Constrain HZZ
anomalous couplings In Higgs
off-shell regions

You-kai Wang
In collaboration with Hua-rong He & Xia Wan

Shaanxi Normal University



contents

HZZ anomalous couplings experiments
The effective model

Helicity amplitude calculation
Numerical results

Summary



HZZ anomalous couplings

maitrix element likelihood approach
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The effective fractional cross sections f;; and phases ¢;;
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The experimental measurements in Higgs on-shell

region
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a destructive interference with SM

in on-shell Higes region
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fazcos(¢az)  0.007555 [—0.38,0.46]  0.00077 ;0 [—0.25,0.25]

farcos(dgz)  0.017007 [—0.04,0.43]  0.00077 008 [—0.06,0.19]

—0.34 < ay < 1.45,-2.0 < a3 < 2.36.
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Higgs off-shell region physics

In gluon fusion production mode, the off-shell production cross
section has been shown to be sizeable at high ZZ invariant

mass CMS PAS HIG-14-002
constraining the Higgs boson width from off-shell 1307.4935
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The gg — Z7/Z~* — 4/ background process is simulated with MCFM 7.0 [18, 50-52]. The VBF
and triple-gauge-boson (VVV) background is simulated with PHANTOM [53]. Both the MCFM
and PHANTOM generators allow one to model the H boson signal, background, and their inter-
ference in the off-shell production. However, this does not allow modeling of anomalous inter-
actions. Therefore, a dedicated program based on signal modeling, which includes anomalous
interactions, from JHUGEN and background modeling from MCFM [18, 52] has been developed
for both gluon fusion and VBF with triple-gauge-boson production. This program is included
within the JHUGEN and MELA packages. See Ref. [22] for details. A large number of samples
with anomalous couplings have been generated with these packages, including re-weighting
from any hypothesis to the others.




Effective Lagrangian
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Helicity amplitude calculation
g(k1, by) e (123, ha)

e (log, hy)
n~(ks, hs)

g(ky, ho) i (g, he)

Helicity amplitude for Higgs mediated process
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with some exchanges like [ & 7., 4 6. 35, H <« <>
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J the amplititude for box process
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Coded in MCFM and gg2VvV
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* the identical final state 4e/4u

glky, hy) " (k3, h3) g(ky. hy) B
Z | 4\<
2\5 " (ky “ I (K, he)

ﬁ _________ ) ...... .
glka, ho) < *(ke, ) g(ka, ho)

swapping the two positive charged leptons (4<+0)

To increase statistics.

The calculation is similar as 2e2 .but there are two differences :

1. the cross section should times a symmetry factor 0.25

2. the interference term dictate a factor -1
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Simulation by MCFM

Adding anomalous (a,,a, = 0) Higgs mediated helicity
amplitudes in MCFM program, considering its
Interference with gg->ZZ box diagram.

SM BSM
gg — H — Z(ete ) Z(p~pu™) \ X
gg — H — de/4p N X

the interference term between Higgs
mediated diagram and box diagram for V
2e2\mu and for identical final states

box process gg — ZZ — 2e2p \

15



do(syg) o

box

box

2
gg—ZZ—4L + Agg—hH—)ZZ—Hlf

# CMS cuts for 2e2l final states

Pr, > 5GeV, |n,| <24
Pr. > 7GeV, |n.| < 2.5
my > 4GeV, my > 100

GeV

Pr;(hardest) > 20GeV

A2, k=1

2 Ol ™~

gg—ZZ—4L H H H
.4 ./4 + GIASD,-'[ + as AC—*P—even + G'BACP—Ddd

40GeV < my(near) < 120GeV

gg — 2e2y1 process

2Re(A;A), Kk #L
k,l = {box, SM, C'P-even, C'P-odd}

Pr;(2nd, hardest) > 10GeV

12GeV < my(other) < 120GeV

8 TeV , myr < 130 GeV

8 TeV |, mye > 220 GeV

8 TeV |, mye > 330 GeV

Higgs-med.

Higgs-med.

Higgs-med.

o (fh) | box o 1(fh) box or.1(th) box
SM |C'P-even|C'P-odd SM |C'P-even|C P-odd SM |C'P-even|C'P-odd
hox 0.011) 0 0 0 hox 0.479-0.056| 0.198 0 hox 0.091-0.032] 0.094 0
"g SM 0 10.232] -0.257 0 E SM |-0.056]0.031 | -0.047 0 E SM o -0.032)0.023 | -0.023 0
% C'P-even| 0 |-0.257| 0.093 0 ‘:T:E C P-even| 0.198 |-0.047| 0.228 0 é C'P-even|0.094 [-0.023| 0.165 0
= C'P-odd| 0 0 0 0.035 = C'P-odd| 0 0 0 0.219 = C'P-odd| 0 0 0 0.164

Advantages: Relatively large interference cross section between box & CP-even
Higgs-mediated process in off-shell region.

16



g9 — 2€2j1 process

13 TeV | myp < 130 GeV

13 TeV |, myp > 220 GeV

13 TeV | myp > 330 GeV

(s12 — MZ)? + MAT?

antisymmetric around M

Have imaginary part when /s >2m,

In Higgs off-shell regions, interference between Higgs-mediated process and
Continuum background could not be ignored.

Higgs-med. Higgs-med. Higgs-med.
ori(fh) | box a1 (th) box oy 1(fb) box
SM |C' P-even|C P-odd SM |[C'P-even|C' P-odd SM |C' P-even|C' P-odd
box 0.024] 0 0 0 box 1.283 |-0.174)) 0.571 0 box 0.284 -0.111{) 0.297 0
E SM 0 [0.503] -0.558 0 ";, SM o [-0.174]0.100| -0.137 0 :, SM o -0.111]0.078 | -0.074 0
%F: C'P-even| 0 |-0.558] 0.202 0 }EE C'P-even|0.571|-0.137| 0.720 0 gcc C' P-even| 0.297 [-0.074| 0.593 0
— = i [—
T |CP-odd| 0 0 0 0.075 T |CP-odd| 0 )]/ 0 0.716 || T |CPeddT— 0 | 0 0 0.582
Thaxl ~ 2Re(Af A1) . No interference because antisymmetric tensor €0
Y L H ¢ Hllppl‘(.‘ﬂtﬁ(.‘(:]
‘ §
~ 2Re (AL A P (s19) A | /
(s12 — M7 )Re (A} A9 HA) + My Tylm (A A9 H A;)
~ 9 12 , ~°H box ( HMHL H box* 7
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cross section for the 2e2p final state  /s=8Tev

aro =1 ajs =1

qq— 2e2u — qf— 2e2p

e . z - OO ¢
gg— 2e2y. |A__+A, gg— 2e2u, |A_ +A,|

---------- gg— 2e2u. |A_+A+A,f - OG> 2020 [A_ +A <A

—_—

|

L_______-E' —_
doldM,, (fb/GeV)

T IIIII|T| T |IIIIII| T IIIII|T| T IIIII|T|_|_|_|'|T|'|T
| IIIII|_|,| IIIIIIII| | IIIII|,|,| | IIIII| I
3

IIIIIIII| IIIIII|,|_| IIIIII|,|,| IIIII|,|]| IIIIII|,|,| L1

'|_|_|'|'|'|T|'| IIIIIIII| IIIIII|T| I|IIII|T| IIiII|T|| IIIIII|T| T T 1T

The total cross section of CP-even Higgs mediated process increase suddenly
beyond the top pair threshold.
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8TeV LHC real experimental measurements to constraint
the anomalous coupling coefficients CMS PAS HIG-14-002

Full region | Signal-enriched region
gg + VBF — 4/ (signal, [y /T = 1) | 2.22775 1.20 755
gg + VBF — 4/ (background) 311730 2.12+0.21
@)  gg+ VBF — 4/ (total, Ty /TPM = 1) 29.6 35 1.73 1515
gg + VBF — 4/ (total, 'y /TPM =15) | 51.87, 13.1+1.1
(b) g — 4l 154.7 £7.4 8.6 £0.4
(c) Reducible background 3.74+0.6 0.44 4+0.08
(a+b+c) |[Total expected (I'y /Ty = 1) 188.0 7.9 10.8 0.4
Observed 183 8

» The k factor are set to be equal for signal,
background and interference.
Ttheo

. . . +2.8
» Assume the efficiency is also the same NaniZnox = 29.625

Nthm(ag, ag) = Oy X L X k X €

r\frthm
I.'\.rthcc:(ag {13) — +VSM4-box

2 _H int 2 _H ]
TSM+box

X [JSI'VI—H:IGX T U0 p_oven.C P—even =+ 20 p_even T 430 P_odd.C P—odd

N'thee(g, ag) represent the total number of events for gg + VBF — 4/ process 1



OSM4box — OSM,SM T OSM,box T Thox,box Nobs — 183

ittt

a = O¢ : 1+ : AT ;
O P—ev C' P—even,SM C'P—even, box ANtheo
even Niheo — 158.4 + 7.4

N®™(ay, a3) = 29.6 + 14.9 x a3 + 9.8 X az + 14.3 X a;
1.01"|""|"'l|"l'|"

T - 2 i
, (i\rthm(ﬂg: {13) 4 i.\rglgma _ N Dba) 05
X' — L

aN

a, € [-0.881,0.223]
a, €[-0.569,0.569]

20



Summary

CP properties of HZZ couplings are studied.

Existed experimental results constraint HZZ anomalous
coefficients in both Higgs on-shell off-shell region, but
Interference effects are not complete in their simulation
Codes.

We calculate Helicity amplitudes of HZZ anomalous
decay, implemented it in MCFM.

HZZ anomalous coefficients are constrained in Higgs off-
shell region, with considering the interference between
anomalous Higgs mediated process between gg->4l| box
diagram.
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