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Why charm physics?

Charm quark plays a unique role in the Standard Model

   - Top quark does not hadronize

   - Charm sector offers the only handle on FCNC for up-type quarks

   - Strong GIM suppression in charm  highly sensitive to new physics⇒

Huge amount of experimental data in charm sector

But: difficult for theory
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Heavy quark expansion in charm?

B-physics: HQE is well established approach, 

[HFAG '16] [Artuso, Borissov, Lenz '16]

D-physics: HQE commonly dismissed, 
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Heavy quark expansion in charm?

B-physics: HQE is well established approach, 

[HFAG '16] [Artuso, Borissov, Lenz '16]

D-physics: HQE commonly dismissed, 

BUT: HQE is really an expansion in 

    -        dominated by                    final state, momentum release

    - D decays dominated by               final state, momentum release

    - expected expansion parameter is of the order 0.4

Small enough for convergence?
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Heavy quark expansion in charm?

B-physics: HQE is well established approach, 

[HFAG '16] [Artuso, Borissov, Lenz '16]

D-physics: HQE commonly dismissed, 

BUT: HQE is really an expansion in 

    -        dominated by                    final state, momentum release

    - D decays dominated by               final state, momentum release

    - expected expansion parameter is of the order 0.4

Small enough for convergence? Shut up and 

calculate!



T. Rauh (IPPP Durham)                  The HQE in the charm system 6

Outline

● Introduction to HQE
● D-meson lifetime ratios
● Matrix elements from HQET sum rules
● D mixing within the HQE

- Naive application

- Duality violations

- Higher-dimensional contributions
● Conclusions & outlook
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The Heavy Quark Expansion (HQE)

Use optical theorem:
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The Heavy Quark Expansion (HQE)

Use optical theorem:

OPE for small x, i.e. large momentum release
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D-meson lifetimes

Large lifetime ratio:

Dominant contribution from spectator effects: 

- Phase-space enhancement of          ,

  2      2 process instead of 1      3

Pauli interference Weak annihilation

Studied in [Lenz, TR '13] including NLO QCD and 1/m  corrections.

Large hadronic uncertainties from missing lattice input!
c

Known at NLO in QCD:

[Beneke, Buchalla, Greub, Lenz, Nierste '02]

[Ciuchini, Franco, Lubicz, Mescia '01]

[Franco, Lubicz, Mescia, Tarantino '02]
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Non-perturbative input

Need hadronic matrix elements of the dimension-six operators:

Commonly parametrized through Bag parameters:

Inspired by vacuum saturation approximation (VSA):

This yields:
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Sum rule determination

B mixing Bag parameter      determined recently 
[Grozin, Klein, Mannel, Pivovarov '16]
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Preliminary results (Mixing)

Comparison of D-mixing matrix elements with recent lattice results

[Lenz, Kirk, TR, 17xx.yyyyy]
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Lifetime difference

[Lenz, Kirk, TR, 17xx.yyyyy]
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Lifetime difference

Possible future improvements: 

- Dimension seven matrix elements and NLO matching coefficients 

- Lattice input for dimension six matrix elements

- Could reduce uncertainty by a factor two!

Good convergence: 

NLO QCD +28%, 1/mc -34%.

Good behaviour under scale 

variation above about 1 GeV.
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More lifetimes and semileptonic rates

     : Cabibbo favoured spectator effects  in 

semileptonic rates, used in [Lenz, TR, '13] 

to constrain combinations of matrix elements
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More lifetimes and semileptonic rates

     : Cabibbo allowed spectator effect  in 

semileptonic rates, used in [Lenz, TR, '13] 

to constrain combinations of matrix elements
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More lifetimes and semileptonic rates

     : Cabibbo allowed spectator effect  in 

semileptonic rates, used in [Lenz, TR, '13] 

to constrain combinations of matrix elements
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Short-distance part

only contributes to 

D mixing

Long-distance part

contributes to both

HQE for long-distance part: 
Dimension six at NLO in QCD:

[Beneke, Buchalla, Greub, Lenz, Nierste '98]

[Beneke, Buchalla, Lenz, Nierste '03]

[Ciuchini, Franco, Lubicz, Mescia, Tarantino '03]

Dimension seven at LO:

[Beneke, Buchalla, Dunietz '96]
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D-mixing results

[HFAG '16]

[Bobrowski, Lenz, 

Riedl, Rohrwild '10]
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D-mixing results

[Bobrowski, Lenz, 

Riedl, Rohrwild '10]

Claim new physics at 10 Sigma??

[HFAG '16]
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D-mixing results

[Bobrowski, Lenz, 

Riedl, Rohrwild '10]

Claim new physics at 10 Sigma??

[HFAG '16]

No! Must investigate origin of this suppression.
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Overview of predictions for D mixing
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GIM cancellations

[Bobrowski, Lenz, 

Riedl, Rohrwild '10]
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GIM cancellations

[Bobrowski, Lenz, 

Riedl, Rohrwild '10]

[Bobrowski, Lenz, 

Riedl, Rohrwild '10]
Large phases possible!!
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Duality violations?

Huge sensitivity to any mechanism that breaks GIM cancellation!

Effects of O(few %) duality violation: 

      - lifetimes: few %

      - mixing: oder(s) of magnitude, DVs are naturally SU(3) breaking

          expected to be less sensitive to DV than 

DV should cancel to some extend in the dispersion integral. 

                                            seems like the natural scenario for a 

breakdown of the HQE in mixing due to duality violations. 
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Duality violations?

[Jubb, Kirk, Lenz, Tetlalmatzi-Xolocotzi'16]

Duality violation of the

order 20% can explain

           and are not yet 

probed with D meson 

lifetimes.
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Duality violations?

[Jubb, Kirk, Lenz, Tetlalmatzi-Xolocotzi'16]

Duality violation of the

order 20% can explain

           and are not yet 

probed with D meson 

lifetimes.

The final verdict?
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The final verdict?
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Higher-dimensional effects

GIM cancellations softer at higher orders in the HQE:
[Georgi '92]

[Ohl, Ricciardi, Simmons '93]

[Bigi, Uraltsev '01]

[Bobrowski, Lenz, Riedl, Rohrwild '10]
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Higher-dimensional effects

GIM cancellations softer at higher orders in the HQE:
[Georgi '92]

[Ohl, Ricciardi, Simmons '93]

[Bigi, Uraltsev '01]

[Bobrowski, Lenz, Riedl, Rohrwild '10]

[Bigi, Uraltsev '01]

Further enhanced 

by                       ?
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Conclusions & outlook

● HQE provides good description of lifetimes in charm sector

● Matrix elements from HQET sum rules. What about lattice?

● Huge GIM cancellations in D-mixing
● 'Naive application' of HQE fails by orders of magnitude
● Very sensitive to SU(3) breaking effects 
● Duality violations vs. higher-dimensional contributions vs. NP
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