125-126 GeV.

® |t looks a lot like the SM Higgs (Higgs-like state in BSM
scenarios)

® More data needed to understand its nature




(Some) Higgs signals

CMS ATLAS
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Compatibility with SM Higgs

® Higgs signals vs SM predictions for all modes:

I
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Non-standard Higgs mass!

® “Nature has been kind to experimentalists: most decay modes
visible” (Fabiola Gianotti)

1-1 1 1 LI 42
g T ~3
® [ bb 13
- B 7w
) - -
< 18
L
. ”
(U*IO'—IT
—
m

1 0-3 | 1 | - | - I 1 | 1 | - I |
100 120 140 160 180 200
M [GeV]



Non-standard Higgs mass!

® “Nature has been kind to experimentalists: most decay modes
visible” (Fabiola Gianotti)

® And to theorists: can still write many papers!
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What the LHC has not seen

® The LHC has observed no signal of physics beyond the SM (yet)
® Generic searches (non-SUSY)

® Dedicated SUSY searches




Non-SUSY: summary

ZSSM Il

Z' SSM tau tau

Z', ttbar, hadronic, width=12%
Z', dijet

Z', ttbar, lep+jet, width=1.2%
Z'SSM Il (fob=0.2)

G, dijet

G, ttbar, hadronic

G jet+MET kM =02
GyykM=0.1

G, Zz(qq), M=0.1

W iv

W' dijet

W' -=id

W'— WZ(leptonic)

WR' = tb

WR, MNR=MWR/2

WKK p =10 TeV

pTC, nTC > 700 GeV

String Resonances (qg)

s8 Rasonance (gg)

s8 Resonance (gg/bb), fob=1
E6 diquarks (Qq)
Axigluon/Coloron (qgbar)
gluino, 3jet, RPV

q* (qg), dijet
q* (@@W)

q* @9

q*, dijet pair
q*, boosted Z
e, A=2TaVv
P, A=2Tev

D" = tW, (3], 2I) + b-jet
q’, b'/t’ degenerate, Vtb=1
D' = tW, ljets

B’ = bZ (100%)

T = tZ (100%)

t' = DW (100%), l+jets

t' = DW (1009), I+

gluino, Stopped Giuino
stop, HSCP

stop, Stopped Giuino
stau, HSCP, GMSB
hyper-K, hyper-p=1.2 ToV
fractional charge, g=2/3e
fractional charge, g=1/3e
muitiple charge, Q=26
muitiple charge, q=3e

LQ1, B=056
LQ1, =10
LQ2, B=0.6
LQ2, B=1.0
LQ3, (bbnunu) Br(LQ — bvT) =1

LQa3, (btau) B=1.0
stop (btau)

C.I. A, X analysis, A+ LL/RR
C.ILA, X analysis, A- LL/RR
C.I, dimuon, destructve LLIM
C.1., dimuon, constructive LLIM

. C.1., single lepton (HNCM)
Compositeness

MEH, rotating, MD=8TeV, nED = 2, BlackMax
MEH, non-rot, MD=8T&V, nED = 2, BlackMax
MBH, rotating, loss, MD=8TeV, nED = 2, BlackMax
MBH, boil. remn., MD=8TeV, nED = 2, Charybdis
MBH, stabie remn., MD=8TeV,, nED = 2, Charybdis
MBH, Quantum BH, MD=8TeV, nED =2

Bt 5 8

Generation

2 3 4 6 6

LeptoQuarks

2 3 4 6 6

Contact

Interaction

Black
Holes




Caveats + Lesson

® ATLAS and CMS searches start at Mw' > 500 GeV, Mgjjer > | TeV
(to cope with SM & QCD backgrounds)
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Caveats + Lesson

ATLAS and CMS searches start at Mw' > 500 GeV, Mgjer > | TeV
(to cope with SM & QCD backgrounds)

Some consequences:

® gw = 0.lgw viable for Mw < 500 GeV!

Seee.g.
B. Dobrescu,

® |epto-phobic Z’ with M < | TeV still viable! (CHEP 2012

Lesson: particles with mass near the EWV scale (few 100 GeV)
pose severe challenges at the LHC

Obvious opportunity for precision low-energy probes



SUSY searches

® |imits depend on assumptions on the s-particle spectrum
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SUSY searches

® |imits depend on assumptions on the s-particle spectrum

® |[st,2nd generation squarks + gluinos: strongest bounds (M >TeV)

Squark glumo -neutralino model, mﬁo )= 0 GeV
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SUSY searches

® |imits depend on assumptions on the s-particle spectrum

® |st, 2nd generation squarks + gluinos: strongest bounds (M > TeV)

® Stop:search strategy depends on the mass, still gaps

ATLAS Combined Stop Echusmn
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SUSY searches

Limits depend on assumptions on the s-particle spectrum

|st, 2nd generation squarks + gluinos: strongest bounds (M > TeV)

Stop: search strategy depends on the mass, still gaps

Sleptons and charginos: considerably weaker bounds
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SUSY comments

Searches optimized for fairly large (s)mass splittings

Small s-particle splittings still inaccessible: pt in final state
objects is reduced (need low pT cut, still problematic)

A. Parker
ICHEP 12

“Natural” SUSY scenarios under pressure (direct searches
+ Higgs mass), but:

® Compressed SUSY spectrum still viable

® |ess standard but plausible SUSY scenarios still
viable (RPV,...)

® In summary, weak scale SUSY is not dead!



The Low Energy
landscape



Low Energy Frontier
E

SM parti\c‘ies BSM particles
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Cexp << MBsM >< A

How do BSM particles / interactions affect low energy dynamics?




Low Energy Frontier

E 3

Mgsm

SM partxcies

n

I s
3

Foe e e > A

® At low energy, BSM physics is described by local operators**

cBG) +(6)

o + ...

A

A < Mpswm Ci lgpsm, Ma/ M)

® Key point: each UV model generates its unique pattern of operators /
couplings — different pattern of signatures in LE experiments



Low Energy Frontier

Therefore, LE measurements provide the opportunity to both
discover BSM effects & discriminate among BSM scenarios:

If sensitive enough, a single LE measurement can discover new
physics (symmetry violation, deviation from SM in precision tests)

But it is only the combination of more experiments (+ the LHC)
that can help us discriminate among new SM candidates, and
ultimately address some of the open questions about our universe

Key point: each UV model generates its unique pattern of operators /
couplings — different pattern of signatures in LE experiments



Low Energy Frontier

Therefore, LE measurements provide the opportunity to both
discover BSM effects & discriminate among BSM scenarios:

® |[f sensitive enough, a single LE measurement can discover new
physics (symmetry violation, deviation from SM in precision tests)

® Butitis only the combination of more experiments (+ the LHC)
that can help us discriminate among new SM candidates, and
ultimately address some of the open questions about our universe

ﬁ

Underlines the importance of broad set of LE searches: unifying link
among what might otherwise look like a bunch of scattered efforts



Interconnections
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Interconnections
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/ V oscillation
pil — V mass measurements
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Physics reach -- at a glance

" Current " Future

Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC
EDMs*

(g-2)"

CC (P)*

CC (V)

CC (5, T)*
NC (Moller)
NC (eq)

0 2 4 6 8 10 12 14 16 18
EWSB GUT Planck

Logio [Amax(GeV)]

e Caveat: one is really probing, A/C), A/[Cz-(‘s)]l/2 ) eone

® So beware of couplings™, loop factors, approximate symmetries , etc



Physics reach -- at a glance

Proton decay
Neutrinos (LNV)
LFV (muons)
Quark FCNC
EDMs*

(g-2)"

CC (P)*

CC (V)

CC (5, T)*
NC (Moller)
NC (eq)

LHC

" Current

Rare / Forbidde

" Future

2N ProcCesses.

B, L, LE CP viola
have largest reach -- special
status of “flagship” se:(rches

tion searches

e Caveat: one is really probing, A/C®), A/[C‘Z.(G)]l/2 ) eone

12 14 |6 |18
Logio [Amax(GeV)]

GUT Planck

® So beware of couplings™, loop factors, approximate symmetries , etc



Physics reach -- at a glance

" Current " Future

Proton decay
Neutrinos (LNV)
LFV (muons)

Quark FCNC
EDMs*
(g-2)* Precision measurements:
CC (P)* All overlap with LHC reach.

CC (V) - All relevant in the program of
CC (S§,T)* « reconstructing the new SM
NC (Moller) (“LHC inverse problem”)

NC (eq)

2 4 6 8 10 12 14 16 18
EWSB GUT Planck

Logio [Amax(GeV)]

e Caveat: one is really probing, A/C®), /\/[02-(6)]1/2 yoees

® So beware of couplings™, loop factors, approximate symmetries , etc



High-level comments

® Motivation for pursuing these searches is as strong as it was in
2007 (LRP writeup)

® With new physics signals possibly arising from the LHC, low-
energy probes at the current / planned level of sensitivity will
be essential in understanding the BSM symmetries and
discriminate dynamics (LHC inverse problem)

® One could argue that the motivation for LE frontier searches
will be even stronger if there are no clear BSM signals at the
LHC (“the nightmare scenario”): in that case will need to
pursue

® a broad set of searches (we don’t know what to
expect and where)

® with mass reach above ~10 TeV



Next, a panoramic tour

® Organize discussion by dimension of the operator(s) probed:

-dim 3,4, 5,(9): neutrinos

_dime; T CFY

g-2, Charged Currents, Neutral Currents, ..

® |n each case, highlight
® Discovery potential / physics reach A

® Discriminating power / interplay with the LHC



Neutrinos

® Probe rich sector of Lpsm, largely inaccessible at the LHC

1 g9 _ . )
£, > —-M“ vRvh + Y vR<H TiosL}) + - (LiiooH)(H ios L)

// , - () ”(*'i”'“)j\

Light sterile states? Dlrac mass term Majorana mass term:

’UQ

Xg

] _ Vi N ij
mi =vY; mij =

® Many key aspects of V dynamics remain unknown, and should
be explored by experiments in the next decade




Neutrinos

® Probe rich sector of Lpsm, largely inaccessible at the LHC

_ 1 gV -
L, D ——M’J VRVR Y o (H Loy L7) G (L§iooH)(H"ioyL7)
A
/ I‘ B (:/i ) = ( v };‘h” )] \
Light sterile states? Dlrac mass term Majorana mass term:
1] 1] ”UQ
m, =7v }/1/ mlz/J — Xg”
® Symmetries / particle content:
® |[s lepton number (L) broken? (Dirac vs Majorana) (OVBPB)
® Are there light sterile V’s? (reactor anomaly, Gallium

anomaly, LSND, MiniBoone)



Neutrinos

® Probe rich sector of Lpsm, largely inaccessible at the LHC

1 g ,
L, O ——M” VRVR Yl i, (H Tigy i) A92 (LSiosH)(H  ios L)
A
/ (= (%) "(,,i:'m)]\
Light sterile states? Dlrac mass term Majorana mass term:
. ,UQ .
my = oY, mij =g

® Determine parameters of mass matrix (regardless its origin):

® Mass scale (beta decay, OVPBP*, cosmology*)

® Mass hierarch
y (oscillation experiments)

® Mixing angles (¢/), Dirac CPV phase



If OV observed, %W =
is it due to the 4 -t
light v exchange ® - :
or other ~TeV f sk
scale source of = ng i
LNV? g ;

e G%pgnie = MT‘/‘VR 5

Klapdor (H-

® Particularly relevant if OV
observed in the “degenerate”
region (conflict with cosmology?)

experiment)0 1

| in eV

|m3°

Discriminating after discovering: LNV mechanism
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® Diagnostic tools:

o KATRIN, Project 8§, ...

VC, Kurylov, Ramsey-

® Correlations with LFV signals Musolf, Vogel 2004
] Maiezza, Nemevsek,
® | HC signals: see e.g. LRSM Nesti, Senjianovic, 2010
Bkg

L=8 fb-!, s!2 = |4TeV

® Sensitivity up to
WR mass ~ 6 TeV
with L = 300 fb!

15

10

Peaks: mass of WR

waN

- mEE. IS e nls :
500 1000 1500 2000 2500 3000 3500 4000
1.1.37j invariant mass



Charged Lepton Flavor Violation

® |n SM + massive vV, CLFV BRs negligible (10%): clean |—=—=
probe of BSM physics, great discovery channels ihgﬁ
Y

e Experimental limits probe [4\/ \/[ClD]"” > 9 % 104 .1‘(‘\\}

B~y < 12x107"  |——  10Q-1314 (MEG at PSI, now running)
B <= LD <10 7=

- | ——— 10416 (PS] or MuSIC?)
B,/,', 2 4.3 % 1974

Au , —13
B, < 8x107 — 1016117 ~-18 (Mu2e, COMET, PRISM)
B/®, < 4.6x 107"

e New physics at TeV scale (and reasonable mixing pattern) =

LFV signals within reach of planned searches



® Discriminating after discovering: LFV mechanism

® Dipole!
® Scalar?
® Vector!?

® /-penguin?

Dominant in SUSY-
GUT and SUSY see-
saw scenarios

Dominant in RPV SUSY
and RPC SUSY for large
tan(f) and low ma

Enhanced in triplet
models, Left-Right
symmetric models

q
q
v L
\6++
e e
;S
« 5




VC-Kitano-Okada-Tuzon ‘09

® Discriminating after discovering: LFV mechanism

- (B(‘u%e Z)] o De;/iat'ion frc.am'thi‘s pattern'
0.006} : indicates presence of scalar -
¢ MU —ey vs 4 e 'H_”-é LB(‘uee)/) and/or vector contributions
conversion: probe . .
non-dipole operators o MM N D
0.002 ". \
(mul O(O(/JT)
EI Al T b 0000 20 a0 60 w0
_ Z
= A AN
* Bl A e Conversion amplitude has
= n non-trivial dependence on
5@ AN | | target, that distinguishes D,S,V
; (A A underlying operators
3 B : l 1 VA(Y)
= l'& | " |°| '
EI ;:‘_’a; t/ | | | D . _— . o
AT ] S - Discrimination: need 5% measure
O VR of Ti/Al or 20% measure of Pb/Al



VC-Kitano-Okada-Tuzon ‘09

® Discriminating after discovering: LFV mechanism

e Dipole vs scalar operator

(mediated by Higgs exchange)
in SUSY see-saw models

B(u—e; Al) / B(n—ey)

10°
u=>0
mixing: LL
-1
|0 P -
{0 [3=60
m— taNP=50
-2
10° B ' tanB=40
T T T Toipole
107
10 TTRTRTI PR TTeTHTS |
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my [GeV]

Kitano-Koike-Komine-Okada 2003

A A R
"'u‘ i'u‘, Ve R ._\.'r.\
p.Nn pn PN p.n
g7
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vector (photon)
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CP violation and EDMs

® EDMs of non-degenerate systems violate P and T(CP)

@~

H ~ dJ-E

neutron, atoms, nuclei

® Essentially no SM “background”: probe flavor-diagonal BSM**
sources of CP violation. All great discovery channels

EDMs in e - em

Particle | EDM limit | SM (CKM)
e 1.5 x 10727 108
1L 1.1 x 107 10~
T 3.1 x 107 10734
D 6.5 x 10723 10~
n 2.9 x 10720 1031
g 131x107# 10~

rn; i g -
d; " sim(ocp)

- Current limits: A~100 TeV, for dcp~O(1)

- Already strong constraints on TeV-scale BSM



® Probe QCD 0O-term + set of BSM-induced operators

4 g2 R )
I po
L6 DM = 54 io"V~y’ (do + d373)  F o
1 - C
L6 qCEDM = —5 gioh” (do + d3T3> Nq G,
dw abe _pvaf ~a b cp
L6 oCEDM = c —f“e Gopluply
N\ y
4 d N\
£ 7. D
L EDM = 5 lioc™' Ly,
\ J

/ ()
LU Ay do s, dos ~ —
b g £, 403, 403 ™~ 373
»\é
x| M g
- G

+ 4-fermion ops

® EDMs of nucleons, light and heavy nuclei, leptons, probe
different combinations of these operators.
All needed in order to discriminate among CPV sources.

® Theory input essential: LQCD, ChPT, many-body NP



® Discriminating after discovering: nucleons and light nuclei EDMs
using Chiral EFT (just one example!)

Source 2 qCEDM qEDM TV xI
dp [ dn o) O (1) o o
dg dn + dp dp+dp — 0275 dntdp dntdp
diy. + diy dn + dp dp+dp — 0635 dntdp dntdp
dsyge —dsy | dn—dp —03£%  dy—dy — 037> dy—dp dn—dp

e nucleon EDM alone cannot disentagle various sources
» only for isobreaking sources d; > dn + dp

o for isobreaking sources, both d3y, + d3y and d3y, — d3y differ from one-body

e for theta, only d3y;, — d3y differ from one body
e for gCEDM, qEDM, no deviation from one-body

20 - 2 B Mereghetti
E;‘ng = —F—N‘n' TN — —m3 NN van Kolck, et al

W W



® Discriminating after discovering: nucleons and light nuclei EDMs
using Chiral EFT (just one example!)

Source 2 qCEDM qEDM TV xI
dp [ dn o) O (1) o o
dg dn + dp dp+dp — 0275 dntdp dntdp
diy. + diy dn + dp dp+dp — 0635 dntdp dntdp
dsyge —dsy | dn—dp —03£%  dy—dy — 037> dy—dp dn—dp

e nucleon EDM alone cannot disentagle various sources
» only for isobreaking sources d; > dn + dp

o for isobreaking sources, both d3y, + d3y and d3y, — d3y differ from one-body

e for theta, only d3y;, — d3y differ from one body
e for gCEDM, qEDM, no deviation from one-body

Enhanced discriminating power with heavier nuclei + leptonic EDM



EDMs and baryogenesis

® Why do we care about discriminating the CPV mechanism!?

® EDMs probe one of the necessary ingredients for baryogenesis
mechanisms operative at the weak scale (T~100 GeV)

® B (baryon number) violation
® (C and CP violation [ Le—J) ¢ Te—= 1) ]

LHC
EWSB, spectrum) ®  Departure from thermal equilibrium

; Y-

\ electroweak
'y < > g’ phase g‘ >

’ \ <H>+0
/ \ o’
ﬂ- i ——————— ’¢'

® (Quantitative statements possible in various BSM extension

Sakharov ‘67




Muon g-2

® Serious hint of new physics

ay = (gu —2)/2
116592089 (54)(33) x 1011
116591802 (42)(26)(02) x 10~ 1!

—> A, =287(80) x 107t 3.60 discrepancy

a, (Expt)
a,(SM)

BNL E821 (2006)

Dominant uncertainties: will
D™, D, improve with QCD + ChPT
' (needed!)

EWSB v
® Probe BSM mag. dipole operators £ — 1y, /ig

[ Uaﬁ H k. af

® 3.60 discrepancy = A/+/yy ~ 140TeV (A ~ 3.5TeV).

Strong “boundary condition” for TeV extensions of the SM



Muon g-2 and SUSY

® | eading SUSY contributions can . Sy \/20\/
(still) explain the discrepancy
(involve sleptons, EW-inos,
mildly constrained by LHC)

10~

® Discriminating:
correlation between H =Yy
(blamed on stau loops) and g-2
(stau ~ smuon)

| N I N N

8% ]

Giudice-Paradisi-Strumia 2012

Muon magnetic moment da,,

[a—
<

4 Vi N 0000

® g¢-) continues to be a powerful
probe of SUSY (and other
models) parameter space

11 1 11

18 20 22
L(h > yy)/T(h > yy)sm

"R | 1 1 |

16

10 12 14



Charged Current processes

® |n the SM, W exchange = only V-A structure, universality relations

<

Gr

at low
energy

~ gZVij/MWZ ~ | /V2

Lepton universality

Grle/|GFl, =14 Ay,

Vaal? + [Vis? + D = 1+ Acku

Cabibbo universality

Peculiar “V-A” pattern in spectra
and decay correlations




Charged Current processes
® |n the SM, W exchange = only V-A structure, universality relations

. )

Vi ~ SUSY, Z,
X charged
_-— . - - _F .
| ! Higgs,
—— — ——  |leptoquark,

at low
energy >_ —

Gr ~ gZVij/Mw ~1 /v | /\? N

® BSM: sensitive to tree-level and loop corrections from large class
of models — “broad band” probe of new physics



® CC processes probe ten BSM effective couplings: [Ei &~ (v//\)ﬂ

GV
V2

X [ (1 = 7s)vg - uy” (1 — (1 —2ep) “/5)d

Lcoco (1+(5RC+EL+€R)

+ €5 (1 —5)vp - ud

— €p [(1 — ’}’5)I/g y 'l_L"/5d

+ e Za#,,(l — ¥5) Vg - U™ (1 — 75)d ] + h.c.



°
CC
proce
sses
prob
e ten
BS
M effectiv
e co
uplin
gt |

| &, &

() E

.~ (VIN
)2

0
F Vud

L
cC —
(1
+ 0pc + €1 +
ER)

V2




e CC processes probe ten BSM effective couplings: [Ei & ~ (v//\)a

G Vaa
Lo = E 5 — (14 0pc + €1 + €Rr)

st

X [ 0y, (1 — 75)vg - uy” (1 — (1 —2¢p) ’7.5) d

1o (—(] - Affects relative normalization of axial and vector currents
g {

- Neutron and nuclear decays sensitive to (1-2&r)*ga
_ through lifetime and angular correlations
- Disentangling £r requires precision lattice calculations of ga:
we are not there (yet)

+ er Lo (1 —75)ve - uo™ (1 — 75)d | +hee.



e CC processes probe ten BSM effective couplings: [Ei & ~ (v//\)a

GV

v [ T~y ( - Strong constraints from TT — e V (depend on the structure

Lcc

(1 +0rc + €L + €R)

Tl of (&0)* in lepton flavor space)

7 +0.5 +107
+ s /' PEN,PIENU
_ (Ae/u= (-313)*|03J
— ((]
4 )
7 €— & < 25«10 AL-r > 3.5 TeV
+ €7 (O'/
ep < 1.2«10%  Ap> 160TeV

@ 90% CL



e CC processes probe ten BSM effective couplings: [Ei & ~ (v//\)a

1(0);
GF - Neutron and nuclear decay correlation coefficients and spectra

\/ - TT = e V Y Dalitz plot (tensor coupling)

X [ 0 Vul l

see plots

Lo =

— ep (1 —y5)vp - uysd

/

+ er Loy (1 —ys)ve - uo™ (1 — v5)d ] + h.c.



® Current: 0% 0% (b) and 1T = e V Y (green band)

® Future: neutron b,by @ 103 level (Nab; UCNB,b, abBA, ...), °He (b)

.02 —mmMmm——————

(90% C.L.)

Ns=3.2 TeV —>0.01
Quark models:

Ns=5TeV —_ 025 < gS < |
w 0.0
0.6 <gr <23
4 h ' = |
€5 =2 (v/\s)? _oo1l =9 TeV Noremea 01

ET = (V//\T)2
% (2+/2 G2

bet @ 10-3
(future ®He)

—0030010  —0.0005 0.0000 0.0005 0.0010
ET



® Current: 0* 20" (b) and 1T — e VvV Y (green band)

® Future: neutron b,by @ 103 level (Nab; UCNB,b, abBA, ...), °He (b)

0.02
(90% C.L.)
| byl <
Ns=32TeV —>001} :
Lattice QCD
NAs=5TeV ~~ —— | bo+==(22243) 4\:
w000 gs = 0.8 (4)
g1 = 1.05(35)
— — | A=7TeV  Ar35TeV
s =2 (V/AS) -0.01} Bhattachgrya, Qirigliano,
e = (v/A7)’ | bet @ 10° | Aloneo, Graseser Gupta,
| 6 . Lin, 2011
V= (2v2 G | (future ¢He) . in
“02%0010  -00005 00000 0.0005 0.0010 Will reach dgs/gs ~20%

ET



CC processes probe ten BSM effective couplings: [Ei & ~ (v//\)a

G(O)V;d
Loc = E_" (14 6pc+ €1 +€p)

- “No interference” between SM amplitude and €; couplings (m\/Ey)
- Spectra and angular correlations probe € to quadratic order

- Generally weaker bounds (5-10% level)

— ep (1 —y5)ve - uysd

+ ep .FU#,,,(I — v5)vp - uot (1 — ~5)d ] + h.c.

. €; — € (l—"‘;;_'))l/( — (1*75)1/(



Bauman, Erler, Ramsey-
Musolf, arXiv:1204.0035

Discriminating after discovering (example): CKM vs LFU in SUSY

0.002 ; — .
™
Light selectrons, i‘ Light squarks,
heavy squarks & , <« heavy sleptons
0001 smuons -
\ _ LHC constraints
E 0 r ) Current
<]U | -sigma
Can we reach 2 10#4?
'.
-0.001 ¢ ° .. 1
Light smuons, / y
h ks & Future
eavy squarks '
| -sigma
selectrons _
<«
‘0002 1 I 1
-0.002 -0.001 0 0.001 0.002
Ae/p

Distinctive correlation between Cabibbo universality and lepton
universality: information on sfermion spectrum

MSSM effects (post-LHC) are at the few*10* level



B decays vs LHC

The “LHC pressure” can be addressed on a model by model basis

However, in the “nightmare scenario” (Mgsm >> TeV) general
model-independent analysis can be performed

The BSM couplings €« contribute to the processpp @ ev + X

= 10"k CMS 2012 Preliminary s . S
8 109- jun-a.srm‘ B Decech
B DY > ee
8 10° \s =8 Tev S W >ty
- e =~ 1077 wee B i + single top
u » ..g 10° B aco
d X ) 10° B waev
g 10ty |electron| . pus
ud 10° — W' - ev M=1.3 TeV
u 10 —— W' - ev M=2.3 TeV
A VvV 10
dd 1
10"
107
107

500 1000 1500 2000 2500

M; [GeV]



B decays vs LHC

® The“LHC pressure” can be addressed on a model by model basis

® However, in the “nightmare scenario” (Mgsm >> TeV) general
model-independent analysis can be performed

® The BSM couplings £« contribute to the processpp = eV + X

ELTER s ET s ET EL,R

& 510 [8.0x103|1.3x103|7.5%x10%|2.5%x|02|7.5%|02

decays

LHC “- 1.7%102|3.4x|03| |.7x102[3.4x|0°|6.3x|0°°
A

/ 5 N

LHC limits close to low-energy. LHC superior to low-energy!
Unmatched low-energy sensitivity Interesting interplay in the future




® TJake a closer look to scalar and tensor couplings

é& — — v r '|_O'W-e|'1ergy' Qio 11111111111111111
Qg’ (90% C-L-)/_ constraints &\)
(>)Q. are currently <(\>
Jo1} o
™ . ™
| 0.004}
& 000 & 0002}
0.000
-001¢
-0.002}
. -0.004}
-0.02} . . . . '
-0.004 -0.002 0.000 0.002 0.004 -0.0010
Er €T

e LHC and b, B at 103 level will compete in setting strongest
bounds on €s and €1 probing effective scales Ast ~ 7 TeV

® b and B at 10 level would give unmatched sensitivity



Neutral Current processes

Precise LE measurements of Ow + complementary (=probe
different operators) constraints on BSM structures

0.25

— SM
0.248| , current

e proposed :
0.246| * ProPo | J. Erler

0.244
0.242f

0.24} Q,(APV) IQW(e)

<
[~
Q
2
O
0.238 |- o~
: '~
o

. 2
sin Bw(u)

v-DIS
0.236 |

0.234 } zQ,(Ra") IMOLLER

O/"
S
: 72, N\LEP 1
0.232 : IQweak /’{9 Tevatron

0.23 Ie-DIS sLC
0.228 §

0.0081 0.001 0.01 0.1 1 10 00 1000 10000
u [GeV]

o X ¥ &




Operators probed & NP sensitivity:
SM Loy = %Zq[ evHyseqyug +HCogEy eqyuysgl
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® Operators probed & NP sensitivity:

SM £, = % 5,01 et +HOog edynsal

9ii _ _
BSM Leg = Z A_; €iYuCi qﬂf“qj + purely leptonic
tj=L.R (Moller)

1= 246,22 GeV/JAQw

o Nnew = 3.4 TeV (Qwe from E158)

e Nnew = 4.6 TeV (QwP from Qweak)

o Nnew = 2.5 TeV (Cijfrom SoLID)

e Nnew= 7.5 TeV(Qw" from MOLLER)
= 6.3 TeV (QuwP from P2@Mainz)
= 3.7 TeV (gr? from NuTeV)

w = 0.2 1eV (Qun" from APV in Cs)




Discriminating power / complementarity to LHC:

Model independent: sensitivity to different operators.
Analysis of LHC constraints in “contact” limit not available

Models (vast literature):

Lepto-phobic Z’ (unique
sensitivity if Mz< | TeV)

Buckley + Ramsey-Musolf, Ng

SUSY: correlation between
QwP and Qw®

Kurylov, Ramsey-Musolf, Su (2003)

RPV 95% CL
No SUSY DM

SN A R R R R R R e T T e .

| Future 2.5%
I Moller

M | 1
L0 005
Qs

0.1

~0.05
wsusy

0.1
d(QF



Opportunities

® Dark Matter:

® Direct detection is Nuclear Physics (both Exp and Th)

CHESST 1o
CRESST 2¢
CRESST 2009
sainanmined * =+ EDELWEISS-I|
I — cows
i w—— XENON100
i DAMA chan.

il

—h
o

5
107 ;
10 ; _--:-_!-5-155:&-':!:"_3: s

PR S - —
o N G- -SSR S-S

i H :
B L T TP .
' ' .

o.

c )
®

WIMP-nucleon cross section [pb]
o

L)

100
WIMP mass [GeV]

ol
o

STRONG
INTERACTIONS

A
NUCLEONS

WEAK INSERTION

’ /
Pw Pw

O
5
O

0

iz "

)

Engel, Vogel et al, “90s
VC-Graesser-Ovanesyan, Haxton et al,, Schwenk et al, 2012



Opportunities

® Dark Matter:

® Direct detection is Nuclear Physics (both Exp and Th)

DM A A
® “Dark sector” searches at JLAB :[&
DM

—»
- -
- 0.01 0.1 I
107 11073
107 11076
3 107 Da1'*kLight ; 1077
g :

1078 11078

107 1107

10710

10—10

0.01 0.1 I



Opportunities

Dark Matter:
® Direct detection is Nuclear Physics (both Exp and Th) ¢
DM A A . A;S< e
° “Dal’k Sector” searches at JLAB :[:ﬁ}l —_ v §_'
DM - -
Z

Project X: muon program, n-nbar oscillations, n EDM, ...

EIC
® Electroweak measurements!?

® ¢ — TLFV! [vs superB factories]

FRIB

® |sthereaTH + EXPT roadmap!? \yd/

FRIB



(My) Conclusions

In order to reconstruct the New SM (and in absence of an emerging
one), need to pursue broadest possible set of low-energy searches.

The US NP program has been setting up an impressive portfolio, with
flagship measurements characterized by high discovery potential and a
suite of high precision measurements that will enable the essential

model-discriminating power.

They all play a role in telling us what the New Standard Model is (not).

Finally, let’s not forget that theory is essential to carry out this program.



Extra Slides



VC, Graesser, Passemar, in progress

B decays vs LHC (2)

® What if new interactions are not “contact” at LHC energy?
How are the € bounds affected!?

® Explore classes of models generating &s1 at tree-level.
Low-energy vs LHC amplitude:

4 )

M Athc~ € F[v/siM, Vs/T(€) ]

\_

® Study dependence of the € bounds on the mediator mass M



® Scalar resonance in s-channel u .

® Upper bound on &s based on

ue \
mTt > | TeV u -

O suppression
due to
m < (mT)cut

ES 0.01

Improvable with
lower (mT)<*
But larger SM bkg

VC, Graesser, Passemar, in progress

s-channel mediator

€Eg = 2/\5/\1

N B decays
contact, LHC
resonance, LHC 1

decoupling

<«—_ resonantly regime

enhanced O

1 1 : 1 1 1 L 1 1 I 1 1 : 1 1 1 . 1 |

0 1 2 3 4+ 5

m (TeV)



Tests of Nature’s Fundamental
Symmetries

- . >
» Angular correlations in B-decay o
x10000 |, ¢
and search for scalar currents
- Mass scale for new particle
comparable with LHC uuslus

- ®He and 8Ne at 10'3/s

» Electric Dipole Moments

« 2°Ac, 2Rn, #?°Pa (30,000 more
sensitive than “®Hg; > 109s)

 Parity Non-Conservation in

?
o
-~
2
\‘ smil

Time
EDM

L [:' l\‘

energy scales

p

—

.
/

atoms e o
- weak charge in the nucleus (francium
iIsotopes; 109/s)
Vv V Vv

» Unitarity of CKM matrix ud “us “ub

« V4 by super allowed Fermi decay VCd VCS VCb
- Probe the validity of nuclear th VtS th
corrections
SR e e
Michigan State University Hendrik Schatz, NNPSS 2012 Shde 10

NSCL FRIB



‘Light Sterile Neutrinos I

e Several Observations which can be Interpreted as Oscillations with Am? ~ eV?

Reactor Anomaly Gallium Anomaly LSND, MiniBoone
New reactor flux calculation Acero, Giunti, Laveder, 0711 4222 - —
Giunti, Laveder,1006.3244 vp — ve and vy — Ve

= Deficitin data at L < 100 m

Radioactive Sources (°1Cr, 37 Ar) o
in callibration of Ga Solar Exp; ;
ve + '1Ga— "1Ge + e~ 0 2

Give a rate lower than expected

N
R=_—9% _0.386+0.05(2.80)
Nth 10"
Bahc
Explained as v, disappearance Explained as v, disappearance
o Bugeyd _ N
: o B 10
= c F
.5 'E fal:cl;m E "; l:-
90, 95, 9% CL2 )| I
0. Lol L1 1 055 L O detS
601 0'. 1 06 1 Ll llllll
sin20_ 01 .2.210 1
T-Schwetz, talk 12012 T Schwetz, talk #2012

Concha Gonzalez-Garcia, ICHEP 2012



‘Light Sterile Neutrinos I

e These explanations require 3+/V, mass eigenstates — [V, sterile neutrinos

Ve — U, disappearance at SBL
e Problem is to fit together 1, — v. appearance at SBL

v,, — 1, no-disappearance at SBL (CDHS .ATM.MINOS)

e Generically: P(v. — v, ) ~ |UZU .| [i =heavier state(s)]

But |U,;| constrained by P(v. — v, ) disappearance data }:} Severe tension
And |U,,;| constrained by P(v,, — v, ) disappearance data

3+1 342

ey v - 95% C.L.
Q)"Jf-_. W%, B T3% Al 2 dof —— MBV + LSNDV

10¢

'y ] w— D%+ KAR « NOM + VBv
10"
S
~N
2 10
=
<t
1 . aad e, k. 1w
10]04 10r 10r* 10r! 10¢ 107 10°¢ 10"
sin? 200, 4 U gal*| Upal®
T.Schwetz, talk 2012 Giunti, Laveder, 1107.1452

Concha Gonzalez-Garcia, ICHEP 2012



\Neutrino Mass Scale I

Single 3 decay : Dirac or Majorana v mass modify spectrum endpoint

KM
2 _ ATT 12 _ 2 2 . 2 2.2 o2 .02
m,, = 2 :mleejl = ciaciomi + Ci3579m3 + s1am3

T

-—m,

v-less Double-/3 decay: < Majorana /' s sensitive to Majorana phases

d If 1, only source of AL (T{%)_l X (Mee )?
n > .2
> e= Mee = | E Uej'mj|
v - . .
) — = |c%3c‘%2m1 &M 4 c2q52,mo e + s2amg e 0CP
mn -

p
COSMO Neutrino mass (Dirac or Majorana)
modify the growth of structures Z m;

Concha Gonzalez-Garcia, ICHEP 2012
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T Ns=8TeV
;:_5 10— . _§ ggfuslon
iF E
Q.
Q.
© 1L .
107
; W.Z W2
10'2;—1 .| 1 : : , 0
80 100 200 300 400 1000 g i
My [GeV] W, Z bremsstrahlung
Vs=8TeV: 25-30% higher o than v/s=7TeV at low m,, o
= All producti d b loited g et g2
production modes to be exploite 9 ~! H
= ggVBF VH ttH ?mmm«{‘

= Latter 3 have smaller cross sections but better S/B in many cases ek e




Characterization of the excess

61]]]]]][!1 LI |

§ ) —— b — .x b ——
o CMS Preliminary + ﬁ°mb'"°d e — S - - R —
B | H— ZZ + vy 1' Lo (;?3?5:9" I = 45 ATLAS Preliminary Sest ft (marken) -
Sl Ys=7TeV.L=5.11b =7y (VBFtag) | £ 2k ' , 2INA(um ) «2.3 (soid) |
js=8TeV,L=53f" L+ H2ZZ = 4; §=7TeV: {Ldt=4.8fb ’ 2In A(km ) < 6.0 (dashed) -
i < - f{s=8TeV:JLdt=58591 =
4 l’ 3.5 — H-yr ) =
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What the Tevatron has seen

CDF Run Il Preliminary L = 8.7 fb’

= i
® Discrepancy with SM L oof T plets Daa

apy, = (15.6 + 5.0)x10™ /
. . . _ - (Correlated Uncertainties)

prediction in t-tbar !:B osF — NLO (QCDsEW) /
asymmetry (top emitted oaf 33410

preferentially in direction of o
incoming quark) oz|

0.1F

l

i N(Ay>0)-N(Ay<0)

L

—_— , ; . 0 P e g 1., . 1, ... 1.,..,.1. ... 1, .. | .
]\)r ( A V ~ O ) + 17\,' ( A V < O ) 350 400 450 500 550 600 650 700 750
T T | Parton Level M_ (GeV/c?)

® Excess in the invariant mass 5™ ik :w;(f 3 BN
distribution of jet pairs $ o M g
> by (BN OCD5.1% ] > 3
produced in association " 00 % % - ]

300 R '

[ ] | [ ] [ ] n \_‘l "

withW (pp 2 jj+W) o b E Al b
100 T by . B 3
M Sorrrvepone e, 5 . 3
O L.--x---.‘-.].ilx.j ............... 5-66 ................ - =4 - A a A A 4 a ?(.}0 AAAAA

M, [GeVic?) M, [GeVic?)



Non-standard Higgs couplings!?

S~

CMS Preliminary
\s=7TeV,L=>5.11fb"
\s=8TeV,L=53fb"

Best fit consistent with
SM at 95% CL

Obviously more data
needed

solid contour: 68% CL
dashed contour: 95% CL




® Are there vV Non Standard Interactions (NSI), as hinted to by
solar neutrino data?

0.9y

Friedland, 0.6F

Shoemaker 2012

0.8k

pp - All solar

Std. MSW -

v v experiments ‘Be pep
i Borexino
0.3_-
0.2}
o 10° 10
E,(MeV)

* Uses o1 =0.4

Ve Ve
f f

® largely unconstrained by LHC (for light mediator of NSI)



Example: MSSM

e The (tight!) region of parameter space in which EVVB is viable is
determined by consistency with: (i) |t order phase transition,
(ii) direct searches, (iii) Higgs mass constraint, (iv) one-loop EDMs

[ ey OC SINQ, Yp « sin ¢, ]_,

I % W W

. . . ]‘
Universal “B-ino” and “W-ino” phases

Chang-Chang-Keung. Giudice-Romanino, Pilaftsis, Li, Profumo, Ramsey-Musolf

01 = @2 = @y \_ /




Example: MSSM

e The (tight!) region of parameter space in which EVVB is viable is
determined by consistency with: (i) |5t order phase transition,
(ii) direct searches, (iii) Higgs mass constraint, (iv) one-loop EDMs

.Foragiven POint in the 600 T T IIlllIlllIlll'lll‘-'
MSSM parameter space, - No EWB /) m, =300 GeV
determine CPV phase @, s 7] My=2M,
by enforcing successful

baryogenesis: then
calculate EDMs

&
=

u |GeV]

llllllllllllllllll

. : : 300 [/
[ e O 510 4 Yg o SIng, ] o7, — d-=16x10"" ecm
Universal “B-ino” and “W-ino” phases 300 | 4045107 e cm
¥ A sl 1 =10x10" ecm |
¢1 = P2 = @, /A, ]
v/ de=3xIO "eem | -
® Project on the Y-M, plane %00 200 300 400 500 600

M, [GeV]
VC, Li, Profumo, Ramsey-Musolf 2010 )



Example:

MSSM

e The (tight!) region of parameter space in which EVVB is viable is
determined by consistency with: (i) |5t order phase transition,
(ii) direct searches, (iii) Higgs mass constraint, (iv) one-loop EDMs

® For a given point in the

600
MSSM parameter space,
determine CPV phase @, -
by enforcing successful
baryogenesis: then e
calculate EDMs ("
= 300

[ dey, ¢ SIN.Q,, Yp  sin ¢, ]

Universal “B-ino” and “Wk-ino” phases 500

D1 = Oy = (,')/,

100

® Project on the U-M; plane

100

I’]rlllllllllllll
/ m, = 300 GeV

Neutron EDM

- dn=2.9x10°:6 € cm
— dn=1.0x10':é € cm

-—=- d,1=6.0x10':(5 € cm

=T

lllllllllllllllllllllll

J - I | I I | I | I I | I | I I |
300 400 500
M, [GeV]

200

600

VC, Li, Profumo, Ramsey-Musolf 2010



Example: MSSM

e The (tight!) region of parameter space in which EVVB is viable is

determined by consistency with: (i) |t order phase transition,
VA W HYR IRy Ry A1) W B - bmvmmisnte [\ mamnAa o CNNNMA

- Successful SUSY baryogenesis implies “guaranteed signals” for e and n
EDMs, within reach of the next generation experiments

- CAVEAT: outstanding (order-of-magnitude) theoretical uncertainties
in transport calculations are being addressed

L (/(.” X \lll (‘),'I S'l)) B4 \]11()/{ J

— d=29x10"" ecm

S dnzl‘OxlCl':é e cm

Universal “B-ino” and “W-ino” phases

-——- d.=6.0x10" ecm
D1 = QO = O

(1

lllllllllllllllllll

® Project on the U-M, plane oo 200 30 0 50 600
M, [GeV]




e Several operators (=mechanisms) at dimé: rich phenomenology

Dominant in SUSY- L =X~ Dominant in RPV SUSY
GUT and SUSY see- nw - and RPC SUSY for large
saw scenarios 4 - \€ tan(f) and low ma
\“ / B \ /
/ . .
apl|” s

:(l\' €q

=1 / —~
| A2 6?]?(L qL([R

',\-é gi”fﬂéi (YL"/"“QL ==

N // \\ J
Z-penguin Enhanced in tripl K . -
plet -
models, Left-Right T~ &
symmetric models e e
v S

... T 4-lepton operators




Universality reach

® Cabibbo universality:

[ACKM = (I 6)*|0-4J

Error equally shared between Vud and Vs

-

.

<
gL+ &r < 1x103

AN>11TeV

® | epton universality:

@ 90% CL

+ 0.5 103

/ PEN, PIENU

( eu= (-3 3)*|o-3]

@ 90% CL

Flavianet WG’ 10

vvvvvvvvvv

unitarity — —-1

| VeVl (Kiatmia)

\_

N
€L~ &R <2.5x10°3
AL-r > 3.5TeV

ep < 1.2«10°
Ap > 160 TeV

J




QCD and constraints on €sT

0015 ] 0
— i O_gs'/"gs — 1(:) (/( . (901) C-L.)
0 o 3Q g = 20 Y%
0.010+ . S

w  0.005
0.000| Ogs.1/gs,T ~ 20% from
| LQCD needed to fully
exploit experimental
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