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Motivation

“Es ist schon alles gesagt, nur noch nicht von allen”

“Everything has been said already, though not yet by everybody”

[Karl Valentin]
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Motivation — |

We have found New Physics (NP) at the LHC! = The Higgs

@ Yet, we still need to find NP beyond the Standard Model (BSM)

The discovery of the/a Higgs boson opens a new window to NP BSM
@ CP violation

@ In the quark sector consistent with SM

o Already probe scales of up to O(10*) TeV

@ CP violation in the Higgs sector?

What do we know already / what can we learn in the future?
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Motivation — 1l

@ Higgs couplings completely determined in the SM

Vs=7Tev,L<51 1" [5=8TeV, L<196f"

Combined CMS Preliminary m, = 125.7 GeV
H W=0802014 =065
@ That is why we need to measure them! P

H-

bb [
W=1155062

@ For instance, in the SM

. T
W=110+041

Ly = Z Y Ffh o Wen| M-

H‘p‘ivn‘),vsamzo —
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@ SM Yukawas are woosmox| ML
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Best fit o/ag,
@ flavor-diagonal

[CMS-PAS-HIG-13-005]

@ real (CP-conserving)
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SM EFT
@ No BSM particles at LHC = use EFT with only SM fields

[See, e.g., Buchmiiller et al. 1986, Grzadkowski et al. 2010]

ﬁeff ESM + £d|m6
For instance,
HIHYN -
Eeff o — (a + ﬁ/\2> (Q[_tRH) + h.C.

Inserting H = (0, (v + h)/v/2)T yields

v2 v o_ v2 h _
Eeff:)<06+62/\2) ﬁtLtR* <Oé+3ﬂ2/\2) %tl_t[-?‘i’h.c.
—_—— —_——
=y =yM+28 25

@ «, B can be complex

@ Test with collider and low-energy experiments
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CP violation — reminder

@ In the SM, only CP violation comes from electroweak sector (CKM phase)
@ Switch off weak interactions:

Ki= J5(K°+ K®), Ky = (K° — K%) /2

are CP-even / CP-odd eigenstates
@ Weak interactions lead to a superposition via box diagrams — K; and Ks
@ They are not CP eigenstates
@ Analogy would be scalar h° and pseudoscalar A® Higgs in 2HDM

o If Higgs potential is not CP symmetric, lightest mass eigenstate is
superposition p h® + g A
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Outline

@ CP violation in htt

CP violation in hbb

@ CP violation in hrt

CP violation in hVV couplings

Summary
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From h — ~vy ...

@ In the SM, Yukawa coupling to fermion f is

Yr 2
¥ Ly =—-=ffh
MV
h @ We will look at modification

L= f\% (s FF + ifig Fysf) b

@ New contributions will modify Higgs
production cross section and decay rates
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...to electric dipole moments

@ Attaching a light fermion line leads to EDM

@ Indirect constraint on CP-violating Higgs
coupling

@ SM “background” enters at three- and
four-loop level

@ Complementary to collider measurements

@ Constraints depend on additional
assumptions
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Electric Dipole Moments (EDMs) — Generalities

Energy
Higher-dimensional

TeV — Higgs effective operators

GeV | Modified Higgs couplings|

Qcp - m 0, dg, dg, w
nuclear— neutron EDM

tomi EDMs of para- EDMs of
atomic—r= magnetic atoms diamagnetic

and molecules atoms

[Adapted from Pospelov et al., 2005]
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Anomalous htt couplings
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Constraints from gg — h

@ gg — h generated at one loop

@ Have effective potential

Qs h ;Lua_~ a ruv,a
e -y LG g87T G .G

Veg =

® Cg, &g given in terms of loop functions

) Rg = Cg/Cg’SM, Rg = 3Eg/2Cg,5M

o(gg — h)

(g > Pow kgl? + |Rgl? = K2 + 2.6 32 + 0.11 e (¢ — 1)
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Constraints from h — v
@ h — ~~ generated at one loop

@ Have effective potential

a h , . 30 h y
Veffszy;;F‘u,,Fu ,y%*Fl“,F#

® ¢y, &, given in terms of loop functions

) Ry = C’Y/C’Y,SMV ’%’Y = 357/2C%5M

F(h—~vy)

S\ 2 2 ~ )2
F(h = 77)sm |y [? + |7 | = (1.28 — 0.28 ¢)* + (0.43 )
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LHC input

CMS Preliminary {s=7TeV, L<5.11b" VS=8TeV,L< 196 fb"
= ARARA T T
Ky Kg

@ Naive weighted average of ATLAS, CMS

Kgwa = 0.91+0.08, rywa=1.10+0.11

o We set 12, wa = ltig/y[* + [Rg/q [

[CMS-PAS-HIG-13-005]
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Electron EDM

@ EDM induced via “Barr-Zee" diagrams [Weinberg 1989, Barr & Zee 1990)]
@ |d./e| < 8.7x 1072 cm (90% CL) [ACME 2013] with ThO molecules

@ Constraint on &; vanishes if Higgs does not couple to electron
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ACME result on electron EDM

Order of Magnitude Smaller Limit on the Electric Dipole
Moment of the Electron

The ACME Collaboration*: J. Baron!, W. C. Campbell?, D. DeMille®, J. M. Doyle!, G. Gabrielse!, Y. V. Gurevich'**, P.
W. Hess', N. R. Hutzler!, E. Kirilov®#, I. Kozyryev®!, B. R. O'Leary?, C. D. Panda!, M. F. Parsons’, E. S. Petrik!, B
Spaun’, A. C. Vutha®, and A. D. West®

The Standard Model (SM) of particle physics fails to s prepared using optical pumping and state preparation lasers.

explain dark matter and why matter survived annihila-  Parallel electric (€) and magnetic (5) fields exert torques on the

for d. via the energy shift U = —d. - &, where d. = d.5/(h/2).
or d. via the energy shift U = —d. - £, where de = d.5/(1/2) FIG. 1. Schematic of the apparatus (not to scale). A collimated pulse
Valence electrons travel relativistically near the heavy nucleus, : : & s agnatically

g G b - : g of ThO molecules enters a magnetically

) tion with antimatter following the Big Bang. Extensions electric and magnetic dipole moments, causing the spin vector to
~— to the SM, such as weak-scale Supersymmetry, may ex-  precess in the zy plane. The precession angle is measured with a
< plain one or both of these phenomena by positing the  readout laser and fluorescence detection. A change in this angle
] existence of new particles and interactions that are asym-  as &g is reversed is proportional to d..
- metric under time-reversal (T). These theories nearly al-
7 ways predict a small, yet potentially measurable (107~ feccrigpies S £g:
iz 107% ¢ cm) electron electric dipole moment (EDM, d.), h\ i L=22cmr~lims \\'1_‘,
which is an asymmetric charge distribution along the spin
[~ (5). The EDM is also asymmetric under T. Using the T’J
olar_molecule thorium monoxide (ThO), we measure
p 2.1 % 37wt £ 2.50u0) X 10 2 ¢ cm. This corresponds =
o an ' upper limit of |d.| < 8.7x 10 “# ¢ cmwith 90 percent o 000
an order of in sensi- | Beamortho Fluorescence
o |tivity compared to the previous best limits. Our result | Moeces | g Calltn
; constrains T-violating physics at the TeV energy scale. A <
S The exceptionally high internal effective electric field (Eur) of
=5 heavy neutral atoms and molecules can be used to precisely probe
7]
Q

jelded region. An aligned spin

@ Expect order-of-magnitude improvements!
Workshop “Fundamental Physics at the Intensity Frontier” [arXiv:1205.2671 [hep-ex]]
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Neutron EDM

@ Three operators; will mix, need to perform RGE analysis

% = {(1.0 +0.5) [=5.3kgfie + 5.1 1077 kiR

+(22+£10)1.8-1072 mgt} 11075 ¢m.

@ W x K:K+ subdominant
@ |d,/e| <2.9 x 10726 cm (90% CL) [Baker et al., 2006]
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Combined constraints

Kud,e=1

Higgs prod.

Hg EDM

neutr. EDM

-1.0 =05 0.0 0.5 1.0
Kt

on top coupling

Ku,d,e=1

@ Assume SM couplings to electron and light quarks

@ Future projection for 3000fb ! @ high-luminosity LHC

[J. Olsen, talk at Snowmass Energy Frontier workshop)]

@ Factor 90 (300) improvement on electron (neutron) EDM
[Fundamental Physics at the Energy Frontier, arXiv:1205.2671]
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Combined constraints on top couplings

@ Set couplings to electron and light quarks to zero

@ Contribution of Weinberg operator will lead to strong constraints in the
future scenario

Ku,d,e= 0

Ky,d,e=0

090 095  L00 105 110
Kt
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Anomalous hbb couplings
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Collider constraints

@ Modifications of gg — h, h — 7y due to kp # 1, K # 0 are subleading
@ = Main effect: modifications of branching ratios / total decay rate

(k2 + &2)Br(h — bb)sm
1+ (k2 + &2 — 1)Br(h — bb)sm

Br(h — X)sm
1+ (k2 + &2 — 1)Br(h — bb)sm

Br(h — bb) =

Br(h — X) =

@ Use naive averages of ATLAS / CMS signal strengths jix
for X = bb, 7777, vy, WW, Z2Z

@ jix = Br(h — X)/Br(h — X)sm up to subleading corrections of production
cross section
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RGE analysis of the b-quark contribution to EDMs

@ EDMs suppressed by small bottom Yukawa
@ ~ 3 scale uncertainty in CEDM Wilson coefficient

@ Two-step matching at M, and my:

o Integrate out Higgs @ Mixing into

- g q _ = a_ fr MU a
° Oi’:quI’YSb Q@ O =go,u, T qbic""~sTb

@ Matching onto

@ Of = —57LGo" T?y5qG;,
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RGE analysis of the b-quark contribution to EDMs

b b
g
q q
© (00
q _ aa 2 m} Qs \3 Vig Vag Y 3 m?
© Ce(pp) = —4 G5z Qqlog I3 ar)” e log 18 5+ O(ad),

(0) 2
o Ca(up) = (£2)* 224 10g” 7% + 0(ad)

« 2'7§31 ,2, 3
o Crlv) = (§2)° %52 log i + O(a?).

47
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Combined constraints on bottom couplings

Ku,d,e=1

Higgs
(LHC 3000 fb")

0.04F

>3

-0.02

0.85 0.90 0.95 1.00 1.05 1.10 1.15
Kp

@ Assume SM couplings to electron and light quarks
@ Future projection for 3000fb~ @ high-luminosity LHC

@ Factor 90 (300) improvement on electron (neutron) EDM
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Combined constraints on bottom couplings

@ Set couplings to electron and light quarks to zero

@ Contribution of Weinberg operator will lead to competitive constraints in the

future scenario

Kud,e=0

Ku,d,e=0

210 =05 00 05 10
K

Joachim Brod (University of Cincinnati) CP Violation in the Higgs Sector

25 / 45



Anomalous h77 couplings
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CP violation in h — 777~

[Harnik et al., Phys.Rev. D88 (2013) 7, 076009 [arXiv:1308.1094[hep-ph]]]

e L\ D —%h?(cosA + iyssin A)T
@ Consider the decay h — 7t7~ where 7 — pr and p* — 770
@ 77 — 77 spin correlation sensitive to the CP phase A

@ 7 spin information encoded in momentum distribution of its decay products

B,
@ Using some well-justified approximations, write k“‘ B,
differential cross section as ¢ — Acos(© — 2A) 7+ _ait

' W \O B
@ Here, © depends on the final-state momenta 5 ®

Uy —
@ Find A as minimum in the © distribution

B_
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CP violation in h — 777~

Truth level ©
0.10

S

s
2
2

Normalized yield

s
S

00025 -2 -1 0 1 2 3

@ At ILC can reconstruct both neutrino momenta

@ At LHC use “collinear approximation” [Eliis et al., Nucl. Phys. B (297) 221 (1988)]

@ Accuracy of 4.4° (ILC), 11.5° (high-lumi LHC)

Truth level © and reconstructed © at the ILC for A = 0 010, Truth level © and © from the collinear approximation for & = 0

Normalized yield

Normalized yield

-3 2 -1 0 1 2 3 0.00
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Combined constraints on 7 couplings

o Effect of modified h77 coupling on k., &, again subleading

@ Get simple constraint from modification of branching ratios

Ku,d,e=1 Kudoe=1

Higgs (LHC 3000 fb™")

el. EDM

-3
-3 -2 -1 0 1 2 3 -1.0 5 0.0 0.5 1.0

Kr Kr

@ Shaded region shows reach for direct searches
[Harnik et al., Phys.Rev. D88 (2013) 7, 076009 [arXiv:1308.1094[hep-ph]]]
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Radiative Higgs decays
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More EFT

= (HT a apv
£ = SM | pdim6 Quw = (H'H) W,uVW )

v = (HTHYW3, wer

Qus = (H'H)B,,,B"

— T * T >y v

Qup = (H'D,H)"(H'D,H), Qug = (HTH)BWBM )
— T __a a v —

Quws = (H'o®H)W, B, Qs = (Hlo"H) W3, B .

® Qup xS, Quwe x T

@ Test with collider and low-energy experiments
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h— vy vs. h— ZZ

M
L5y =LhZ, 2"+ EhF P+ oz —hZ, 2

\_ N\

« « ~
Czz—hnZ,, 7" + ¢——hF,, F""
+C2227rv ! +C27rv !

@ ¢ and &zz couplings are CP odd
@ CP violation only in dim.-5 operators, generated at one loop

h — ZZ: CP-conserving contribution generated at tree level
= Need O(1072) — O(10~3) measurement to see CP violation

h — ~v: CP-conserving contribution generated at one loop
= Large O(1) CP-violating effects are possible
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h— 27 = 4¢

CMS Preliminary Vs=7TeV,L=5.1fb" (s=8TeV,L=19.6ft"
[ [ ! [ o

— CMS Data ]
---- Expected
sl

10

2A InL

®
LI B

[CMS-HIG-13-002]

o f;3 related to Z,, Z"” interaction

@ f3 < 0.47 @ 95% CL
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pp — h+ 2j in gluon fusion
o In VBF hZ,Z" vs. hZ,, 7"

@ In gluon fusion hG,, G vs. hG,, G"”

In both cases main sensitivity from angular correlations of tagging jets

Use sm(\Aqﬁﬂ\/Z) [Del Duca et al., 2006; Klamke et al., 2007]

The model: £ = cos(a) yr ¥ribrh + sin(a) ¢ rivysieh

g =
= Bkgs 2 —— m and A¢ Loose
= Higgs(WBF) g 10
£ 99 -% —— m, and A¢ Tight
2 —— ggH+2j (o= 0.0) 3
> 1 ﬁ —— MVA and A¢ Tight
o — ggH+2j (ot = 0.6) o 10°

— ggH2j (0= 1.2) o

10
1 071 L L e L L L L L L
0 0.10.20.30.40.50.60.70.80.9 1 b5 04 08 08 1 13 14 16

sin(ja ¢,112)
o
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More recent ideas
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h — v~ with converted photons

[Bishara et al., JHEP 1404 (2014) 084 [arXiv:1312.2955[hep-ph]]]

@ Total rate ', always quadratic in the CP-violating parameter
o Rate is always enhanced by CPV contribution

@ Construct an observable in hyy linear in the CP-violating parameter
= differential rate

@ Effects can be O(1)

@ The measurement is very challenging

Joachim Brod (University of Cincinnati) CP Violation in the Higgs Sector 36 / 45



Limits from electron EDM

@ Constraint on y, - ¢ from electron EDM

~ hFF

@ & <1073 for SM electron Yukawa [McKeen et al., Phys.Rev. D86 (2012) 113004
[arXiv:1208.4597[hep-ph]] — updated with new ACME result]

@ Vanishes if Higgs does not couple to electron, or if there are cancellations
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h — ~~ — how it works (in principle)

@ Higgs is a scalar — no information on ¢ from
angular distribution of photons

EIQmA
@ Need to measure photon polarization

@ For perfect linear polarization analyzers

S

dr
_— = 7r 2 %
dop = hﬁww B
DeEsin2¢ P, “~.~‘E
@ Here ¢ = tan™1(2/2) \‘\)
k
@ Shift in the modulation of the rate, 2

Ellin
linear in £
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h — ~v~ — how it works (in practice)

@ Need to measure opening angles of O(10™%) to O(10~3)
@ At the limit of ATLAS / CMS pixel detectors

@ Single angle carries information about CPV, can take ¢

Joachim Brod (University of Cincinnati) CP Violation in the Higgs Sector 39 /45



h — v~ — how it works (maybe in the future)

@ Differential spectrum has following form
dl'uBH
= A+ Bcos(2£ + 2¢p)
dy
@ Possible to find large effects in parts of phase space
@ Choose cuts that select phase space regions with large effects
@ Unrealistic for LHC
0.8 . : .
E E 0.7 bmrmr T > 0.9, .0 e > 1072 -
5 206 D Ny : =
2 £ 05 N r /-
= s 04 = =5
< <
= = 03
2 T o2
g £ 01
0.0
0 0.5 1 L5 2
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Other Observables — qg — Wh

[Delaunay et al., Phys.Rev. D89 (2014) 035004 [arXiv:1308.4930[hep-ph]]

2.0
/,/\ 15
\ \\
\\ \\
{ \ i \ £10
\ )\
e A
\ow A 7
oﬁ\ : i e 0.5
e g B @ \l// /T
]l 5 “ /
\\ 5/ 0.0
\\ ,/'
7 iy [GeV]
@ Define up-down asymmetryAcp = My Ny
cp Ny+Ny
@ At Tevatron A%}, ~ —23%...—6.3%

@ Initial state symmetric at LHC — need additional cuts
Joachim Brod (University of Cincinnati)

CP Violation in the Higgs Sector

41/ 45



Other Observables — h — (T(~~

[Chen et al., arXiv:1405.6723[hep-ph]]
@ Analoguous to “direct CP violation” in flavor physics
@ Instead of triple products use “strong” phases of off-shell Z,~
@ Weak phases from coefficients in
LD h/V(AF* Z,, + AsF Z,, + AsFRYFyy + AsFRYE,,)

@ Lepton Agg is CPV observable

"'20 40600 80 100 120
M,[GeV]
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Other Observables — h — (T(~~

@ ... may be seen at high-luminosity LHC

@ Can consider Z final state

Or cross diagram to get Arg(eTe™ — hZ)

@ Or look at Ars(qg — hZ) — 100 TeV collider?
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Summary

@ CP violation in the Higgs sector is not so easy to see
@ EDMs give strong bounds on CP violation
@ ...but depend on additional assumptions

@ Will have huge experimental progress in the future
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Outlook
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Mercury EDM

@ Diamagnetic atoms also provide constraints
@ |dhg/e| < 3.1 x 107 cm (95% CL) [Griffith et al., 2009]

@ Dominant contribution from CP-odd isovector pion-nucleon interaction

d
T — — (419) [3.17: — 32107 kife ] - 107 em

@ Again, w x K;K; subdominant, but does not vanish if Higgs does not couple
to light quarks
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Constraints from EDMs

@ Contributions to EDMs suppressed by small Yukawas;
still get meaningful constraints in future scenario

@ For electron EDM, simply replace charges and couplings

@ Have extra scale m, < M), = log m?/M?

2

dg(pw) ~ —4eQq N, Qb( pE \[Gpmq mqmbﬁg (Iog
h

~ m? m T

dq(,UW) ( ) qulﬂib M2 <|og2 V% 4+

Qs . om? m2 3
h
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