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the main points

• for the Higgs mass we had unitarity bounds, mh≲1TeV 

• no such precise statements about the next scale
• naturalness/hierarchy problem an important 

guidance

• but not bullet proof

• flavor physics probes of new physics

• can probe high scales

• if new particles are  discovered, complementary 
information

2
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outline

• quark flavor physics working group

• what we are doing
• complementarity/interplay with the 

energy frontier

3
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Quark Flavor Physics 
Working Group

• Quark Flavor Physics (Joel Butler, Zoltan Ligeti, Jack Ritchie)

• has four Task Forces:

• Kaons (Vincenzo Cirigliano, Steve Kettell)

• Charm (Roy Briere, Alexey Petrov)

• B-physics (Alan Schwartz,Tomasz Skwarnicki, JZ) 

• Lattice QCD (Norman Christ, Steve Sharpe, Ruth Van de Water)

• the question: how well can one do in channels 
interesting for BSM searches

• can already use recent studies for Belle II, LHCb 
upgrade, white paper for LQCD,...
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interplay with high 
energy frontier

• the interplay/complementarity with 
high energy frontier:

• can probe scales above ~10TeV

• anomalies seen (NP?)/constraints on 
NP

• flavor structure of NP important for 
high pT searches at the LHC

5



Snowmass@Seattle, July 1 2013J. Zupan     Quark Flavor Physics

sensitivity to new 
physics

• sensitivity to NP from virtual corrections

• e.g. b→sl+l-

• NP contribs. 
scale as

• need to know
mix. angles
and NP masses
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when there is a 
discovery...

• the dependence on mass and mixing different than in 
on-shell processes

• if new physics is discovered at LHC (or future collider)

• would have orthogonal measurements from FCNCs

7Grossman, Ligeti, Nir, 0904.4262 
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sensitivity to NP from 
virtual effects

• for O(1) mixing angles ⇒ high scales probed
• for heavy quarks: b→s, b→d, c→u FCNCs

• if NP in the loops ⇒ probes EW scale masses
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status of the ckm
• status of the CKM

 measurements

• O(20%) deviations 
from SM allowed

• lesson of B factories and 
LHCb

• if NP at ~TeV  it 
has to have 
nontrivial structure

• one option: Minimal 
Flavor Violation

• but does not have to be 

• RS Flavor, partial compositness, etc
11
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( Belle II )

CKM in the future

• CKM constraints will significantly improve

12
Pilonen, talk at IF Snowmass, Argonne, April 2013
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theory errors not 
saturated

• the real improvements in measrmts. that not theory limited

• many such modes: an example from LHCb upgrade study 

13Implications of LHCb measurements and future prospects, 1208.3355, LHCb-PAPER-2012-031
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lattice QCD
• an important input from lattice QCD

• to interpret measurmnts. need hadronic matrix elements

• significant improvements projected (+new observables)

14USQCD Coll. , Lattice QCD at the Intensity Frontier
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many channels, many 
observables...

• feels like we can’t see the forest for the trees

• what is important?

• how big of a progress can we make

• are observables sensitive to new physics
• will go through a few examples

15
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a few examples

• rare kaon decays

• impact of Bs→μμ

• b→sl+l-

• constraints on mini-split SUSY

16
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rare kaon decays
• an example: K+→π+νν̄,  K0→π0νν̄  precise theoretical predictions

• O(10%) relative errors, mostly from CKMs

• high sensitivity to NP

17A. Altmannshofer, talk at IF Snowmass, Argonne, April 2013 



Snowmass@Seattle, July 1 2013J. Zupan     Quark Flavor Physics

impact of potential 
future measurements

18
A. Altmannshofer, talk at IF Snowmass, Argonne, April 2013 
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impact of potential 
future measurements

18
A. Altmannshofer, talk at IF Snowmass, Argonne, April 2013 

Jaffe, talk at IF Snowmass, Argonne, April 2013 
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Bs→µµ
• exp. and SM agree within error

• double suppression in the SM

• FCNC current ⇒ loop level only

• strong helicity suppression

• probes extended Higgs sector 

• very precise

• e.g. comparing to Z-bb coupling 

19
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impact of Bs→µµ
• flavor constraints for a long time a very important 

input in model building

• still true now, as an example: the impact of Bs→μμ

20Straub, 1012.3893

In 2010
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Bs→µµ and modified Z 
couplings

• these are very precise measurements

• if one fixes flavor model, can compare FV and FC inter.

• e.g., modified Z cplng. for MFV or partial composit. (PC)

21

Guadagnoli, Isidori, 1302.3909

Z-peak obs.

Bs→μμ now

Bs→μμ 2018SM

Z-peak obs.
Bs→μμ now

SM
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other b→sl+l- decays
• much more information in other b→sl+l- decays as well
• progress possible on the theory side

22

adapted from talk by W. Altmannshofer, Snowmass Intensity Frontier Workshop, Argonne, Apr 26 2013 
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other b→sl+l- decays
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22

adapted from talk by W. Altmannshofer, Snowmass Intensity Frontier Workshop, Argonne, Apr 26 2013 

J. Kamenik, talk at Lepton-Photon 2013
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mini-split susy

• another example: simply unnatural 
SUSY (or mini-split SUSY)

• gauginos at TeV

• sfermions at 100-1000 TeV
• motivation: 

• higgs mass from PeV stop 
at 1-loop for moderate tanβ

• simple model building
23

Arkani-Hamed et al., 1212.6971 
J. Wells, hep-ph/0306127

Giudice, Luty, Murayama, Rattazzi, hep-ph/9810442

Arkani-Hamed et al., 1212.6971 

Arvanitaki et al., 1210.0555 

http://de.arxiv.org/abs/hep-ph/0306127
http://de.arxiv.org/abs/hep-ph/0306127
http://de.arxiv.org/abs/hep-ph/9810442
http://de.arxiv.org/abs/hep-ph/9810442
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searching for mini-split 
susy

• O(1-10TeV) gauginos at LHC or future collider
• PeV sfermions from low energy precision probes

• significant improvement in  projected future sensitivities of 
several observables

24

see also McKeen, Pospelov, Ritz, 1303.1172

NowNow

Altmannshofer,Harnik, JZ, to appear



Snowmass@Seattle, July 1 2013J. Zupan     Quark Flavor Physics

searching for mini-split 
susy

• O(1-10TeV) gauginos at LHC or future collider
• PeV sfermions from low energy precision probes

• significant improvement in  projected future sensitivities of 
several observables

24

see also McKeen, Pospelov, Ritz, 1303.1172

NowNow

Altmannshofer,Harnik, JZ, to appear

Altmannshofer, Harnik, JZ, to appear

Future

Altmannshofer,Harnik, JZ, to appear



exp. anomalies

25



Snowmass@Seattle, July 1 2013J. Zupan     Quark Flavor Physics

anomalies

• interesting anomalies

• B→D(*)τυ 

• CP violation in D decays

26
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new physics B→D(*)τυ?

• if NP then likely non-MFV flavor structure
• requires relatively light NP states 

• for CKM-like couplings ⇒ Λ~O(100GeV)
• several NP solutions proposed

• general 2HDM

• leptoquarks

• composite sector (3rd gen. quarks and leptons)
• all require non-trivial flavor structure

27

Fajfer, Kamenik, Nisandzic, JZ, 1206.1872 
+ many other refs...
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• direct CPV
   ∆ACP =ACP(D→K+K-)-ACP(D→π+π-)

• experiment (WA): ∆ACP=(-0.329±0.121)%
(ICHEP2012: !ACP=(-0.678±0.147)%)

• moved closer to SM predictions
• could it be NP?
• “reasonable” models of NP can do it

• model independent NP ops. analysis

• supersymmetric examples

• tree level exchanges

new physics in charm?

28

Grossman, Kagan, Nir, hep-ph/0609178

Isidori, Kamenik, Ligeti, Perez, 1111.4987

Hochberg, Nir, 1112.5268

Giudice, Isidori, Paradisi, 1201.6204

Altmannshofer, Primulando, Yu, Yu, 1202.2866

http://lanl.arxiv.org/abs/1201.6204
http://lanl.arxiv.org/abs/1201.6204
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upshot regarding 
anomalies

• for both experimental anomalies

• extra probes of new physics models either

• using low energy FCNC probes

• or searching for on-shell states at colliders

• relatively low states required (100GeV- 
1TeV)

• concrete models can be discovered/ruled 
out using colliders

29
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flavor violation and 
high pt

• should one think about flavor, if doing 
high pT?

• a few examples

• flavor violating higgs decays

• flavor structure of squarks

• flavorful naturalness

• R-parity from MFV
31
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higgs couplings
• if NP then Higgs couplings could be modified
• if EFT description valid

• in general thus

• new neutral currents

• flavor diagonal @LHC

• flavor violating @Belle2 and LHC
• note: both are important for understanding

32

Giudice, Lebedev, 0804.1753
Agashe, Contino, 0906.1542

Goudelis, Lebedev, Park, 1111.1715
Arhrib, Cheng, Kong, 1208.4669 

McKeen, Pospelov, Ritz, 1208.4597
Blankenburg, Ellis, Isidori, 1202.5704

Harnik, Kopp, JZ, 1209.1397 
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flavor violating higgs 
couplings

• B-factories: the best sensitivity for FV higgs 
couplings to light quarks

• LHC: best constraints on h-tc, h-tu and
h→!",!e 

33
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see also Davidson, Verdier, 1211.1248;  Arhrib, 
Cheng, Kong, 1210.8241;

Dery, Efrati, Hochberg, Nir, 
1302.3229;   Blankenburg, Ellis, 

Isidori, 1202.5704; Atwood, 
Gupta, Soni, 1305.2427, ...
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squark searches
• 1st and 2nd gen. squarks need not be degenerate

• triggered by thinking about direct CPV anomaly in charm

34

Gedalia, Kamenik, Ligeti, Perez, 1202.5038

• 8 degen. squarks ⇒1 light 
squark bounds significantly 
relaxed

• 4+4 degen. squarks: bounds 
600GeV instead of 1.2TeV (as 
for 8 degen. squarks)

Mahbubani, Papucci, Perez, Ruderman, Weiler, 1212.3328

Mahbubani, Papucci, Perez, Ruderman, Weiler, 1212.3328

gluino decoupled/heavy
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• exists a top partner? = a direct test of whether EW 
scale is natural

• stop in SUSY, custodians in composite Higgs

• if large flavor breaking can modify exp. searches

• some reduction of fine-tuning
• example: large ̃tR-̃cR mixing in MSSM

• new signature t+c-jet+MET

• traditional t̄t+MET and jets+MET searches not 
optimized for it

Blanke, Giudice, Paradisi, Perez, JZ, 1302.7232 

flavorful naturalness

35
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Blanke et al, 1302.7232

tuning measure
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RH mixing angle
c=cosθR

stop like

scharm like
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• R-parity is an ad-hoc assumption in MSSM

• prevents proton decay
• could be accidental symmetry due to flavor structure of UV

• MFV+SUSY⇒ RPV small enough

• SM Yukawas (i) only spurions that break flavor, (ii) chiral superfields

• a benefit: size of RPV predictable, λ’’ dominates
• most SUSY searches use MET

• in MFV-RPV no longer true, no MET

• e.g. in gluino pair production

• still same-sign dilepton signature, and only small MET

• tradit. RPV search use λ, λ’ ⇒ rely on signatures with more leptons 

R-parity from MFV

36

Berger, Perelstein, Saelim, Tanedo, 1302.2146

Csaki, Grossman, Heidenreich, 1111.1239
Smith, 0809.3152 

Bhattacherjee et al, 1301.2336
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example of “traditional” 
RPV search

CMS-SUS-13-003-pas

Berger, Perelstein, Saelim, Tanedo, 1302.2146

Csaki, Grossman, Heidenreich, 1111.1239
Smith, 0809.3152 

Bhattacherjee et al, 1301.2336

MFV-RPV  recast of
CMS SSDL+b jets+MET

1212.6194

Berger et al, 1302.2146 



Snowmass@Seattle, July 1 2013J. Zupan     Quark Flavor Physics

conclusions

• an exciting and broad program in quark 
flavor physics aimed at searching for new 
physics

• can reach to very high energies (~105 TeV 
for tree level CP violating NP exchanges)

• if Minimaly Flavor Violating NP in the 
loops the reach is ~TeV 

• complementary to energy frontier searches 

37
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lepton flavor 
universality violation?

40

• the anomaly

• BaBar measurement of b→cτυ/b→clυ

• flavor universality violated at 3.4!

b
c

τ,l

υ

Fajfer, Kamenik, Nisandzic,1203.2654
Kamenik, Mescia, 0802.3790

see also Becirevic, Kosnik, Tayduganov, 1206.4977; Bailey et al., 1206.4992

BaBar collaboration, 1205.5442, 1303.0571 

see also talk by  J. Kamenik
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• for a long time now B→τυ too large

• with 2012 Belle result less tension

• can define a ratio

in B→τυ decay

41

b

ū ῡ

τ,l

B+

CKMfitter, summer 2012

R⇡
⌧/` ⌘

⌧(B0)

⌧(B�)

B(B� ! ⌧�⌫̄)

B(B̄0 ! ⇡+`�⌫̄)

= 0.73± 0.15
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general 2hdm
• e.g. simple limit - only one Higgs gets a vev

• the interactions with the other Higgs

• solutions possible, but severe (flavor) model problems

• κRLc(u)κτ are 3-4 order of magn. larger then Yukawas
(mc(u)/v)(mτ/v)

• (κRLc, κLRc)κτ ≃ {(−6, 8), (−12, 2)} ·10−2(mH+/v)2

• to satisfy FCNC constraints from D0, Bs and Bd mixing

• order of magn. cancellations needed (for κτ = 1)

• ∆B = 2 trans. also suppressed if κLRi= 0
42

L � i
RLq̄3u

i
RH̄ + i

LRb̄RH̄
†qi + ⌧ ⌧̄Rl3H̄ + h.c.

Nisandzic, Fajfer, Kamenik, JZ, 1206.1872

b

c
τ

νH+
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on shell searches

• if mH+<mt then t → bH+ possible

• ATLAS, CMS searches: 
|κRL,LRt| < O(0.2 − 0.4) for 80GeV<mH+<160GeV

• if mH+>mt, the dominant signal probably gb → H−t

• pp xsec@8TeV LHC: 1.4pb(|κRLt|2 +|κLRt|2) 
for mH− = 200 GeV

• τ + MET and tb resonance searches

• Br depends on κLR,RLt and κτ sizes

43
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• SUSY contribs. to QCD penguin particularly 
interesting

• LR mixing in squark matrices

• for v~msusy the op. Q8 is secretly dim=5
• D-Dbar mixing operators are dim=6

• SUSY contributions are parametrically smaller

susy?

44

Grossman, Kagan, Nir, hep-ph/0609178

Q8 =
mc

4⇡2
ūL�µ⌫T

agsG
µ⌫
a cR

Q8 =
1

4⇡2
(Q̄LH)�µ⌫T

agsG
µ⌫
a cR

mc

m2
W

! v

m̃2

Chang et al.,1201.2565
Giudice, Isidori, Paradisi, 1201.6204

Hiller, Hochberg, Nir, 1204.1046

http://lanl.arxiv.org/abs/1201.6204
http://lanl.arxiv.org/abs/1201.6204
http://lanl.arxiv.org/abs/1201.6204
http://lanl.arxiv.org/abs/1201.6204
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SM predictions
• SM predictions for ∆ACP hard

• ΛQCD/mc is a poor expan. param.

• can one use flavor SU(3)?

• long standing puzzle

• Br(D→K+K-)=2.8 Br(D→π+π-)
• large breaking of flavor SU(3)?
• or nominal breaking

• but large penguin contraction? 

• also predicts the right size of ∆ACP !
45

Brod, Kagan, JZ, 1111.5000

J. Brod, Y. Grossman, A. Kagan, JZ, 1203.6659
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NP or SM?
• it could be NP or SM
• how to distinguish between the two?
• by building NP models

• search for other signatures (collider or otherwise)
• also using just charm data

• possible to write isospin sum rules that would be 
violated if NP

• e.g. ACP(D+→π+π0)=0

• also sum rules to test the size of SU(3) breaking 

• from D→Vγ search for enhanced Q8G

46

Grossman, Kagan, JZ, 1204.3557

Isidori, Kamenik, 1205.3164

Grossman, Robinson, 1211.3361 
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Bs→µµ in the mssm with 
large tanβ

• dominant contrib. 
from Higgs penguins

• Higgsino loop interfer.
with the SM

• destructively for μAt>0

• constructively for μAt<0

47

Altmannshofer, Carena, Shah, Yu, 1211.1976

from H,A→!!

adapted from talk by W. Altmannshofer, Snowmass Intensity Frontier Workshop, Argonne, Apr 26 2013 
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• what is a reasonable aim for precision on Yij?

• if off-diagonals are large ⇒ spectrum in 
general not hierarchical

• no tuning, if

• different flavor models give

benchmarks

48

Cheng, Sher, 1987

Dery, Efrati, Hochberg, Nir, 1302.3229
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present status
• for h→τμ,τe the LHC is most constraining

• already without a dedicated study
• starting to probe Cheng-Sher territory (h→q̄q’ more constr.)
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Quark Flavor Physics 
Working Group

• Quark Flavor Physics (Joel Butler, Zoltan Ligeti, Jack Ritchie)

• has four Task Forces:

• Kaons (Vincenzo Cirigliano, Steve Kettell)

• Charm (Roy Briere, Alexey Petrov)

• B-physics (Alan Schwartz,Tomasz Skwarnicki, Jure Zupan) 

• Lattice QCD (Norman Christ, Steve Sharpe, Ruth Van de Water)

50

Quark Flavor Physics, for the purposes of this Intensity Frontier 
subgroup, refers to experimental and theoretical studies of processes 

involving strange, charm, or bottom quarks, which are promising 
directions to discover the existence of new physics at high mass scales.

http://www.snowmass2013.org/tiki-index.php?page=Quark+Flavor+Physics

http://www.snowmass2013.org/tiki-index.php?page=Quark+Flavor+Physics
http://www.snowmass2013.org/tiki-index.php?page=Quark+Flavor+Physics
http://www.snowmass2013.org/tiki-index.php?page=Quark+Flavor+Physics
http://www.snowmass2013.org/tiki-index.php?page=Quark+Flavor+Physics
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searching for mini-split 
susy

• O(1-10TeV) gauginos at LHC or future collider
• PeV sfermions from low energy precision probes

• significant improvement in  projected future sensitivities of 
several observables
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