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Ways to study new physics (NP)

i talks by Andrzej, imp discussed below,
Monika & Sebastian see also Jorge’s talk



Bottom-up approach

A
Lnp = ?
A+
&
LSMEFT = | FQHF---
Q; = all dimension-6 SU(2)r x U(1)y invariant
operators constructed from SM fields
Mw +
Eweak
Me +



2500 - 1 = too many

e Considering all possible flavour structures, complete set of
dimension-6 SM effective field theory (SMEFT) operators
consists of 1350 CP-even & 1149 CP-odd composites

® In this talk I will try to address questions of following type:

Which are dimension-6 operators that are most constrained by

kaon physics? To which extent are AS = 1, 2 channels linked?

Does this rule out order of magnitude effects in rare decays? ...



Four-quark operators

¢4 : Qgg — (q_pf)/,uq?“)(q_sz'th),



Bounds on four-quark operators’
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"figure assumes Wilson coefficients ¢, = 1, i.e. a generic flavour structure



Anatomy of ek

e Most severe flavour constraint in many non-minimal flavour

violating (MFV) models due to CP violation in kaon sector:

exc o [l (4, + B ci4)

ST, W dr
30 = (S5pvudr)(SpyMdr) < m
dr, y+ SL

SR dr

7% = (5pdp)(50.dr) <= N ¢/
A



Z-penguin operators

WH?D: Q\) = (H'iD.H)(@,7" ), .




Z-penguin operators

e After electroweak symmetry breaking, one has
< _
(H'iD, H)(@y¥"q-) wap drv,sp 2" + tryuer 2% + ...

which 1s left-handed (LH) Z penguin known from minimal

supersymmetric SM (MSSM), Randall-Sundrum (RS) models, ...




Z-penguin operators

e After electroweak symmetry breaking, one has
< _
(HTiDuH)((jpv“qr) 1 4 dL’)/MSLZ’u —I-Q_LL’}/MCLZ“ —+ ...

which 1s left-handed (LH) Z penguin known from minimal

supersymmetric SM (MSSM), Randall-Sundrum (RS) models, ...




Z-penguin operators

e Similarly, there 1s right-handed (RH) Z penguin
< _ _
(HTZDN H)(dp’y'udr) L 4 dR")/’uSRZ’u - ...

which has no counterpart in SM

® Parametrize ﬂavour-changing Z-boson vertices by

(V;:Via Csm + Oxp) dryusp Z" +ONpldry,sr 2"

where V;; are Cabibbo-Kobayashi-Maskawa (CKM) elements

& Csm = 0.8 1s value of Inami-Lim function characterizing LH
Z penguin in SM



Anatomy of neutrino modes

* After summation over neutrino flavours, branching ratios of

K — 5tvv channels can be written as

Br(K; — m’vi) o (ImlX)?
Br(Kt — nTvin(y)) o< | X|?

>\t Re)\c 1 ~
x = 2t x| X, + — ( )
t 3 + 5 Cnp + Onp

N =ViVig, A=023, Xi=15, X.=~04



Z, penguins 1n neutrino modes

CNp §0-5‘>\tCSM‘
W | Cnpl| < (M Csm|
B Crpl <20 CsyM|

[10711]

Cnp = |Cnp| €€

Br(K; — 71°wW)

same results obtained

for RH Z penguin
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Br(K* - ntw(y)) [107!]

[see for instance Jiger, talk at first NA62 Physics Handbook Workshop]



Z, penguins 1n neutrino modes

< 0.5|A:Csm|
< | A¢Csm|
< 2|\ Csu|

— NP X A Csm

[10711]

in MFV models
deviations very
constrained

Br(K; — 71°wW)
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One to rule them all

SL dr,
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e In MFV both flavour-diagonal & -changing Z vertices involving

down-type quarks are governed by same Inami-Lim function



One to rule them all
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Z, penguins 1n neutrino modes

[107'1]

Br(K; — 71°wW)
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< 0.5|A:Csm|
B < | A¢Csm|
B < 2|\ Csu|

— NP X A Csm

if B; — p*p constraint 1s
imposed, MFV eftects in
K — nvv reduced a lot



[ink between ex & K — vy

e SM extensions fall into two classes, those with pure LH structure &

those with both LH & RH currents:

SL

while in LH case, ek restricts
phase in s — d transition,
connection between AS = 2,1
lost, if RH 1interactions present

dr,

[ Blanke, 0904.2528]



[ink between ex & K — vy

[107'1]

Br(K; — 71°wW)
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[ Blanke, 0904.2528]

< 0.5‘)\75051\/[‘
B < | A¢Csm|
B < 2|\ Csu|

— LH currents only

if new physics 1n ek 1s
LH, only two branches
of solution allowed for
K —= v



[ink between ex & K — vy

[107'1]

Br(K; — 71°wW)
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< 0.5|A:Csm|
< | At Csm|
< 2|A:Csm

— LH currents only

pattern of deviations 1s
found in certain Z'-
boson scenarios, little

Higgs models, ...

[see for instance Promberger et al., 0702169; Blanke et al., 0605214; ...]



[ink between ex & K — vy

< 0.5|A:Csm|
B < | A¢Csm|
B < 2| Csm|

— LH currents only

but pattern not generic &
absent in MSSM, RS, ..,

d .
as Or.r renders dominant

§ contribution to ek
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Br(K* - ntw(y)) [107!]

[see for example Buras et al., 0408142; Bauer et al., 0912.1625; ...]



Anatomy of semileptonic modes

e Ki — n'l"] modes receive contributions from (axial-)vector (A, V),

(pseudo-)scalar (P, S), ... operators:

N N N
75 VS A
N V4 |

Qv = (dyus)(Iy"1) Qs = (ds)(ll)

Qa = (dyus)(Iv*vsl) Qp = (ds)(lysl)



Anatomy of semileptonic modes

* In many explicit SM extensions such as RS scenarios, little Higgs
models, scenarios with extra matter, ..., contribution from Qa

dominates over those of Qv, Os & Op:




Correlations of semileptonic modes
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Correlations of semileptonic modes

T e
st / — LH Z penguin
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; parameter space
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Correlations of semileptonic modes
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Anatomy of K, = pp
* Short-distance (SD) part of purely leptonic decay takes form
Br(K; — u ' )sp < (ReY)?

A Ae 1 ~
Y:)\—;)@—FXYC—FE(ONP_CNP)

Y; ~ 095, Y,~0.12

& 1s bounded

Br(K; — ptpu )gp < 2.5-107° = 3Br(Kp — pp )3y



[1071]

)

0

T VY

BI'(KL -

/. penguins 1n neutrino modes

5

10 15 20 25
Br(K* - ntw(y)) [107!]

30

35

CNp §0-5‘>\tCSM‘
W | Cnpl| < (M Csm|
B Crpl <20 CsyM|

Cnp = |Cxp| €'9°

B disfavoured by
Kp —ptp




Anatomy of €'/e

e Prediction for €'/e very sensitive to interplay between QCD (Qp)

& electroweak (Qg) penguin operators:

‘. Gl B
+ (1.5 +.36 _.BS) (CNP —.) }

d g q
q mp  Bg o< ((m7)7—0|Qs|K) =~ 0.6

d A q
>/\/\/\/'<q e  Bg ox () 1—2|Qs|K) ~ 0.8

[Bai et al., 1505.07863; Buras et al., 1507.06345]



Anatomy of £'/e

e [et us now assume that Bg, (8) parameters from lattice are correct.

In such a case one finds, that SM value deviates by almost 36 from

experimental world average by NA48 & KTeV

/
(6—) — (1.9+5.4)-10~*
€/ sm

¢/
(—) — (16.6 T 2.3) . 10_4
exp

€

This disfavours destructive new-physics effects 1n £'/e
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[10711]

Br(K; — 71°wW)
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Z, penguins 1n neutrino modes

Cnp| < 0.5/M:Csm|
W [Cnp| < A Csu|
B Cne| < 2| Csu|

Cxp = |Cnp| e'¥e
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Decoupling K1, = nvw & €'/e
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OW, one needs to have

e In order to have huge effects in Ki, = =
strong cancellations in €'/¢, e.g. between Z & gluon penguin.

Don't know of a ultraviolet complete model where this happens



Chromomagnetic penguins in €'/e

° ° ’ ° °
* Chromomagnetic penguins (Q%g) can also give large correction
to £'/e of form:

e’ Im(ng — Cé )
— ~ 3Bq,, - 92 ~ 520Bg,- Im(Cg, — C% ) TeV
( € >8g 0 Grmg 59 m(Csg 89) :

ng— - [1, 4] | - ng— — 029 1T 011



Chromomagnetic penguins in €'/e

RS SR,L (k) dL,R

I
W) U()

* In explicit models such as MSSM, RS, ... there i1s no strict
correlation with Z penguin. Often possible to decouple effects



Chromomagnetic penguins in €'/e

L Qs
ultraviolet : infrared
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Up-quark Z-penguin operators

2172 - — (HTiD. H) (@, "
0 D Quu = H"D,H)(Upy"u,), ..




Anomalous Ztt couplings

e ’H?D composites with third generation quarks can be
constrained directly (single-top production, pp — Ztt, ...),
but also contribute to B & K decays, Z — bb & T via loops



Ztt couplings: indirect tests

Current measurements

0.1

[Brod et al., 1408.0792]



Ztt couplings: indirect tests

01 Future projections

1
log ( MTW) Oq(sq),33

v?
A2




Ztt couplings: comparison

[Rontsch & Schulze, 1404.1005; Brod et al., 1408.0792]

13 TeV, NLO QCD

01 t+Z 95 % C.L. limit

direct

-0.2¢

-0.2 0.0 0.2 0.4

* [ndirect bounds stronger than direct limits for Ztt couplings. Still

worth looking at pp — Ztf, as cancellation in former case possible



Non-fermion operators

H?*D*X : Qpw = (D H) 7" (D,HYW"H ...

B,WLLLL‘ reyvB,W

44



Triple gauge couplings
e H?D?X operators contribute to triple gauge couplings (TGCs):

Lywwv = —lgwwv {91 (W+ W=HVY — WJ V, W=

A
—|—/<LVWJW,/_VW a4 VV+ W_’/”Vp“}
mW

AR~y Ay

: -



Direct probes of anomalous TGCs
e, q Mé§< /
>J’fm

e Searches for anomalous TGCs have been performed at LEP,
Tevatron & LHC (WW, WZ, Wy, Zy, ... production). They
can also be probed in Higgs physics (pp = h = ZZ, ...)




Indirect tests of anomalous TGCs

\b\' u, c,t > \b\‘ u, c,t i
oy
% %Li<

e Anomalous TGCs contribute to observables such as B — Xy,

L

)t

B— K*}f}r, Bs—=pp, K=aw & e'/e as well as Z — bb from
one-loop level & beyond



Anomalous TGCs trom flavour

[Bobeth & UH, 1503.04829
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Bounds on H?D?*X operators

W W
1",'/'/./ jpﬁ ¢ Indirect bound on Agzl from
2 Bs— ppalone shightly better

than direct LEP Il constraint

Z _
A91 — WCHW —

- M2 0.017 £0.023  (direct)
—0.009 == 0.019 (indirect)



Anomalous TGCs from €'/e

[Bobeth & UH, 1503.04829]
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e ¢'/e can provide meaningful additional constraints on anomalous

TGCs & resolve blind directions



Anomalous TGCs from €'/e
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A toy model for 750 GeV excess
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[Let’s add flavour violation
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We get contributions to ex & &'/e

VI (¥2) | < 6.4-1076

s Ysd

lcg Im (Yiq) | < {1.1,2.2,4.4} - 107°

"numbers assume shifts of {0.25, 0.5, 1} - 103 in &'/e & Bgy = 0.3

T



We get contributions to ex & &'/e
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Anomalous ttZ couplings

0) = (411 Do) (Qrav"0"Qrs) |
Ogq = (¢Ti5u ¢)(Qr37"Qr3),

Opu = (61D, 0) (Er7"tR)



“Closed” ttZ couplings

Liz =grtrdtr + g V;Z‘/;jJL,iZdL,j + grtrZtR

+ OELW+[)L + h.C.)

2
(3) (3) 1
gh < <5 (C50 + Coa) . > 0% = 0,006+ 0.038

1




“Open’” ttZ couplings
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Flavor changing neutral currents

[see e.g. D'’Ambrosio et al., hep-ph/020/036]

In fact, neutral meson mixing & other flavor changing processes test
structure of Yukawa interactions beyond tree level

(YT)qb (Yu)gra dr,

-
||

diag (Yu, Ye, Yt)

¢

dlag (07 07 yt)

] 2 g5 2
1672, a9t (Vi)™ o 167r2m§;/.( )



http://arxiv.org/pdf/hep-ph/0207036.pdf

1987

http://en.wikipedia.org/wiki/ 987
Events: [http://en.wikipedia.org/wiki/ 1987]

® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed


http://en.wikipedia.org/wiki/1987
http://en.wikipedia.org/wiki/1987
http://en.wikipedia.org/wiki/February_23
http://en.wikipedia.org/wiki/SN_1987A
http://en.wikipedia.org/wiki/Supernova
http://en.wikipedia.org/wiki/1604
http://en.wikipedia.org/wiki/March_9
http://en.wikipedia.org/wiki/U2
http://en.wikipedia.org/wiki/The_Joshua_Tree
http://en.wikipedia.org/wiki/May_28
http://en.wikipedia.org/wiki/Mathias_Rust
http://en.wikipedia.org/wiki/Soviet_Union
http://en.wikipedia.org/wiki/Red_Square
http://en.wikipedia.org/wiki/June_12
http://en.wikipedia.org/wiki/Ronald_Reagan
http://en.wikipedia.org/wiki/Soviet_Union
http://en.wikipedia.org/wiki/Mikhail_Gorbachev
http://en.wikipedia.org/wiki/Tear_down_this_wall!
http://en.wikipedia.org/wiki/Berlin_Wall
http://en.wikipedia.org/wiki/Microsoft
http://en.wikipedia.org/wiki/Windows_2.0



http://www.spacetelescope.org/static/archives/images/screen/opo1030a.jpg

1987

http://en.wikipedia.org/wiki/ 1987/
Events: [ttp P 2 ]

® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

® March 9 —The Irish rock band U2 releases their studio album “The Joshua
Tree”
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® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

® March 9 —The Irish rock band U2 releases their studio album “The Joshua
Tree”

® May 28 —|8-year-old West German pilot Mathias Rust evades Soviet air
defenses & lands a private plane on Red Square in Moscow
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® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

® March 9 —The Irish rock band U2 releases their studio album “The Joshua
Tree”

® May 28 —|8-year-old West German pilot Mathias Rust evades Soviet air
defenses & lands a private plane on Red Square in Moscow

® June |2 — During a visit to Berlin, Germany, U.S. President Ronald Reagan
challenges Soviet Premier Mikhail Gorbachev to tear down the Berlin Wall
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1987

http://en.wikipedia.org/wiki/ 1987/
Events: [ttp P 2 ]

® February 23 — SN 1987A, the first “naked-eye” supernova since 1604, is
observed

® March 9 —The Irish rock band U2 releases their studio album “The Joshua
Tree”

® May 28 —|8-year-old West German pilot Mathias Rust evades Soviet air
defenses & lands a private plane on Red Square in Moscow

® June |2 — During a visit to Berlin, Germany, U.S. President Ronald Reagan
challenges Soviet Premier Mikhail Gorbachev to tear down the Berlin Wall

e December 9 — Microsoft releases Windows 2.0


http://en.wikipedia.org/wiki/1987
http://en.wikipedia.org/wiki/1987
http://en.wikipedia.org/wiki/February_23
http://en.wikipedia.org/wiki/SN_1987A
http://en.wikipedia.org/wiki/Supernova
http://en.wikipedia.org/wiki/1604
http://en.wikipedia.org/wiki/March_9
http://en.wikipedia.org/wiki/U2
http://en.wikipedia.org/wiki/The_Joshua_Tree
http://en.wikipedia.org/wiki/May_28
http://en.wikipedia.org/wiki/Mathias_Rust
http://en.wikipedia.org/wiki/Soviet_Union
http://en.wikipedia.org/wiki/Red_Square
http://en.wikipedia.org/wiki/June_12
http://en.wikipedia.org/wiki/Ronald_Reagan
http://en.wikipedia.org/wiki/Soviet_Union
http://en.wikipedia.org/wiki/Mikhail_Gorbachev
http://en.wikipedia.org/wiki/Tear_down_this_wall!
http://en.wikipedia.org/wiki/Berlin_Wall
http://en.wikipedia.org/wiki/Microsoft
http://en.wikipedia.org/wiki/Windows_2.0
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http://upload.wikimedia.org/wikipedia/en/c/c9/Windows_2.0.png

Not on list: Y(4S)— B°B°— B°B°

[ARGUS, Phys. Lett. B192, 245 (1987)]



http://www.sciencedirect.com/science/article/pii/0370269387911774

Implications for top mass

[ARGUS, Phys. Lett. B192, 245 (1987)]

r>0.09(90%CL) this experiment
x>0.44 this experiment
B'"?fa=f,. <160 MeV B meson ( ~ pion) decay constant

my, <5 GeV/c*’ b-quark mass

1<1.4Xx107"s B meson lifetime

| Vigl <0.018 Kobayashi—-Maskawa matrix element
Nocp < 0.86 QCD correction factor

m,> 50 GeV/c? t quark mass

By 1987 it was general belief that top mass was much smaller than
50 GeV, but ARGUS found that it is (probably significantly) larger


http://www.sciencedirect.com/science/article/pii/0370269387911774

Top mass from unitarity triangle

[CKMfitter, CKM 4 results]

(excl: at'CL > 0.95)

excluded area has CL > 0.95

a

mP°® = (169 + 5) GeV



http://ckmfitter.in2p3.fr/www/results/plots_ckm14/num/ckmEval_results.html

Boxes & Z penguins

[see e.g. Buras, hep-ph/98064 /1]

Within SM, only two |-loop topologies lead to a quadratic dependence
on top mass

W W
. AVAVAVAVAVY  _VAVAVAVAV _

e .\/\/\/\/\AZ
| |

AMK) AMBOH AA]\4Bsa €K Bd,s — :u—l_:u_v B — K(*>7 XS/L+M_
K—nvo, K —autu,e/e, Z — bb



http://arxiv.org/pdf/hep-ph/9806471v1.pdf

Top mass from Bs— U*"U: Present

[Bobeth et al,, [311.0903]

i NNLO QCD NLO EW
g g Z,y W h
'\4/\/\/2\/< X E E or % ? ’ E
 polo 3.06
— t —9
Br(Bs = ptp) g, = 3.65 (173.1Ge\/) (1£6.4%) - 10

Br(B, —» pp7),, =28 (175%) 107 [cMs & LHCb, 14114413



http://arxiv.org/pdf/1411.4413.pdf
http://arxiv.org/pdf/1411.4413.pdf
http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1311.0903.pdf

Bs— UM relative error budget

[Bobeth et al,, [311.0903]

6.47% total uncertainty

‘ st ‘ CKM

‘ TBs ‘ Mt

@ non parametric

Improvements in lattice QCD calculations may reduce errors due to
decay constant fas & Vcb. Might result in future total uncertainty of 3%


http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1311.0903.pdf

Top mass from Bs— "4 Reach

[Bobeth et al,, [311.0903]

3.06
pole
— ny —9
Br(Bs — ppu™ ) gy = 3.65 (173.1(16\/) (14+3%) - 10

Br(B, = ptpu”),,, =365 (1+4%) 1077 [LHCb, 1208.3355]



http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1311.0903.pdf
http://www.apple.com
http://arxiv.org/pdf/1208.3355.pdf

Top mass from K = T11ovV

[Brod et al., 1009.0947]

10% 2%
5%

N

35%

Br(Kp — 710v0) g, = 2.4 (1 £ 15%) - 107"

S

. N dmP°'® = 14 GeV
10% measurement

U if V., known to 1%
14% 3%

9%A

22%

BI"(KL — WOVD) = 2.4 (1 T 10%) 1071

SM

— Smb°'® = 11 GeV

10% measurement

52%


http://en.wikipedia.org/wiki/1987
http://arxiv.org/pdf/1009.0947.pdf

|-loop corrections to p

[cf. Veltman, Nucl. Phys. B123,89 (1977)]

Ap = aAT =
p=a 8/ 212

Dominant |-loop corrections due to top exchange & pro?ortional
to yZ. In contrast, Higgs contribution scales as g|2 In(mh/mzz)


http://www.sciencedirect.com/science/article/pii/055032137790342X

History of m from electroweak fit

[Gfitter, November 2014]

Measurements Results of the EW fit
Tevatron LEPEWWG

¢ Tevatron + LHC Gfitter, incl. M,,
(searches or meas.)

2005 2010

Even before top discovery at Fermilab in 1995, global electroweak (EW)
fits have always been able to predict mass correctly


http://project-gfitter.web.cern.ch/project-gfitter/Figures/History/2014_07_16_Historymtop_large.gif

Top mass from EWV fit: Present

.

SM fit w/o\in, and M,, measurements
m¥i" world verage [arXiv:1403.4427]

HH 0P from ‘vatron o,; [arXiv:1207.0980]

P4 mP°" from CNIS, o,; (CMS) [arXiv:1307.1907]

FO mPo'® from AT RAS, o [arXiv:1406.5375]

FH mP" from ATLRS, o [ATLAS-CONF-2014-053

- 2.3

ti+jet

- 0.6,

-2 nf
Mwy ,sin® 0.

[Kogler, Moriond EW 201 5]

€] fitter|s.:

+ 0580, + 0.4MZ) GeV


https://indico.in2p3.fr/event/10819/session/5/contribution/5/material/slides/0.pdf

