Higgs production and dipole-type
anomalous couplings

* Many studies looking for new CP violation in top physics

+ CEDM is a " benchmark’ scenario for these searches

» gauge invariance implies anomalous Higgs couplings which
can be constrained by Higgs production

G. Valencia, Monash University,
Melbourne Australia

- based on work with

- Alper Hayreter, Ozyegin University (Istanbul)

- Phys.Rev. D88 (2013) 034033, Phys.Rev. D88
(2013) 1, 013015,

- JHEP 1507 (2015) 174
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effective Lagrangians

* BSM with a SM Higgs: since 1986- Buchmuller-

Wyler, Grzadkowski- Iskrzynski -Misiak-Rosiek
£:£SM+%£5 | A12£6+---

» each operator completely gauge invariant under

the SM gauge group

» with recent Higgs discovery at 126 GeV, A could

be almost any scale up to Mp

- large number of operators at 1/A 2.
» LHC14 sensitive to A a few TeV
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cmdm and cedm couplings

» consider new physics in the form of the usual anomalous color
magnetic (CMDM) and electric (CEDM) dipole moments

L = % dqG fL Tc"" fr GZV + h.c.

* not fully gauge invariant under the SM with fundamental 126
GeV Higgs we fix

cmdm: anomalous (color)
magnetic moment

‘3666666 with H
\ ) X \

L= % f T (a 275d9 f G, ¥y

N

cedm: (color) / duG _ - dd

= 9sng 40 TTu 0Gy, + g5 qoTTNd 96,
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top quark pair production

- SM at LO for LHC gg@wr Gy et q>m<r
g T AT e L t

* receives hew contributions from modified couplings
g t ¢ t ¢ [
e T e+
g t ¢ t g t
~100% l+,

» and is followed by decay ¢ W "7

b
» the resulting cross-section is a quartic polynomial in the new

couplings with only even powers of the CP-odd coupling

» T-odd correlations can be linear in CP-odd couplings
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spin correlations

» underlying T-odd correlations are spin correlations
- different observables correspond to different spin
analysers

FD - E(ptapb7p£+78t)

e(phpfa St Sf)
P

decay vertex

CP violation 1n the
production vertex r, B

e(pz, 5> Do » ST)

* covariant form of triple products

e(phpfa p€+7p€_) = eul/aﬁpgptyp%-pf— > ﬁb . (ﬁ£_|_ X ﬁ€_|_)
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Decay distributions

gg or q@ — tt — (b v,)(bu” )
- do/df contains the CP-odd correlations:

Ol — E(ptapfvpu+7pu_)
Oy = q- (pf — pt) E(p/ﬁ‘vp,u— ; P7 Q)
Os = q-(pr—pt) (P-pu+ €u—.pt:05,q9) + P pu— €D+, pe 05, q))

* where the sum and difference of beam momenta are denoted
by P and q.

- for lepton plus jets: lepton «— d-jet momenta
* Notice that the T-odd observables are quadratic in q (beam
direction)
* only the first one is CP odd at LHC
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dilepton vs lepton plus jets

pp — tt — bl L~ Er pp — tt — bbl*T 55 Er
O, e(t,t, 0+, 07) qe €(t,t, 0, d)
A, -0.1540 —0.1535 2P 0,114
@ e(t,t,b,b) e(t,t,b,b)
A, -0.0358 —0.0311 222 0.0527
O3 e(b, b, 1, 07) qe €(b,b,¢,d)
As -0.0902 -0.0838
Oy e(bt, b, 01, 07) e(b*, b4, 0, d)
Ay -0.0340 -0.0319
Os q- (LT — L7 )e(b, b, T + L7, q) qeq - be(b, b, 4, q)
As -0.0309 -0.0115
O¢ Pb—b.0"0) 2 €Pb—b.0.d)
Ag 0.0763 0.0742
07 Q°(t_t_)6(P7Q7€+7£_) qe Q'(t_E)€<P7q7€7d)
A, -0.0373 —0.0325 2Py 0.0257
Os | q-t—0)(P-LTe(q,b,b,07)+P-Le(q,b,b,£%)) | q-(t —1)(P-Le(q,b,b,d) + P -de(q,b,b, 1))
Ag 0.0074 0.0113 220 9,.0094
Og q- (LT —L7)e(b+b,q, 01, 07) q-le(b+0b,q,¢,d)
Ag 0.0089 0.0051
O3 cPb+b 070 we(P.b+b,2,d)
Az 0.0032 0.0025

Table 1: Comparison of asymmetries in the dilepton and semileptonic chan-
nels for d;c = 3, A = 1 TeV. The latter do not yet correspond to observable

asymmetries and serve only for this comparison.
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need jet momenta

> W N =[S,

-0.0094
-0.0159
-0.0163
-0.0160

-0.0160

-0.0148
-0.0157
-0.0198
-0.0160

e(b", b7, 2, 5)

LI N e S VR

-0.0041
-0.0099
-0.0057
-0.0048

1 TeV\?
A

A = ¢; dig (
e 71 hardest non-b jet
e j5 second hardest non-b jet
e j3 closest to the b (AR)

° ju W jet
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bounds from the cross-section o(tt)

» For LHC at 8 TeV we extract constraints from comparing the
ATLAS lepton plus jets cross-section to the theoretical

ex peCTClTIOH ATLAS-CONF-2012-149 + Aliev et. al Comput. Phys. Commun. 182, 1034 (2011) (HATHOR)

o(t) ey (241 4 32) pb ‘@
o(t)rm  (23873]) pb “~~ how much NP "“fits" here

*For 14 TeV we use the NLO theoretical cross-section
(M. Beneke, P. Falgari, S. Klein, C. Schwinn ar'Xiv:1112.4606)

o(vroy = (8841137)pb

» and we assume experiment will eventually agree with SM and theory error
will dominate
* really comparing a 17% error at 8 TeV with a 14% error at 14 TeV
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http://arxiv.org/find/hep-ph/1/au:+Beneke_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Falgari_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Klein_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Schwinn_C/0/1/0/all/0/1

Higgs production associated with top-
quark pair: o(tth)

» affected by the same NP couplings

* cross-section is again a quartic polynomial in NP
with only even powers of the CEDM

» constrain by comparing to SM at NLO (for 14
TEV), (15%-18%)

o (pp — tfh) NLO — (61 1 t?%o ) th S. Dittmaier et al. (LHC Higgs Cross Section
Working Group Collaboration), arXiv:1101.0593.
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top pairs at LHC: o(tt) vs o(tth)

14TeV

pp — tt 10-Tm(dyc)  [14TeV

0.10
My _40 -

CARS

—0.029 ~ mya! < 0.024

pp — tfh’ 6 - Im(dic)

0.02
My
—0.016 ~ myai < 0.008

CARS

* better for "natural” CMDM (values near O)
pp — tth * much better overall (allowing cancellation with SM)
* much better for CEDM (imaginary part)
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constraints from limits on o(tth)

. : 0.00 | <t e S e sl s S e i |

1.0 1.5 20 25 E 3.0 35 40 1.0 1.5 20 25 . 30 35 40
U'(tih)/U'SM U‘(lih)/U‘SM

» constraints based only on a limit on the cross-section

» vertical lines are CMS 2015 from 8 TeV data cwenssczseomszs
- (1.2*16_15)

» horizontal dashed lines are the +15% contours of
previous slide (no lower bound here)
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comparison

- So far at lo and at 14 TeV we found
. 0.1/m+ CEDM and 0.03/m: CMDM from of(tt)
+ 0.02/m: CEDM and 0.01/m+ CMDM from o(tth)

* For top-pairs it is possible possible to improve the bounds by

measuring T-odd asymmetries:
- CEDM at 50 with 10 fb! 0.1/m: with T-odd asymmetry at 14 TeV *

+ CEDM and CMDM at the 0.05/m: 0.03/m: possible with 20 fb
of LHC8 at 20 using spin correlations **

» asymmetries in tth are also somewhat better than cross-sections
but very hard to get: more than 10* events needed to measure an
asymmetry at the % level, ~ 1000 fb™!

J Sjolin J.Phys. G29 (2003) 543-560 ,Gupta, Mete, G.V. Phys.Rev. D80 (2009) 034013, and many others *
Baumgart and Tweedie, JHEP 1303 (2013) **
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b-quark couplings

NP effects in bb pair production are overwhelmed by QCD

*not so much in b-pair production in association with Higgs: bbh

» should get bounds from non-SM Higgs searches (large tanp)

compare To SM NLO prediction  @nysrev. 70 2004) 074010: bittmaier, kramer, Spira)
o(pp — bbhX)syr = (5.8+1.0) x 10 fb

» require NP corrections to remain below 10 (17%)

14TeV 1.5 . Im(dpc)

~1.3x107* <my af <2.4x 107

1.7 x 104
my

EARS
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light quarks including charm

* NP is again buried in QCD background, only hope is in processes
with a Higgs
+ look for NP in pp — hX (qg — qh and gqq — hg)
* in SM these subprocesses are dominated by charm
» interference between NP and SM is negligible
» cross section is only quadratic in NP
» require NP to fall below theoretical uncertainty of dominant
gluon fusion SM process
» This picture fails beyond LO where heavy quark loops give larger
SM contributions
» could try higgs plus one jet mode
+ better as NP/SM increases at high pr
* Yoo hard for now
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Results for light quarks

* From qg — qh and qq — hg

14TeV 15 - Im(dyc)

N
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summary of constraints for quarks

Table 1: Summary of results for 1o bounds that can be placed on the CEDM
and CMDM couplings of quarks at the LHC.

o(pp — hX) 14 TeV

ad] <3.9x10% GeV !

dz

<3.9x%x 104 GeV!

1

Process CMDM CEDM A (TeV)
o(pp — tt) 8 TeV —0.034 < myai < 0.031 imedy | < 0.12 (1.5, .7)
o(pp — tt) 14 TeV —0.029 < myai < 0.024 Imed?| < 0.1 (1.5, .7)
Ai(pp — tt) 14 TeV - im:dy| < 0.009 (-, 2.5)
o(pp — tth) 14 TeV —0.016 < mya? < 0.008 imdf | < 0.02 (2, 1.7)
Al,g(pp — tfh) 14 TeV - |mtdg| < 0.007 (-, 3)
o(pp — bbh) 14 TeV | —1.3 x 107* S mpaj] $ 2.4 x 107 Impdy| S 1.7 x 107¢ 2.7
o(pp — hX) 8 TeV al] $3.5x 1074 GeV ™! d9] < 3.5x 1074 GeV ™! 1
o(pp — hX) 14 TeV ad] $1.2x 1074 GeV ™' d9] $1.2 x 1074 GeV ™! 1.7
o(pp — hX) 14 TeV al] $1.6x107% GeV ™" d%] $1.6 x 1074 GeV ™~ 1.5
o(pp — hX) 14 TeV a?] $3.3x107% GeV ™+ d?) <3.3x107% GeV ™+ 1
( )

constraints can be translated into an effective new physics scale

that the LHC can reach at 1o sensitivity: between 1 and 3 TeV
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compared to neutron edm

Table 1: Summary of results for 1o bounds that can be placed on the CEDM
at LHC and indirect constraints from neutron edm.

Process CEDM neutron (A) edm
o(pp — tt) 8 TeV imed?| < 0.12 2.4x107%*
o(pp — tt) 14 TeV imdy| < 0.1
o(pp — tth) 14 TeV imdf| < 0.02

Aq o2(pp — tth) 14 TeV im.df| < 0.007
o(pp — bbh) 14 TeV impdy| S 1.7 x 10~ 2x1078

o(pp — hX) 8 TeV

d3,

<35x%x 1074 GeV!

1.8 x10~11 GeV !

o(pp — hX) 14 TeV | |d9] $1.2x 107 GeV "

olpp — hX) 14 TeV | |d9 $1.6x 1074 GeV~' | 1.8 x107! GeV ™!
o(pp — hX) 14 TeV | |d9] $3.3x 1072 GeV ™" | 0.1 GeV~! (A — edm)
o(pp — hX) 14 TeV | |d9] $3.9x 1072 GeV ™" | 4.7 x10710 GeV~*

for u,d (s) using neutron (A) edm and quark model

for c,b,t using Weinberg three gluon operator S ======y

(Nucl.Phys. B357 (1991) 311-356, De Rujula et al)

more recent estimate for |m:di9| ~ 2 x 1073
more recent estimate for |mcdd| ~ 6.7 x 10°

Phys.Rev. D85 (2012) 071501, Kamenik, Papucci, Weiler

JHEP 1403 (2014) 061, F. Sala
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Case of the 7-lepton

* why the 7-lepton?
* decays analyse the spin so spin correlations
are observable as they are for top (almost)
- existing constraints for electron and muon
are very strong so start with possible new
physics for t-lepton only
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CP violation at dimension 6

» consider again the dipole-type couplings

e —
L = 580“”(@}—#72756@) { F,, +

reosd Lo (al Fivsdy) €2,
- which gauge invariance with a light Higgs turns
into

d - - d
L = g—/@/ tolY 1'e ¢WZV — g’% tc"e B, + h.c.

» existing bounds for electron and muon are very
strong so look at tau only
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power counting and Less

+ LHC is a gluon factory, power counting of Le.fr may be
misleading if Anp is sufficiently low (few TeV)

- operators of dimension 8 are suppressed by an additional A°
with respect to those of dimension 6, so we usually ighore

them
but look at this dimension 8 term for example:

2 ~ —
r—9 (dTG G GA T lrd +d. GA“”GfVZLéRgb) +hc.

A4
2
L6 =a % uw 00
g
zzng< compare to >3<
g d=8 d=6
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parton luminosity for gluon gluon

LHC Tevatron

E 107 =
o =

gt —c=5 jLL

107 = [

E | 10 2 =
— 2 [ — B
o) > 10 = a > -

al® = al® -

3 | ? %| £ F
© 100 ° §
5 ve -
10 S A E
e | 10"

|- I L1 1 1 | L1 1 1 I | I | L1 1 1 I L1 1 1 | L1 1 1 :l 1

200 300 400 500 600 700 800 150 200 250 300 350 400 450 500 550 600
m,. (GeV) m. (GeV)

FIG. 2: do/dmys for the SM; the SM plus new physics in the gluon fusion process (¢ = 5);
and the SM plus new physics in the uu annihilation process (a = 5). The scale of new
physics is taken to be A = 1 TeV. The figure on the left corresponds to pp — ¢7¢~ at the
LHC and the figure at the right to pp — ¢7¢~ at the Tevatron.
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single spin asymmetry

* interference with SM proportional o m;
+ double spin correlation propertional o m,, or quadratic in NP

T

T

» single spin correlation not zero as m; > 0

Z, wov o B Z~ Z, voov oo B
028 ~ deq- fye,u,l/,oz,ﬂ p7-+p7-— 87-+S 023 ~ d'r K a K e,u,l/,oz,/B p7-+p7-— 37-+57.—

T T

Ors ~ dZga(t — 1) €upas(Pr — P2) PLaps (8- — 5,+)"

01 — [q—;)eam ) (ﬁ,uﬂr — ﬁ,u_) q—z)eam ' (ﬁﬂ+ X ﬁﬂ_)]lab
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From cross-sections

» deviation from Drell-Yan cross section in the high invariant
mass region  my > 120 GeV at LHC14 (or in the Z region
which gives very similar results)

+ Assume a comparison at the 14% level will be possible
why 147%? the current main systematic uncertainty in
high invariant mass di-tau pairs at CMS, > 300 GeV, is

from estimation of background and in the range 6-14%
Phys.Lett. B716 (2012) 82-102, CMS Collaboration

* For the Z region assume a 7% comparison which is the
current systematic error
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- \%4
0.006 - m.d} IR

high energy
Mgy > 120 GeV

pre > 15 GeV
ne| < 2.4
15 0.006-
FIG. 1: Regions of d,y (left) and the corresponding d'?, a7 (right) allowed by a maxi-
mum 14% deviation from the SM cross-section with the cuts described in the text.
15 - Im(dyv) B 0.006 - m.dY R
| W e Z region

00 < Meepr < 120 GeV
Re(drv)

-15 15

15- -0.006 -

FIG. 2: Regions of d,y (left) and the corresponding d2'?, al*? (right) allowed by a maxi-
mum 7% deviation from the SM cross-section with the cuts described in the text.
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constraints

mral m,a?
pre-LHC (-0.026,0.007) Delphi | (-0.0016,0.0016) Aleph
o(m,, > 120) to 14% (-0.0068,0.0076) (-0.0016,0.0018)
Ac 100 b1 (-0.019,0.019) (-0.0043,0.0043)
(60 < m,r < 120) to 7% (-0.0078,0.0093) (-0.0018,0.0021)
Ac 100 fb1 (-0.0045,0.0045) (-0.001,0.001)
m-d? m,d?
pre-LHC (-0.002,0.0041) Belle | (-0.00067,0.00067) Aleph
o(m,, > 120) to 14% (-0.004,0.004) (-0.0015,0.0015)
Ay 100 fb1 (-0.001,0.001) (-0.0002,0.0002)
(60 < m,r < 120) to 7% (-0.005,0.005) (-0.0018,0.0018)
Ay 100 fb1 (-0.0002,0.0002) (-0.00004,0.00004)

o(m,» > 120) to 14%
A, 100 fb— 1

(deGF + |d7é|2) < 0.9
Re(d, ¢ ¢)Im(d,¢; )| < 0.16

® These numbers correspond to a NP scale A ~ 0.5 TeV
® For comparison, for the dimension 8 gluonic couplings the reach
s A ~ 1TeV
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Does h help?

* measuring 7° v h will be very hard
* what would be necessary to compete with a 147
measurement of Drell-Yan?
+ For d}"“one would need
o(pp — 7777 h) <5 fb m,,r > 120 GeV
or o

— < 90
OSM

» For the gluonic couplings 4, one needs

or o(pp — 777 h) < 50 fb

9 <500
OSM
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CP properties

* the single spin asymmetry does not have definite CP for LHC,
although it does for the parton level process
CP

O = [deam - Tt — T Goam - (Fur X T, Arlop) <5 — A1 (pp)
02 — :q_;)eam ' (ﬁ,ﬁ _|_ﬁ,u—) %eam ' (ﬁ,u+ X p_:u_):lab A2(pp) Ci AQ(ﬁ_)

Otest — [q_;)eam | (p,u+ X pﬂ_)]lab

Collider O'(fb) Al A2 Atest
PP 276.0 | -0.15 | 0.10 | 0.00
op | 275.8 | -0.14 | -0.10 | 0.00
pp | 313.6 | -0.15 | 0.00 | 0.17

Table 1: Comparison of T-odd and T-even asymmetries with Re(d,yu )=0,

Im(d-yw )=10 for different colliders to exhibit their transformation properties
under C'P.
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Summary

+ We propose the use of processes with a Higgs to constrain
anomalous couplings between SM fermions and gauge bosons
» we discussed the quark cedm and tau-lepton edm as well as a
dimension 8 lepton gluonic coupling
+ With a fundamental, 126 GeV Higgs, gauge invariance relates
these anomalous couplings to others between the same SM
fermions and gauge bosons + h
+ we presented simple estimates for the constraints that can
be expected at 14 TeV.
» T-odd correlations are useful for top and tau
» for quarks other than top, associated production with
Higgs yields constraints that would be very hard to obtain
otherwise at LHC.
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