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Higgs Couplings: SM

* The Higgs couplings in the SM are determined.
Thats why they are so important to measure!

* Yukawa couplings:

LD yihfi s +h.c. witth Yi

IN the SM Yukawa cOouplinGgs are:

¥ Flavor diagonal.
¥ R.eal (CP is conserved).




Higgs Couplings: New Physics

* The Higgs boson can have more general couplings.
the mass basis we could have:

Ly = _mzﬁf;{ — Eg(fifé)h + h.c. + -

But didnt | just tell you that the Hiaas
Is automatically alianed with flavor?

How do we et FV and CPV Hiaas?



Flavor Violating Higgs

* UV Recipe for FV Higgs:

l.Rip a page from a paper
that modifies Higgs
couplings.

2. Sprinkle flavor indices all
over the place.

3. Re-diagonalize mass
matrix.
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Flavor Violating Higgs

* Writing it a bit more neatly, we get:
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Flavor Violating Higgs

* Writing it a bit more neatly, we get:
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“Natural” FV

* FV that’s too large comes at a tuning price:
U2 , ; ’02 , ;

* Requiring no cancelation in the determinant

< \/mzm] "I’\a_é’” Qafll —tAeSe
” Ura|f MOdEIs*.

Y;

7~

*n this era of data, considerations of

fine-tuning are not of huge importance...

But we’ll keep it in the back of our mind.



With NP MYukawa couplings can re:

¥ Flavor off-diagonal.
¥ complex (CP violating).
¥ Both.

So, in addition to these

there are a |ot more couplinas the Hiaas

can have, and that we should prore.

Low energy experiments are crucial
to test many of these couplings.



Leptonic Flavor Violation

Ly D =Y. eppurh — Y eiirerh — YerepTrh — YocTrerh — Y, iy Trh — Yo, Trpurh + hec. .

Which experiments constrain the Yijs?



Higgs couplings to ue
* Higgs coupling to pe is constrained, e.g. by:
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Higgs couplings to ue
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Riggs couplings to tu

LHC h=TM aives
dominant round.

(currently just a theorist’s
re-interpretation)

"natural models” are
within reach.
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RHiggs couplings to e
* te is similar to zu.... but:
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RHiggs couplings to e
* te is similar to zu.... but:
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Quark Flavor Violation



Meson Mixing

Yo Pr + YaPr

3

11 ) . 7 y awPr
* Meson mixing’s powerful: QR
Technique Coupling Constraint 12112 j vV
. Yiel?, | Yeul? < 5.0x107? a
DP oscillations [48] -
Ve You| < 7.5 x10710 X0
Yaul?, |Yaal? <23 x1078
BY oscillations [48] 3O
‘dede| <3.3x 107
. ) Yapl?, [Yis|? < 1.8 x 1076
B oscillations |48 -L
YoVl <25% 107 O
Re(Y2), Re(Y2) [-5.9...5.6] x 10~1°
Im(Y2), Im(Y2) [-2.9...1.6] x 10712
KV oscillations [48] | | Ex|O?
Re(Y} Ysq) —5.6...5.6] x 101
Im(Y} Ysq) —1.4...2.8] x 10713

“Natural” models are constrained!



"'what arout B, 2Tm 7"
"And B, um 7

Lets dO a8 rack Of the envelope estimate:
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FV Couplings with top

* A variety of techniques:

Technique Coupling Constraint MiW j / \/2‘
VIYE] + [Yer? <0.34 303
t— hj 5
[Craig et al. 1207.6794] VIYVE]+ [V < 0.34 IKO™*
Yutht 9 ‘Ytu}ftc’ < 7.6 X 10—3
i
DY oscillations YiuYer|, 1Yt Yiel <929 %103 2xIO
YurYeuYer Yie| /2 <0.9x1073

neutron EDM Im(Yy: YY) < 4.4 x 108 IO*
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* Ivprovements:

t+h=>yy): V<O (0
(ATLAS-CONF-2013-081)

lepton + multi-B + pre+: M<IO™3 (1
(Atwood, Gupta, Soni 1305.2427)
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FV Couplings with top

* A variety of techniques:

Technique Coupling Constraint 1\21\2 )-/ \/2'
VIV + Yl < 0.34 303
t— hj
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Flavor diagonal phases

Assume diagonal Yukawas with |v;| = .
U

What are the constraints on
the phases of the Ms?




Iwo Loop EDM

* Electron or neutron EDM at 2-loops (Barr-Zee):

€ or g




Iwo Loop EDM

* Electron or neutron EDM at 2-loops (Barr-Zee):

5\\ € or g




Iwo Loop EDM

* Electron or neutron EDM at 2-loops (Barr-Zee):

L € org
berbg SOL T

from e and N EDM’s h \




Iwo Loop EDM

* Electron or neutron EDM at 2-loops (Barr-Zee):

L € org
berbg SOL T

from e and N EDM’s h \




Iwo Loop EDM

* Electron or neutron EDM at 2-loops (Barr-Zee):

. € or (g
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berpg SO Y

from e and N EDM’s h,

b < 0.05
from e and n EDM’s
Interplay with LLHC Hiaas production rate!
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Brod, Haisch, Zupan (in prep.) Y
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* Also sensitive to CPV in /yy from NP:

_—> ¢, 50.01-0.1

~ hFF

8% U . ~ U
CVEhFMVF'UJ +CW%I’LFMVF'U /-\-l

McKeen, Pospelov, Ritz
(1208.4597)




"'IM(\{—t}

Ky

~02]

Brod, Haisch, Zupan (1310.1385)

LHC & EDMS

* Top couplings are probed both by the LHC (uon fusion)
and by EDM experiments. Interpley
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Today: INn the future:
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T phase

* The tau phase is currently unconstrained!

* Can be probed by:

© Hadronic tau polarization in Higgs decay.
© Electron EDM.




T phase

* The tau phase is currently unconstrained!

* Can be probed by:

© Hadronic tau polarization in Higgs decay.
© Electron EDM.

Future e EDMs: |
high sensitivity! ' Higgs (LHC 3000 fb™)

el. EDM

Brod, Haisch, Zupan [310.1385




RH, Martin, Okui, Primulando,Yu 1308.1094
T phase at Colliders

* A challenging measurement.

* Requires hadroinc “tau-substructure” (LHCb ?).

Pt 0 "Pion-plane” correlated
with Tt polarization.

O: the relative azimuthal angle
between reconstructed polarizations
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T phase at Colliders

* A challengii

Truth level ®

0.10
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Normalized yield
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between reconstructed polarizations



RH, Martin, Okui, Primulando,Yu 1308.1094

T phase at Colliders

* A challengii

Truth level ®

* Requiresh: |
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Normalized yield

Promising aceuracy:

T —————

1 0 : ? 3
L0
. ( “
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30 L =550 fb—1 L —1 |
= 300 fb |

50 L = 1500 fb—! L =700 fp~ 1 Ehal angle
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WV phase

* Up-down asymmetry is sensitive to CPV in Higgs
coupling to WV.

The paper | discovered very
late last night....

Delanuey, Perez, de Sandes, Skiba
1308.4930

FIG. 1: Definition of the production and decay angles. The
W and h directions are drawn in the qq’ center-of-mass frame,
while the leptons are drawn in their parent W rest frame. ¢
is the angle between the production plane and the W decay
plane.



Flavor violation:

Summary:

« e AT
V =sensitive at the level of v;; < 2.

(%

Leptons | Probe ||d-quarks| Probe ||d-quarks| Probe
u-e muons, s-d K-K Cc-U D-D v
T-e eEDM*,/|| b-d B-B /|| tu nEDM*Y
T-U LHC /|| b-s Bs-Bs y|| t-c |LHC/DD,
*LHC, if CP is conserved.
CP violation:
g Multiple prores! h
Phase Probe Phase Probe . |
Many experiments!
e e-EDM t EDMs
u, d nEDM T Hig;;_sl,_lfgciory Almost all channels
are sensitive at well
Y eEDM Wi/ LHC

' |
S Mmotivated levels! N




Summary:

Flavor violation: J =sensitive at the level of v, < Y9

(%

Leptons | Probe ||d-quarks| Probe ||d-quarks| Probe

u-e muons, s-d K-K C-1 D-D vV
7-€ eEDM*\/ b-d B-B J f_11 —

_ )
Mulrtiple prores!

| Many experimentts!

e e-EDM 4 EDMs
u,d nEDM T Hig'g—s"'fgciory Almost all channels

are sensitive at well

I eEDM W/Z LHC N motivated levels! N
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LFV Summary

Channel Coupling Bound
o— ey VIYiel? + [Yeul? < 3.6 x107°
1 — 3e VY oel? F [You 2 < 0.31
electron g — 2 Re(YeuYye) —0.019...0.026
electron EDM Tm(Ye,Ye)| <9.8x 1078
[ — e conversion VIV iel? + [Yeul? < 4.6 x107°
M-M oscillations Ve + Y2, < 0.079

T — ey VIVre|? + |[Yer |2 < 0.014

T — efuft VIYre|2 + |Yer|? < 0.66
electron g — 2 Re(Ye, Yre) [-2.1...2.9] x 1073
electron EDM T (Y, Yre)| <1.1x1078
T — iy VY2 4 Y2 < 1.6 x 1072
T — 3u \/|Y72M + |V, 2 < 0.52

muon g — 2 Re(Y,r Y7 ,) (2.7 4+ 0.75) x 1073
muon EDM Im(Y,-Y:,) —0.8...1.0
0 ey (1Y7 Yrel? + [Vr Yer [2) /4 <34x10*

many
processes to
consider...



Top Flavor Violation

* But, top decays are interesting:

~ T
KN

-0.5 ---- BR(h-t"q)
o0 FIOESSSSEEE " "BR(t-hq)

—ip | —————— - BR(t »hc) limit |
1 R e e (arXiv:1207.6794) ||
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