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Phys.Lett. B716 (2012) 1-29

On July 4" reported 50.
With the addition of WW a 60 effect is
reached and reported in the final paper.
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Evidence for VBF and
VH production modes
given in terms of ratio
w.r.t. ggF+ttH modes.

Observe > 40 evidence.
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Higgs at LHeC

At LHC replace
lepton lines by quark lines

v, (e¥)

diagrams were calculated for
lepton nucleon collisions before
for pp!

It is remarkable that VBF /
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(JConsider feasibility for the
following point:

q (q)

E,=TTeV, E, —GOGeVMH—12()G6V
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Higgs via VBF o

Qualitative remarks

45 Q4
o(fa— f'X)=~ /(lIdp%PV/f(.r..p%)g(va — X) QUnlike QCD
P (2.p2) = v tov1+(—a) P partons that scale
V/f tPr) = K72 T 2 1 — 1 \[2 2 Ilke 1IPT2, here
T presqrt(1-0M
gy +ov 1 —x (1—2)MZ ~sqrt(1-x)M,,

PL €T, 2 — .
V/f(l pT) A2 4 (p% — (1 — ;‘l?)ﬂ[‘Q/)Q

(1Due to the 1/x behavior of the Weak boson the
outgoing parton energy (1-x)E is large — forward jets

At high P, P{—f/f ~ 1/])% and P‘%/f = 1/])%“-

Contribution from longitudinally polarized Weak

Bosons is suppressed in favor of transversely
polarized WB at high p,



Well-defined prediction of the SM. Kinematics of
scattered quarks, very sensitive to new physics

Scattered fermions

[/ m

Central Jet Veto Higgs Decay Products



LH-O Total Higgs cross sections 550

E,=60 GeV : /s= 1.3 TeV M,=125 GeV E_=60 GeV : /s=3.5 TeV
J ' unpolarised lepton beam

o (fb)
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10 We’ll come back to HH
production later
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7 TeV LHC protons 50 TeV FCC protons
and

o electrons from a 60 GeV energy recovery LINAC
Uta Klein, Higgs@FCC-he



LHeC, a Higgs Factory

M Klein

LHeC Higgs CC (e7p) | NC (e p) | CC (eTp)
Polarisation -0.8 -0.8 0
Luminosity [ab™1!] 1 1 0.1
Cross Section [fb] 196 25 58
Decay  BrFraction | N2o e p | Nhc e p | NEs etp
H — bb 0.577 113 100 13 900 3 350
H — ce 0.029 5 700 700 170
H — 7t7~ 0.063 12 350 1 600 370
H — pp 0.00022 50 5 —
H — 4l 0.00013 30 3 —
H — 2[12v  0.0106 2 080 250 60
H — gg 0.086 16 850 2 050 500
H—WW 0.215 42 100 5 150 1 250
H — ZZ 0.0264 5 200 600 150
H — vy 0.00228 450 60 15
H — Z~ 0.00154 300 40 10




MC Samples in Hadron-level study
U.Klein et al.

Signal Background (examples)

CC: H > bb (8R~0.7 at M,=120GeV) CC: 3 jets (~57 pb) CC: single top
production (~4.1 pb)

o~ 0.16 pb
at vs=2.05TeV

CC: Z production NC: b pair production
(~0.11 pb) (~1.1 nb)

NOTE: Background sample
numbers are after pre-
selection in generator



LH-.C H-bb results updated G,

[ after Higgs discovery M,=125 GeV, E =7 TevV] U.Klein

m Case study for electron beam energy of 60 GeV using same analysis strategy

luminosity values of 50 fb'? = with high luminosity LHeC 100 fb'!/year would be
140 feasible!

> ' —e- higgs+bkg Masahiro Tanaka. BS :
) I - thesis
& Vs= 1.3 TeV asahiro Tanaka, BSc ,
S 120f = CCbkg Tokyo Tech 2014
= F e F=INCbkg
S 100 M, selection E. =60 GeV
% - = -1 : 1 p=
g . F - + 50 fb [100-130 GeV] (50 fbl, P=0)
N =a—1E
0P = 175
40—_ \-— —
2 F 1.9
20F- //\ % |
9 60 80 100 120 140 160 180 200 .

M, 1(GeV)

m Electron energy recovery LINAC with high electron polarisation of 80% and 103% cm? s
=» enhancement by factor 20*1.8 feasible, i.e. around 6300 Higgs candidates for E_=60
GeV allowing to measure Hbb coupling with ~ 0.5 % - 1% statistical precision.



0-(pb) Number of

samples
CChbb 0.072 0.TM
CCbkg 5.9 0.6M
NCbkg 28 3M

~ ()

1390
101.6

107.2

CCbkg pe-> V] J JJ /h CDR analysis is being
. revisited by Tokyo/
NCbkg : p e-> e'J JJ /h Liverpoo|
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Refining event
selection
Work in progress

Nbjet 22

Njet =23
missing ET(GeV) >20
total ET(GeV) >100

Nelectron O
Q?(GeV?) >400
y <0.9

light jet n >2
W mass(GeV) >130
top mass (GeV) >250
A >0.3

eyeue] oJiyese

12



« 100 fb! are assumed Masahiro Tanaka

3 >300F - higgs+bk

x S [Work in progress —Cgik )

0 = 250 ~Need to add > < )

-5 o - photoproduction of ttbar — NCbkg

{ S 200F + |+

2] 5 - Need more man power
2 P - to develop more realistic
T) S 150~ detector simulation and
oy L - + + to study other/channels
= 100~

Q -

) -

0 50—

- N

m 0 e &

O 0 20 40 60 80 100 120 140 160 180 200

o’ M, ,(GeV)

Events in signal region [100,130]GeV

Nsi nal
CCHbb  CCbkg NCbkg =L = 275
309 86.5 40.1 V Nokg 13




Goldhaber, Kopeliovich, Schmidt, sjb

Intrinsic Chowrm Mechanism for Inclusive
High-Xr Higgs Productiovw

pp — HX
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New production mechanism for Higgs
AFTER: Higgs production at threshold! 14
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Spin/CP Quantum numbers

At some point the study of the signal strength is not
sufficient to understand presence of new physics in
Higgs couplings. Scrutiny of kinematics of scattered
quarks is a unique window of opportunity to

establish admixtures of BSM terms in the HVV

coupling 15



higgs + 2jets: VBF (LHC), higgs + jet + missing E; (LHeC)

ep collider

hadron collider

ep process uniquely addresses the HWW vertex.
Need to investigate physics beyond the SM within the O*

hypothesis with high precision

16




CP Structure of HVV Couplings

Higgs Couplings with pair of gauge bosons (ZZ/WW’) and the pair of
heavy fermions (t/7) are largest. Study ¢P in a model independent
way (most studies so far)

HVV
Fiy . _gMV g,uz/
Lo (p,q) AP 09w — o) + N €upod’ ]

My

S. Biswal, R. Godbole, B.M. and a S. Raychaudhuri Phys.Rev.Lett. 109 (2012) 261801
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Strong potential to exclude admixture of BSM
physics in the HWW coupling

< 1 < 1
08 Excluded at 95% C.L. oah Excluded at 95% C.L.
06 ep— v H + X, E_=140 GeV 06k ep—v Hq + X, E =140 GeV
0.4f CP even coupling 0.4l CP odd coupling
0.2 \ 0.2 —\
of of
0.2 0.2 “__,.,
04} 04l
o] 06f
08l Excluded at 95% C.L. 08l Excluded at 95% C.L.
A 15 T
Integrated Luminosity [fb™] Integrated Luminosity [fb™]

Very conservative systematics assumed
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Double Higgs Production
with a 50 TeV Proton Beam

In the light of the FCC kick-off meeting, we are
evaluating feasibility of double Higgs production with
a 50 TeV beam. Electron-proton collisions offer the
advantage of reduced QCD backgrounds and
negligible pile-up with the possibility of using the 4b
final state. 20



Feynman rules for the interactions of the scalar boson
with gauge bosons, fermions and self-interactions.

Self-interaction

Fermion

HHZ,Z, : (—igu,)2—#

2
HHH : (i)3=H
2

HHHH : (i)3=4

HFf : () F

Exploring the feasibility of the HHH coupling via
double-Higgs boson production

21



HH and tHt in ep

// h
3
* 4
“h
FCC-he unpolarised
Cross section at 3.5 TeV:
Processes Ee (GeV) | o(fb) | ocfs(fb) total : 0.7 fb
. _ : : using pt(b,j)>20 GeV
e p — vehhj,h — bb 120 0.10 0.024 AR(j.b)0.4
150 0.14 0.034 n(j) <5

n(b) <3

Require time for reliable result

Polarisation, max lumi, funing cuts, bb and WW (detector, analysis, backgrounds..)

decays may provide O(10%) precision - tentative
Bruce Mellado, Uta Klein, Masahiro Khuze et a



Cross-sections for CC HH->4b (branching ratios included)
For unpolarized electron beam

Processes Ee (GeV) | o(fb) | oess(tb)
60 0.04 0.01
e p — vehhj, h —bb | 120 | 0.10 | 0.024
150 0.14 0.034

pT; ., > 20 GeV

ET > 25 GGV,
ni| <5, AR=04

Cross-sections for CC backgrounds in fb for E.=60,120,150 GeV

Processes 'Ee = 60 GeV E =120 Ge\f E = 150 Gev
o(fb) | oesp(fb) | o(tb) | oesp(fb) | o(tb) | oeff(th)
e~p — vebbbbj | 0.086 |  0.022 0.14 0.036 0.15 0.038
e"p— vebbeej | 012 | 1.7x 1072 | 0.36 | 1.8 x 1073 | 0.44 | 2.2 x 1072
e™p—veceeej | 020 [ 1.0x107% | 024 [ 3.4x107° | 0.31 | 4.3 x 107
e~p— vebbjjj | 26.1 | 3.9x 1073 | 54.2 0.008 67.5 0.01
e~ — vectjjj | 29.6 | 9.5x107° | 66.9 | 2.0 x 107* | 85.4 | 2.7 x 1074
e™p — Vejjjij | 823.6 | 4.1 x 1072 | 1986 | 9.9 x 107> | 2586 | 1.3 x 10~

Results promising
at parton level,
giving comparable
signal and
background cross-
sections even
before topological
requirements.
Looking forward to
the particle-level
study.

Results assume 70% b-tagging efficiency, 0.1 (0.01) fake rates for c (light) jets 23



(1/6) do/d mje,

0.18

0.16 |
0.14 |
0.12 f
0.1 f
0.08 F
0.06 f
0.04
0.02

e p—=>V.,hhjh—=b b —

ep—=V.b bb bj

o

(1/o) do/d PTijet,
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to distinguish EW from QCD
multi-jet production

Scattered quark is more forward
in signal
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Lagrangian with generic HHH coupling. M.Kumar, R.Islam
Implementing into Feynrules with MG5

L = Lsm + ZC'z'O,(S) = Lsm + LsiLH (2.5)
where
C Cr , i — CgA
LsiLu —2—’;6"(@*@)6#(@*@) + 2—(0’2(@* D" ®)(®' D ,®) — —>-(¢'9)?
Cu terat.d @ {5 B0 Q ‘r
2 Yu(®'P)D' - Qrup + yd(<I> P)PQdp + 2yl(<I> @)‘PLLIR + h.c.

+ 9w 1517, Dra|prwk, 4+ 98 B 51'Br6) D" B,,
mw 2mw

2gCy ko, 19C v
+ SEHW 1 pra) Ty, (DY e)WE, + gm” [(D*®)'(D"®))B,

My W
12
+9 C‘ ' (81®)BFVB,,,, + gSC 9(at®)GHvGe, (2.6)
W W

In Eq. (2.6), we have used the following notations:
g
&' D+ =o' (D*®) — (D*®)'®, (2.7)
QL-®=¢;QL8, &'.QL=¢78!Qy;. (2.8)



Outlook and Conclusions

(LHeC displays strong complementarities with the
LHC/e*e" with regards to Higgs physics

U Forward jet tagging secures the feasibility of the
Higgs search in CC and NC in ep collisions

AWith the isolation of the H—bb signal at the LHeC a
window of opportunity opens for the exploration of
the CP properties of the HWW and HZZ vertexes

dThe latter is a unique feature of the ep collider absent
in pp/e*e” collisions

L Exploring high lumi scenarios - Higgs factory

1The LHeC removes the PDF/QCD uncertainties for
pp: LHeC becomes precision Higgs facility

U Exploring double Higgs production in the contex of
FCC. Promissing results at parton level to be
evaluated at hadron level

26



Additional Slides
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Study by Zeppenfeld et al: S‘rudy in pp collisions

Lx107°
= 12r
- Lo, dof'd.-:\.flrii (H—WW - % - my=120 GeV
[ my =160 GeV ' ~ 1o CP odd
i CP udd [ -
.01 |- P s I
i - . c
. : ~ o
I " ! - -
~ \\ . -
0005 |- > o
= . - ,J 1 =
% CPeven o -
‘-"- l \“_,‘l l ‘\ _.l AL l A A L l A A L l A AL l A A L l A AL l A A L l A AL l Y
O s0 wo 150 . % ""20 a0 &0 &0 100 120 180 150 180
-~ - 'ld,u Ad)ii

Left plot: VBF, CP even and CP odd refer to the dimension 5 oper-
ator.

For gluon fusion the angular distribution is decided by the CP property

of the ttH coupling.
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Case Study for M,;=120 GeV

» Measure deviation of the Higgs production with respect to the SM
using the absolute rate of events

» The ratio of the number of events in region B to that of region A in
the AQyer; spectrum

o
—
o

Lnsgion A~ | Region B

o
-
-

CP-odd case

e
-
”‘4

—_—

L~ 1 |

Normalized 1o unity

o
-- v

o
8

o
2

Black: SM
Red: SM+NP
Blue: NP

o
2

l

[

T

i

05 1 15 2 25 3
\°"‘l'“]

» Assume Gaussian errors and the following systematics:
- 10% on the background rate
- 5% on the shape of the AQygy,in background
- 5% on the rate of the SM Higgs
- Evaluating theoretical error on AQyer; shape 29



Effect of PDF uncertainties and pdf choice

0.13 T T T T T T 0.6 T T T T T T
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do o1k SM + CP-even 1 1do SM + CP-even
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0.1 i
qu)u G qu);_; 045 - -
0.09 -
0.08 i 04 7
0.07 0351 a |
0.06 1 031 |
0.05 [ - g 0.25 fresrmmen” g
0.04 7 02 ]
003 l l . : . l 0 |5 | | | | | |
9 0> 1T L 2 25 3 35 0 65 1 15 3 2% '3 3%
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Kinematic Distributions
(Ee = 60 GeV)
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(/o) do/d Mo,

(1/0) do/d M,

0.01 ep—Vvehhjh—b b ——
ep—Vv. b bb bj =emmesnta
0 L 1 1 1 1
-5 -4 -3 -2 -1 0

My

1

Despite large beam energy imbalance, jets are relatively central

ep—=V.hhjh—b b =
e€p—>v.b bb bj

[
l--‘

0
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(1/o) do/d PTijet,

This is a important discriminator
to distinguish EW from QCD
multi-jet production

Scattered quark is more forward
in signal
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