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Precision searches for BSM physics
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Static observables (spectrum)

» Light-by-light contribution to the Lamb shift
» Bound electron g-factor and the LBL contribution
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Dynamical observables (decay rate)
> Bs — ptpum

Conclusions
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New Physics?

How can we discover BSM physics?

The answer is simple: we need an observable that can be computed
in the SM, we need to measure it and find a discrepancy.
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New Physics?

How can we discover BSM physics?

The answer is simple: we need an observable that can be computed
in the SM, we need to measure it and find a discrepancy.

Not all observables are equally good

Long-distance non-perturbative physics hides short-distance BSM
contribution

Our best options are

> Precise low energy measurements dominated by QED effects
» Rare process suppressed/forbidden in the SM

First and fundamental task is to get a precise SM theoretical
prediction!



Example: muon g — 2

Electron g-2 may be sensitive to the same New Physics
2
0ge ~ :—gégu, but a new source of « is needed

» Atomic spectroscopy (R = “i:gc)
» Bound electron g
» currently the best source of m,
> in the future also a source of «
We need QED corrections for the Lamb shift, and bound electron
g-factor.
Current relative uncertainty for 1S — 2S transition ~ 10~ and for

bound g-factor ~ 1071%; improvement expected soon.



Self-energy correction to hydrogen energy levels

Can be organized as an expansion in powers of & (number of
photons) and Za (binding corrections)

AmE = % (As(Za)* In(Za) ™2 + Aso(Za)* + Aso(Za)® +...) +
ae 2
(?) (Bao(Za)* + Bso(Za)® + Bss(Za)® In3(Za) 2 +...) + ...

As1 = 5 (Bethe Logarithm)

We focus on the light-by-light contributions.



Light-by-light contribution

N N

1. Wichmann-Kroll potential
> (’)(oz(Za)ﬁ): A60
> AEjs = 2.5kHz (Z=1)

>




Light-by-light contribution

2. Dirac form factor
» O (a*(Za)*): G

>




Light-by-light contribution

N N

3.0 (az(Za)S): Bso
» AEjs = —5.3kHz (Z=1)
>
A given diagram may contribute also to higher orders in Za.
In the third case, the higher order contribution is
logarithmically enhanced — Bg1.



d-contribution

N N

» O (a?(Za)®)
» AEjg = —5.3kHz (Z=1)

>



Logarithmic contribution
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The matrix element of this operator is logarithmically divergent

- Za)®
AEns = x1LBL <E2> s~ (Zo)° n3) In(Za)4xipr,
n

with the matching coefficient

_<9)2 3138
XLBL =7 ) \144 ~ 3456



Significance of the LBL correction

Total corrections at O (a?(Z)®In(Za))
are much larger than
the LBL contribution.

LBL correction decreases 15 —2S by 280Hz; experimental accuracy
is 10Hz. Other transitions are measured with accuracy ~ kHz.

Theory of hydrogen spectrum has to be further checked!

Measurements of 1S — 25 transition in He™ can provide a test of
bound-state QED.



LBL correction - bound electron g factor

Calculation of the LBL correction to the bound electron g is similar
to Lamb

v v

>

AO

(G- B)(V - E)y

3
me

LNRQED O
The LBL correction (not included in previous evaluation of
(Za)* (%)2 terms)

a2 16 — 1972
Oge = (Za)'* <*> 108

s



Rare SM processes

Flavor violating processes are typically suppressed and offer a
chance to probe BSM physics at scales well above the reach of the
LHC.

On the lepton side, the most important processes are

> u— ey
» muon - electron conversion (note enhanced QED corrections
to bound muon decay spectrum )

Processes with quarks are usually contaminated by
non-perturbative long-distance QCD effects, however there are
exceptions.



Leptons vs quarks

NP effects can be parametrized with SM EFT

C.
L= Lsm + Z /T,',Oi,n
in
In the leptonic case Agwy is negligible due to smallness of neutrino
masses.

1

A4

In the quark case, the interference term gives the dominant NP
effect

| Asm + Axp|* ~ [Axp)? ~

1
| Asm + ANP|2 ~ |A5A/l|2 + 2Re[AsmAnp] ~ 1+ e

Better sensitivity but requires precise knowledge of the SM
contribution.



By — it~

In the SM the process is
» loop suppressed (FCNC)

» helicity suppressed (scalar meson
decaying into energetic muons)

» purely leptonic final state allows for
a prescience SM prediction, QCD
contained in fg

This decay has been observed by LHCb and CMS
B(Bs = "y~ )uuen = (3.059¢) - 107°

SM helicity suppression makes it very sensitive to BSM scalar
interactions.



Scales in the problem

Leptonic decay of Bs is a
multi-scale problem

v

Electroweak scale myy

v

Hard scale my

Hard-collinear scale

v mp\qep

Soft scale Aqcp

v

v

v

Collinear scale m,,

We take Aqcp ~ my, so the soft
scale of HQEFT is also a soft
scale of SCET;

SM

Weak EFT

SCET; ® HQEFT

SCETy; @ HQEFT

my — oo

mi — oo

myAgcp — 00



Bs — pp~ in the SM
Weak interaction EFT - integrate out the EW scale, expansion
mp

in e RG evolution to pp ~ mp [C. Bobeth, P. Gambino, M. Gorbahn,

and U. Haisch, 2004; T. Huber, E. Lunghi, M. Misiak, and D. Wyler,2006]

» NLO EW [C. Bobeth, M. Gorbahn, E.
Stamou, 2014 |

» NNLO QCD [T. Hermann, M. Misiak,
M. Steinhauser, 2013]

10
4G,
Lap—1=—~ Z CiQi+h.c

V2 o
Qo = Gy Pub)(Py,l)
47 L "
Qo = OZI: (gy" PLb) (fvu7s¢)
Q = ——my (Go" Prb)Fyy

1672



QED corrections in the QCD bond-states

The final state has no strong interaction — QCD is contained in the
decay constant

(01G7"~5b|Bq(p)) = if,p"

This is no longer true when QED effects are included — non-local
time ordered products have to be evaluated

(| / d*x T{jqen(x), Las1(0)}|By)

This can be done for QED bound-states but QCD is
non-perturbative at low scales



SCET approach

EFT approach allows to per-

form systematic expansion

in 89S0 Tyo step matching
mp

is required: Effective weak

interaction — SCET;, —

SCETy,
”r
Modes In each case, the quark has
> Hard collinear, p? ~ AQeo mb a hfard—/collinear virtuality —
. t gluons are power sup-
» Collinear, p? ~ N2 ~ m? =0
P QCD # pressed

> Soft p? ~ Ngcp



Helicity suppression

Can the helicity suppression be relaxed?

7 ) my 7 )
Lypyst — ﬁjé{"\lf)é?

|

For my — 0 the amplitude has to vanish

oy . . . . . . 1
Annihilation and helicity flip take place at the same point r < e



Helicity suppression

Can the helicity suppression be relaxed?

; ) my )
E”y,,",'x// — TV)(*LI){'"’YS(’E

}

¢

Annihilation and helicity flip can be separated by r ~ L

v mpAqQcp
It is still short distance effect, since the size of the meson is
1
r Aqcp

For my — 0 the amplitude still vanishes



The correction
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The correction
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> Tree level amplitude



The correction

» Helicity suppression x power enhancement factor



The correction
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» Convolution from the hard-scale matching



The correction
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» Convolution with the light-cone distribution function



The correction
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» Double logarithmic enhancement due to endpoint singularity



Non-perturbative contribution

Non-perturbative physics is encoded in the moments of B-meson
light-cone distribution function

1 d
el )]

(1)
on(p) _ n Mo
i = S esdon

Ag(1 GeV) = (275 £+ 75) MeV
01(1 GeV) =15+1

o2(1 GeV) =3+£2

Power - enhancement factor

* dw m
mB/ —¢B+(w) Inkww—Bxak
0 w )\B



Numerical predictions
Total correction:

—(0.3-1.1)%
thanks to cancellation between (7 and Cy part. Central value:
—0.6% =1.1% — 1.7% (G, Gy parts ).

Uncertainty comes form Ag, o1, 02.
New prediction for the branching ratio

B(Bs = ptp )sm = (3.57+0.17)-107°

Uncertainty:

» parametric: +0.167 (now dominates but it is expected to be
reduced in the future)
» non-parametric non-QED: 40.043
> QED 73935 (~ 0.84%)
Previous estimate of QED uncertainty was 0.3%, obtained by scale
variation method. This uncertainty is still present.



Conclusions

» Radiative corrections in bound states can have surprisingly
complex pattern

» Spectroscopic measurements serve as the most precise source
of fundamental constants and they can also facilitate
discovery of new physics

» Theory of hydrogen energy levels has to be further scrutinized

» QED correction to QCD bound states can exhibit power
enhancement that cannot be anticipated without detailed
computation

» Radiative corrections can mimic New Physics signal

» Systematic progress is possible thanks to EFT approach
(NRQED, HQEFT, SCET)



