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S
CP Violation — Motivated and Required

e Qur picture of baryogenesis is embarrassingly
incomplete

— SM EW baryogenesis is insufficient

— Strongly motivates new mechanisms for strengthening
EW phase transition c.f. talk by Ramsey-Musolf

— Also strongly motivates new sources of CPV
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CP Violation — Motivated and Required

e QOur picture of baryogenesis is embarrassingly
incomplete

— SM EW baryogenesis is insufficient

— Strongly motivates new mechanisms for strengthening
EW phase transition c.f. talk by Ramsey-Musolf

— Also strongly motivates new sources of CPV
* Open question — establishing targets for CPV

searches (in Higgs physics and elsewhere) for
specific mechanisms of EW SFOPTs
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CP Violation — Motivated and Required

* Many CP puzzles remain outstanding
— Leading SM CPV comes from CKM phase
— O-parameter of QCD constrained to be < 10-1°

— Possible Dirac and Majorana phases of PMNS matrix are
next targets of neutrino experiments

 SM predicts no tree-level CPV in Higgs couplings

— Attractive possibility to use first-order electroweak
phase transition + CP violation in Higgs couplings to
generate the baryon asymmetry  See, e.g. Konstandin [1302.6713]

and many others
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Outline

* Bosonic CPV observables in Higgs physics
— CPV counting in SMEFT
— Current status on bosonic CPV

* Fermionic CPV observables in Higgs physics

— Focus on h—>tt
* Future prospects
e Conclusions
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CP and the Higgs

* SM Higgs physics in broken phase of EW symmetry
is highly predictive: JP(h) = 0**

* Mass-coupling degeneracy strong consequence of
chiral EW symmetry

— Generally expect any modification of Higgs couplings to
cause deviation in rate and distribution

Felix Yu — CPV in Higgs Physics
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Basic CPV collider phenomenology

* CPV couplings generally affect inclusive rates

— Normalized differential distributions fold out rate
information (by construction)

— Need statistics (=inclusive distributions=integrated
luminosity) before asymmetry variables or differential
distributions are meaningful

e Canonical observables
— triple product of 3-vectors — CP-odd, T-odd combination

y p1'(p2>< ps)
— angular distributions — uses decays of polarized
intermediate particles

e acoplanarity in h > ZZ" - 4 leptons
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S
CP and the Higgs

* Each Higgs coupling (except h3) can readily have a
CP phase: distinct UV origins
— scalar-pseudoscalar admixture

e e.g. scalar potential has imaginary phase in 2HDM bilinear
 readily (naively) tested via rate suppression

ATLAS and CMS -8 ATLAS+CMS
LHC Run 1 == ATLAS
o o
p=1.09701, M = =
= 1097007 (stat) ) 04 (expt) 10 B3 chbgd) Y Qe (thsig)  hr  Z=
ATLAS, CMS [1606.02266] “WH_ a"E
L'lt‘lH :
! =
Ll Ll Ll L.
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e
CP and the Higgs

* Each Higgs coupling (except h3) can readily have a
CP phase: distinct UV origins
— scalar-pseudoscalar admixture

e e.g. scalar potential has imaginary phase in 2HDM bilinear
 readily (naively) tested via rate suppression

CMS Preliminary ® Observed
35.9 b (13 TeV) -+ 15 (stat ®sys.)
=10 (SYS.)
n = 1171_8%8 Hogh L"'_
, 0.06, . 0.06
= 1177058 (stat.) T os (sig. th.) T oa(other sys.) Hygr| ——et—
CMS-HIG-17-031 Houn
HZH —"_—
My ——'——
-
ST FRRTE FERR RN
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S
CP and the Higgs

* Each Higgs coupling (except h3) can readily have a
CP phase: distinct UV origins

— scalar-pseudoscalar admixture

— couplings to gauge bosons (e.g. bosonic CPV)
2

m h h ~
L= TZhZuZ“ + 223 Zuw 2" + cpz 5 L 2

* Many results and constraints

* For example, tested via acoplanarity measurement in
h>ZZ"->4l
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Review: Angular observables

* XdecaystoV, V,, decays to 4 fermions

e Characterize by five angles, two masses (+X mass if
unknown)

COoS 9101 — _ﬁp1 'ﬁvz
cosbp, = —Pps - Py
cos 0" = ﬁVl : fgbeam

ﬁvl (ﬁl X ﬁ )

by, = arccos(ny - n
' le ( niy X nsc)| ( SC)
X
O = Py, - (M ? 2) arccos(—ny - Nig)
Py, - (1 X ng)|

Felix Yu — CPV in Higgs Physics Buschmann, FY [1604.06096]
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ATLAS

H—ZzZ* — 4l
13 TeV, 36.1 fb” --=- SM expected

= Observed

KHgg=1,KSM=1

Observed: [k, | = 043
Expected: Ky, = 0.00

95% CL

68% CL

ATLAS

H—-ZZ" - 4l
13 TeV, 36.1 fb!

KHgg=1,KSM=1

Observed: &,,,, = 2.9
Expected: Ky, = 0.0

— Observed

---- SM expected ;

ATLAS
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Observed: [Ka,
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'
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S
CP and the Higgs

* Each Higgs coupling (except h3) can readily have a
CP phase: distinct UV origins

— scalar-pseudoscalar admixture
— couplings to gauge bosons (e.g. bosonic CPV)
— couplings to fermions (e.g. fermionic CPV)

L= —mfff — %hf(cosA—l—i%sinA)f

e A=0is predicted in the SM (purely CP-even)
 A=m/2is pure CP-odd (and CP conserving)
* A =+m/4 is maximally CP-violating

Felix Yu — CPV in Higgs Physics 15



 —
Yukawa CP phases

HTH .
L=— (Oéij -I-Bijv) Hff
— In dim-6 SMEFT, can readily generate BSM Yukawa
couplings including
* Enhanced/suppressed diagonal flavor couplings

* New off-diagonal flavor-violating couplings
e CP phases in diagonal or off-diagonal couplings

— o and B are generally complex matrices — must have
flavor symmetry in UV physics to ensure they are aligned

* |In EW broken phase, one combination gives known
fermion masses, other generally leads to complex

Yukawa matrices
Felix Yu — CPV in Higgs Physics 16



e
Yukawa CP phases

— Curious fact: Suppressing Yukawa CP phases in SMEFT

requires parametrically (chirally) large scale separation

HTH HYH _
Az QHUR—I—ygLHER—I—yE A2 LH/R

_ CHTH
+ yaQrHdr + Yy, A2

— Flavor symmetries diagonalize and remove phases in
mass matrices Yo y'pv

NG RPNoTY

— Yukawa phases can be chirally enhanced for light

L O y.QrHup+v,

QHdR + h.c.

I 2 2
fermIOnS yf, eff yf n Byi’f’U _ E n 2y}=’U
V2 V2 24/2A2 v 2y/2A2

* Fine-tuning mass generation < large BSM effects

Felix Yu — CPV in Higgs Physics 17



Alonso, Jenkins, Manohar, Trott [1312.2014]
Also see Grzadowski, Iskrzynski, Misiak, Rosiek [1008.4884]
Henning, Lu, Melia, Murayama [1512.03433]

1: X3 e JETS 3: H*D? 4: X?H?
5: 2H? + h.c 6: V> XH + h.c 7 Y2H?D
8: (LL)(LL) 8: (RR )(RR) 8: (LL)(RR)
8: (LR)(RL) + h.c. 8: (LR)(LR)+ h.c.
1350 CP-even, 1149-CP odd operators (B-conserving)
Class Nop C P-even C P-odd
ng 1 3 Ng 1 3
1 4 2 2 2 2 2
2 1 1 1 1 0 0 0
3 2 2 2 0 0 0
4 8 4 4 4 4 4 4
5 3 3n; 327 3n2 327
6 8 8n? 8 72 8n: 8 T2
7 8 2ng(9ng +7) 8 51 2ng(9ng —7) 1 30
8 : (LL)(LL) 5 ing(Tng + 13) 5 171 ni(ng —1)(ng + 1) 0 126
8 : (RR)(RR) 7 Lng(21nd + 2n2 + 31ny +2) 7255 tng(2lng +2)(ng —1)(ng +1) 0 195
8 : (LL)(RR) 8 4nZ(n +1) 8 360 4ni(ng — 1)(ng + 1) 0 288
8 : (LR)(RL) 1 ng 1 81 ng 1 81
8 : (LR)(LR) 4 4n, 4 324 4n} 4 324
8 : All 25 11y (107n] + 2n2 + 89ng + 2) 25 1191|  ingy(107n; + 2n; — 67n, — 2) 5 1014
Total 59 | L(107n, + 2n3 4+ 213n2 4+ 30n, + 72) 53 1350(1(107n} + 2n5 + 57Tn2 — 30n, + 48) 23 1149




e
Complementarity with EDMs

Talks by Fuyuto, Brod, Stamou

* Top CPV phase naively constrained by electron EDM
Brod, Haisch, Zupan [1310.1385]

* Indirect probe, still complementary to direct tests at LHC
See Buckley, Goncalves [1507.07926],
Mileo, Kies, Szynkman, Crane, Gegner [1603.03632],
slides by Sakurai

* Light quark CPV phases confront neutron EDM
Chien, Cirigliano, Dekens, de Vries, Mereghetti [1510.00725]
 Open room for T Yukawa phase — HL-LHC and future

colliders could provide leading sensitivity

Harnik, Martin, Okui, Primulando, FY [1308.1094]
Berge, Bernreuther, Kirchner [1510.03850]
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CP phase in Tau Yukawa
L=—m;TT — y—Th’F(cos A+ iy5sin A)7

V2

e eEDM probes currently leave A unconstrained

Kyde=1
T :
1 Higgs prod.

e, 0
i
—2f- el. EDM
N S
-3 =2 =1 1 2 3
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CP phase in Tau Yukawa

Yr , _
T
V2

e eEDM probes currently leave A unconstrained

Signal strengths only
constrain the
quadrature sum

Must use differential ¢—/

SF

Lt

Higgs prod.

distributions to test CP

Felix Yu — CPV in Higgs Physics

Brod, Haisch, Zupan [1310.1385]

(cos A + iy5sin A)T
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Extracting the phase in Higgs decays to taus

* Tau Yukawa CPV is imprinted on the tau
polarizations relative to each other

— Tau polarizations then get imprinted on the vand p, p
polarization is imparted to the s
* Simplest observable (appropriate for LHC) is p*p~

acoplanarity angle
— Better observable (appropriate for e*e™ collider) is ©
h— 71 17"
— p_VTp+DT
0 4+, 0-

— T T U+ T Vs
Felix Yu — CPV in Higgs Physics 22



L
Matrix element calculation

* Treat the Higgs decay as a sequence of on-shell 2-
body decays
My X Z Xs.s'Uo— (cos A + i75 sin A)vf_;

s,s’

*

Mo pp X (€5 ) i, V" Pru,-
Mp—snr X €= * (Pr— — Pro)
* Together, gives
Mt X Uy—(p__ —p o )PL(p__ +m;)
X (cos A + iy5 sin A)
X (=P +me)(P o — P o) PLvv+

23



.
Matrix element calculation assumptions

Mepan X Up—(p__ —p_,_)PrL(p__ +m;)
X (cos A + iy5sin A)

X (_Zﬁ,ﬁ —+ mT)(pW+ - pﬂ.O—}—)PLUI/"'

* Neglect m° exchange (spatially separated; the t’s are
boosted and back-to-back in the Higgs rest frame)

e All intermediate particles assumed on-shell

* Neglect m*—mt® mass difference

® Obtaln M o< Uy, — g_ (eiApT_ — 6_’£AJ¢T+)Q+PLUV+
With g4 = p+ — prox

— Recall p, polarization is generally aligned with q, o



Calculating the Theta Variable

 We then write the squared matrix element as
IM|? x Pg g+ Pp g+ Pas+ PX g

where the most interesting piece is
Pas = —2¢/CA=O| B, ||E_

* |n the Higgs rest frame, the “electric” components

dare B,
— mh - - 1 k\‘ —
By = o [(yi — "“)pwi\o — (y+ +?°)p7r0i|o} - S

_ 2q+ "pr+ _ Gx Pre

- mE+ms Pyt prt

B m?) — 4m?

TS Tt m2

T p

|0 = tau rest frame, y, and r {,’T_®
are kinematic constants

Y+

~ 0.14 Vs




Calculating the Theta Variable
BB
BB

— —

© = sgn [z‘ir+ (B % E+)] arccos

* If neutrino 4-momenta were determined, could
then reconstruct tau momentum as well as tau and

Higgs rest frames P
+
— Not possible at LHC % P
* Have 2 undetermined momenta . ‘\‘ ',¢"+
| @ |

— Possible at CEPC, FCCee, ILC el E_
7,-(X)
YB_




‘ ! ed ‘ Sl ‘ ud | 1on variable senstive to CPV in h->tt

0.10 ——

0.08.

Normalized yield

0.00!
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—_— A=0
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——TTT LY -__1-- 1 = o Azﬂ'/z
.r----l I----= r__| ':--- I/
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i 3 i
...... e
|

n Higgs Physics

. 5 -
®
Harnik, Martin, O

-1
Note MC Z background is flat
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S
LHC prospects

* Consider h+j events (“boosted” t,_4T,.4 Sample)
e At the LHC, need to approximate neutrino momenta

— Have (8-2-2-2=) 2 unknown four-momentum
components
— Will use collinear approximation for neutrino momenta

* |In this approximation, O is identical to pp acoplanarity angle

e Other approximations considered tended to wash out or
distort the sinuisoidal shape of the O distribution

— First proposal to measure A at the LHC with prompt tau
decays and kinematics

Felix Yu — CPV in Higgs Physics 28



\!eq‘ Vs. !o”medr dpprommq!lon

Truth level ® and ® from the collinear approximation for A = 0

0.10— ——————————————— —
_ — _
- —mmm=  COIL
0.08
= I
P
2, 0.06
=]
ob]
N
= i
§ 0.04
Z
0.02/ Collinear amplitude is .
' about 25% of the truth
- O amplitude
00— 1z 3
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S
LHC14 simulation details

* Use MadGraphb5 for h+j and Z+j events at LHC14

— Mimic cuts for 1-jet, hadronic taus Higgs search category
— Impose preselection of p.(j) > 140 GeV, |n(j)| < 2.5

— Normalize to MCFM NLO o(h+j)=2.0 pb, o(Z+j)=420 pb

— No pileup or detector simulation, aside from tau-tagging

efficiencies

* Pileup degrades primary vertex determination for charged pion
tracks and adds ECAL deposits that reduce neutral pion
resolution

* Tracking and detector resolution will clearly smear the ©
distribution

Felix Yu — CPV in Higgs Physics 30
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Yields for 3 ab™' LHC

* Signal region:
MET > 40 GeV, p.(p) > 45 GeV, |n(p)| < 2.1,
m > 120 GeV

— Inject an additional 10% contribution to (flat) Zj
background to account for QCD multijets

hj Z
Inclusive o 2.0 pb 420 pb
Br(r777~ decay) 6.1% 3.4%
Br(r~ = 7 7"v) 26% 26%
Cut efficiency 18% 0.24%
Nevents 1100 1800

for 3 ab™ with t-tagging 50% efficiency

events

Felix Yu — CPV in Higgs Physics 31



S
Yields for 3 ab™' LHC

* Consider T tagging efficiency benchmarks of 50%
and 70%, use likelihood analysis testing different A

7}, efficiency 50% 70%

30 L =550 fb™* L = 300 fb~*

50 L =1500 fb~* L =700 fb~!
Accuracy(L =3 ab™ ') 11.5° 8.0°

— Discriminating pure scalar vs. pure pseudoscalar at 3o
requires 550 (300) fb! with 50% (70%) t tagging
efficiency

* For 50, require 1500 (700) fb! with 50% (70%) T tagging
efficiency

* Again, detector effects and pileup are neglected
Felix Yu — CPV in Higgs Physics 32



Hadronic T Reconstruction

O | | | | |
'8 . ATLAS Simulation Purity Matrix
- Tau Particle Flow Zly*>rtrt
>,
®
Q3nt>1°- 0.7 16.5 7.7 15.7 58.8 —
©
Single prong decay 3
also important if S 3 02 1.2 0.2 852 129 —
impact parameter +
information is § nw2r| 14 322 633 02 04 -
used N, o)
..'.... m
. h*r°— 4.8 73.5 18.4 0.4 04 —
Berge, Bernreuther, Niepelt, ™.,
Spiesberger [1108.0670]
ht— 70.4 24.5 2.2 0.9 0.1 —
| | | | |
h* h* 7° h*>27° 3h 3h*217°

Felix Yu — CPV in Higgs Physics

Generated decay mode

Zanzi for ATLAS and CMS [1703.10259]
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Upaa’rea Be‘p!es ana‘ysis

Askew, Jaiswal, Okui, Prosper, Sato [1501.03156]
— Collinear approx. at LHC is likely a hard limit

— Angular resolution negligibly (4%) degrades ©
distribution

— MET resolution most significantly affects contamination
from irreducible Z background

:50.055_ 4.0 : :
< E A=rm/2
0.05F 357 A= /4

3.0¢ A =m/2n0 BDT / |
3.0
[T A =7/4n0 BDT /%
- 2.5¢ A=m/2(B— 0.513/ |
0.04 _
0.035: - \_
C X 150 ////
0.03: —=%— Monte Carlo Truth 1ol
: HHHHHHHHHHHHH

il
— L [TTL]
0.025- —a— Delphes Simulation 0.5 H\HHHHHHHHH\H [TI1T

0.045}

0.02_-|3 1 1 1 I-|2 1 1 1 1 -11 1 1 1 1 a 1 1 1 1 ’II 1 1 1 1 é 1 1 1 1 3' . 500 1000 1500 2000 2500 :3000

c} L(th™h
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HE-LHC (first look)

* Higgs+jet rates will give 3.5x increase in signal

e

100
140

150
200
250

NLO cross section for

27 TeV pp collider
(MCFM 8.0)

12.1 pb
6.96 pb

6.12 pb
3.43 pb
2.08 pb

Signal enhancement
compared to 14 TeV,

p; > 140 GeV
6.05x

3.48x [Our original
working point]

3.06x
1.72x%
1.04x

 Remark: Boosted Higgs studies will gain significantly

by going to HE-LHC

* Important for exotic Higgs decays with jet substructure

Felix Yu — CPV in Higgs Physics
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S
Lepton collider possibilities

* At alepton collider, have enough constraints to
solve algebraically for neutrino momenta
— Have two neutrino momenta solution sets
* Both solutions give correct Higgs mass

* Weight each solution by half an event
* Necessarily require visible Z decay

— Finite resolution on different Z decay channels will
moderate the O distribution (not included)

36



!ep‘on CO”I!GF — reconslruc\e!

Truth level ® and reconstructed ® forA=0

00— —+—+— -+
_ — _
i ——w= reconstructed :
0.08 ]
_ -
-] —
I --r="!
= 0.06¢-
) i
1]
N :
',:_'5 L
£ 0.04}
(] L =
< S S
0.02!
0.00=3 ) -1 0 1 2 3
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!ep‘on CO”I!GF — reconslruc‘ea

Reconstructed ® for various A

0.10———

0.08} g m—

Normalized yield

0_00 ! e [ L e
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.
Lepton collider possibilities

* For Vs =250 GeV, Zh production is about 0.23 pb

— Signal yield (using SM Br(h —tt) and restricting to visible
Z decays) is about 770 events with 1 ab™
e Restricting to Z - ee, pu decays gives about 65 events
* Hadronic Z decays will help CPV study statistics at price of
worse resolution
— Construct binned likelihood using a sinuisoidal fit to
signal, determine sensitivity by variation of test A

N
Pois(B; + SZ-A:0|B?; s S?;A:‘S)

1=1
L= N

Pois(B; + S~=0|B; + S~=0)
i=1 39
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uminosity scaling (without systematics
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—2 Log(La/La

uminosity scaling (without systematics

Lepton collider, Z to vv removed, 10~ and 20 lines intersecting LLR
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e
Lepton Collider Prospects

e Systematics will affect high luminosity estimates

* Expect some sensitivity losses from detector

resolution, charged and neutral pion efficiency
* Will update numbers using preliminary CEPC Delphes card

— Reconstructing neutrino momenta is equivalent to
knowing the rest frames of the Higgs and tau daughters

* Also expect a NP model giving a nonzero CP phase
could enhance Br(h - 1T)

42



CPV in HVYV interactions at future colliders

 Comparison for ete™ and pp

TABLE III:

List of fcp values in HV'V couplings expected to be observed with 30 significance and the corresponding

uncertainties & fop for several collider scenarios, with the exception of V* — VH mode at pp 300 fb~! where the simulated
measurement does not quite reach 30. Numerical estimates are given for the effective couplings Hgg, Hyy, HZ~y, HZZ/HW W |
assuming custodial Z/W symmetry and using HZZ couplings as the reference. The v mark indicates that a measurement is

in principle possible but is not covered in this study.

HZZ/HWW Hgg HZ~ HA~y
collider energy L |H — VV* V- VH Vv —sH g9— H |H— Zvy v~y — H|H — vy
GeV fb ' | fep dfcr fop dfop fep dfcp | fep dfcp

pp 14000 300 [0.18 0.06 | 6 x10™* 4 x107* |18 x10™* 7x107™* | — 0.50

pp 14000 3000{0.06 0.02 [3.7 x10™* 1.2 x107*|4.1 x10™* 1.3 x10™*{0.50 0.16 /
ete™ 250 250 v 21 x107* 7 x10™* v
ete” 350 350 Ve 34x107* 1.1 x10™* /
ete™ 500 500 v 11 x107° 4 x107° v
ete” 1000 1000 Ve 20 x10°° 8 x10°° /

¥y 125 v v

Anderson, et. al. [1309.4819]

Felix Yu — CPV in Higgs Physics
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S
Suite of Higgs modes to study

— EW dibosons See, e.g. Anderson, et. al. [1309.4819]
* Probe in both decays and production, especially VBF and VH (using crossing
symmetry)

* Part of general study of differential distributions to test momentum-
dependent form factors

— ttH See, e.g. Buckley, Goncalves [1507.07926], talk by Sakurai
* Dileptonic tt final state with H—>bb jet substructure
— ZV Farina, Grossman, Robinson [1503.06470]

* Take advantage of interference between continuum background and signal
from gluon initiated events

— 88 Dolan, Harris, Jankowiak, Spannowsky [1406.3322]
e Use associated jets for angular analysis
— VYV Bishara, Grossman, Harnik, Robinson, Shu, Zupan [1312.2955]

* Require converted photons (detector material) and angular resolution on
leptonic opening angles

— bb, cc, etc. Galanti, Giammanco, Grossman, Kats, Stamou, Zupan
* Can possible overcome QCD wash-out of quark polarization [1505.02771]

Felix Yu — CPV in Higgs Physics 44



‘Schematic collider program for CPV'in

Higgs to bb, cc
e Study baryonic decays

Ab — XCE_ 14 Galanti, Giammanco, Grossman, Kats, Stamou, Zupan
1505.02771]

+ — + [
Al = pK™m Kats [1505.06731]

— Baryonic decays preserve polarization to O(1)
— About 10% of b-quarks create A,
— Measure polarization in tt, W+c SM processes

e Use data to control reconstruction techniques in
Higgs decays
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e
Open issues

* Post-discovery: what Lagrangian CPV source is
responsible in the case of a positive measurement?

e Targets for CPV sensitivity — theory questions
— Tree-level operator (Yukawa) vs. loop-induced
— How to include rate effects

e Targets for CPV sensitivity — optimal experimental
probes (“flavored” CPV)
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Summary

* New CP phases are motivated from general baryogenesis
arguments

 Each measured Higgs coupling can be a test bed for CPV

— No tree-level CPV expected in any Higgs coupling

— h—>ttis a promising first channel to study at HL-LHC and future
colliders

— Post-(pre?-)discovery model building needed to connect directly
CP phases to EW baryogenesis

h->trt at HL-LHC
Colliders unpolarlzed
(5 ab1)

Accuracy (1o) 25°
Accuracy (20) 34° 11.5° 3.9°
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Truth level ® and truth level ¢* for A = 0
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O amplitude is
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_ amplitude by 50% |
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