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Minimum energy state at:
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Vacuum breaks U(1) symmetry

[What fixes sign (12)?]
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)
vi

3)
«O> «F>r «=» «E» Q>
Siba Prasad Das (Universidad de los Andes) ~ Light CP-even Higgs searches ~ September 11,2017 4 /29



RG running (e.g., mMSUGRA)
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[Up-type Higgs soft-mass becomes negative]
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M3 _ mh,
=
Moderately large tan 5:

—tan?B mp @
tan23 —1
M2
Z 2 2
2 ST
[Up-type Higgs soft-mass and with Z-mass: estimate 1]

(5)
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pi—problem of MSSM

e What is the value of y in the MSSM superpotential: pH,Hy?

e 1=0: No mixing (any breaking in up-sector could not be communicated
to down-sector)

Also hints from LEP limit on Chargino mass (105 GeV)
e u=M,: Higgs and Higgsinos are Planck scale (Excessive fine-tuning)

[For phenomenological acceptable solutions: 1 is of the order of electro-weak scale]
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Next-to-MSSM

Siba Prasad Das (Universidad de los Andes) Light CP-even Higgs searches September 11, 2017 8 /29



NMSSM

~ o~ o~ ~ 1 ~ ~
WHiggS:(M+)\S)Hu-Hd+§FS+§u’52+gS3 (6)
WYukawa:hua":/uD}%“”hd’:ld'aﬁf?“i’hei:ld’tgﬁ (7)

— Lot = miy |Hal? + mi, |Hal? + m2|S]? + m3|Q?| + m?)| U3

+mp|Di| + mi|L?| + mz|ER|
+(hyAy Q- Hy Us — hyAg Q - Hy D§ — heAe L - Hy ES

1 1
+MA\ H, - Hg S + gﬁAHS3+m§ H, - Hyg + 5mg,252+§55) (8)

Simpler (Z3) scenario:p =y’ =& =0and m3 = mZ =¢s=0
|/Vsc.inVA = AS Hu : Hd + 553 (9)

Heff = As (10)
[s:Singlet VEV]

[Ellwanger, Hugonie and Teixeira: 0910.1785[hep-ph]]
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[7 to 6 parameters: by minimization condition]
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Hy

Sl,d Hd + Sl,u Hu + 51,5 S )
H, Sod Hi+ S0 Hi+ 55 S,

8H;bb

S3.d Ha + S3,u Hu+ S35 S
_ gH,-TT
8BHsy bb

(17)
~ Sid
BHsytT COSIB ’
- _ 8Hwv

BHjtt Si,u
gHSMtt
EHsy VV

sinf3’
cosB3S;q4+sinBS;,

[Generically SM Higgs either: H; or Hy; also couplings changes and hence BRs]

. (18)
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L= %Mlxm + %Mz)\g/\é + %M3)\§)\§ (19)
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2ks +
ges the Pt logy]
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Dark Matter

0.1pb-c
Qxhz ~ J.2pb-c
(oav)
939 % x x7);
o(xi X1 )i

(22)
X0
a(x? X? = Hp Ap) etc...

WMAP within Standard Cosmology: [0.107 — 0.131]

All-DM
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[M. Drees and G. Gerbier, PDG review, arXiv:1204.2373 [hep-ph]]
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Parameters and Constraints (Couplings, Signal Strength)

[[ Parameters [[  Min Max

Y 0.001 0.7

K 0.001 0.7

Ax 100.0 3000.0

Ak -2000.0 1000.0

tanf 1.5 60.0

Lot 100.0 500.0

My 100.0 400.0

My 100.0 500.0

ar 500.0 1500.0

Ar=Ap -3000.0 | 3000.0

Mgy 100.0 500.0

Mp 100.0 3000.0

H Parameters “ Min [ Max H Parameters “ Min [ Max H

Kw 0.81 | 0.99 HUBF 0.50 | 2.10
Kt 0.99 | 1.89 Hoe -0.20 | 2.20
[Kvy ] 0.72 | 1.10 p%%_, 0.00 | 2.00
|kg] 0.61 | 1.07 ,uttu/ -0.90 | 3.10
x| 0.65 | 1.11 JTA 0.40 | 2.00
[Kp| 0.25 | 0.89 [Tt 0.51 1.81
Br(hspy — inv) 0.25 uii,_- 0.30 | 2.30

Y
Poggr 0.66 1.56

[Perturbative, B-physics, Sparticle masses and etc..]
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LHeC Collider

tune-up dump :
; i 10-GeV linac comp. RF

—
== L

—

10, 30, 50 GeV

total circumference ~ 8.9 km

=+ 10-GeV linac
0.03 km

———
6 km\

14

‘e- final focus

Vs = /(E.E,) = 1.296 TeV (e-=60GeV with p=7 TeV) with 100/fb

[FCC-eh: e-=60 GeV with p=50 TeV (with e-=80% polarization)]

[J. L. Abelleira Fernandez [arXiv:1206.2913 [physics.acc-ph]]
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[J. B. Dainton et.al. arXiv:hep-ex/0603016, JINST 1:P10001,2006]
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Q* (Gev?)
s,
T

10° T T T T
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107,
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LHeC — High Q@ Kinematics

10°

104

E,=7000 GeV

E,=70 GeV

== HERA

[A. D. Martin, hep-ph/0802.01610, Acta Phys.Polon.B39:2025-2062,2008]

[J. B. Dainton et.al. arXiv:hep-ex/0603016, JINST 1:P10001,2006]

[For the same M and y, FCC-eh probes values of x smaller by 0.14 as compared to LHeC]
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[Vector Boson Fusion (VBF): h,—SM scenario, also Higgs to (low-mass) Higgses at FCC-eh]
[SPD, M. Nowakowski, arXiv:1612.07241[hep-ph], to be appeared in Phys.Rev.D]
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fa — f'X via Gauge boson V:

o(fa— f'X) =~ /dx dpF Py ¢(x,p7) o(Va — X) (23)
5> M\z/:
2 2 2 2
gy t&il+(1—x P
PUxpy) = Si@Alt(-x_ Pr (29)
8 X (P + (1= x)M3)
2 2 2
g +g51—x (1—-x)M
PYi(xpr) = =LA Y. (25)
A X (PR +(L—x)M)

[R. N. Cahn and S.Dawson, PLB136 (1984) 196], [M. S. Chanowitz and M. K.Gaillard, PLB 142 (1984) 85]
[G. L.Kane, W. W.Repko and W. B.Rolnick, PLB 148 (1984) 367]

[T. Han and B. Mellado, PRD 82 (2010) 016009, arXiv:0909.2460 [hep-ph]]
[At high pT, transversely polarized gauge boson enhances]
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Analysis set-up

o NMSSMTools 5.0.1

e MadGraph v 2.4.3

e p2¢ > 10 GeV,n%° < 5.0, AR(qq, ge) > 0.2

e Q% =35 (), NN23LO, as(4-flavor)

e PYTHIA v.6.428

e Shower scale: @

e Jet reconstruction: PYCELL, Cone-algorithm, AR(j)=0.5, ET 15 GeV, |n| < 5.5

o Lepton: Et 15 GeV, |n| < 3.5, isolation: AR(j —£) < 0.5 and 0.8 < E}./E£ < 1.2
e Granularity: An x A¢ = 0.0359 x 0.0314

. Smearing:% = ﬁ @ b; a=0.32,b=0.086(j) a =0.085, b = 0.003(I)

e b-tag: |7/| < 2.5 AR(j, B — hadron) < 0.2, €, ¢,4=0.50,0.10,0.01
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NMSSM: Higgs masses and h,—SM scenario
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[With all Higgs constraints: masses, couplings ]
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NMSSM: My, in electron and MET channels
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[Reconstruction of Higgs mass]

[2HDM:SPD, J. Hernéndez-Sanchez, S. Moretti, A. Rosado and R. Xoxocotzi [arXiv:1503.01464,PRD94(055003)2016]]

Siba Prasad Das (Universidad de los Andes) Light CP-even Higgs searches September 11, 2017 23 /29



el,eb
ebbj

ol
el
nutb
nubb)j

1/0do/dn,/0.5
& 8
T T

8
T

5
B

0,025

[Opposite hemisphere: Rapidity Gap between lepton-jet (e-channel)]




NMSSM: Electron channel

my RawEvt 3j(Pr.m) 1U(Pr.n) | 2b(epc) | Mbp— Mp, njr nini | Mewj, | Hr=>_|Pt| | |HT| S
15,5.5 15,3.0 0.5,0.1 +5,-15 [-5.5: —0.5] <0 | >190 >100 >50
e1,63.59 882.4 351.2 330.0 45.3 24.5 239 12.8 6.3 6.0 2.2 | 0.40(1.3)
ebbj 2688390.0 | 176102.0 | 135388.5 | 15530.5 3759.5 3461.2 2655.6 | 343.1 179.0 29.8
ebjj 330834.0 31317.5 23381.6 575.6 146.4 110.8 74.4 33 25 0.8
ett 14255 1313.8 1136.9 131.8 20.2 19.9 7.9 0.4 0.4 0.2
ejij 37224100.0 | 4943049.0 | 3940097.5 | 8862.8 1611.4 966.9 805.7 | 161.1 0.0 0.0 B=30.8
vbbj 21385.4 4040.5 112.0 10.9 2.2 18 0.0 0.0 0.0 0.0
vbjj 4077.8 985.1 133 0.4 0.1 0.1 0.0 0.0 0.0 0.0
vtb 84395.2 51227.5 3848.3 405.4 733 70.6 0.7 0.0 0.0 0.0
vjjj 3870920.0 | 718974.7 1675.5 0.0 0.0 0.0 0.0 0.0 0.0 0.0
€2,70.59 512.1 219.2 206.2 28.4 13.6 13.2 73 3.8 3.6 1.3 ]0.33(1.0)
€3,75.29 685.0 310.1 291.6 42.0 18.2 17.9 10.0 49 4.7 1.5 | 0.38(1.2)
e4,82.24 4338 210.9 198.6 28.0 10.8 10.6 6.2 33 31 1.1 | 0.28(0.9)
€5,88.07 383.2 198.0 186.2 27.2 9.5 9.3 52 2.6 2.6 0.83 | 0.12(0.4)

Optimization: 7,(1.0, 2.5, 0.1) up; n;(—2.5, —1.0, 0.1) down; Anj (0.0, 1.5,0.1) up; Anj in (—6.0, —3.0,0.1) down;

meg;: [80,180,10] ;H) : [70,140,10] ;| A, |: [30,60,10]

BP,mj, m, Any,mg;, Hr Hr S B S mAngmg Hr, Hr S B S

e1,63.50 || (1.0,—1.0), (0.0, —4.3),180,130,60 | 4.9 | 162.3 | 0.38(1.2) | (1.6,—2.5), (0.3, —6.0), 100, 140,30 | 12.8 | 412.7 | 0.63(1.99)
€2,70.59 | (1.0, -1.0),(0.0, ~3.0),180,140,60 | 2.7 | 1.3 |2.36(7.5) | (1.1,—2.5),(0.2,~5.7),90,90,30 | 10.1 | 1295.3 | 0.28(0.89)
€3,75.29 | (1.0,-2.5), (0.4, —3.4),180,140,60 | 3.1 | 1.5 |2.53(8.0) | (1.0,~2.1),(0.4, ~6.0),120,110,30 | 11.6 | 565.2 | 0.49(1.54)
€4,82.24 || (1.0,—1.4),(0.0, —3.4),180,140,60 | 1.6 | 0.6 |2.09(6.6) | (1.0,—2.1),(0.1,—3.4),110,140,30 | 41 | 154.1 | 0.32(1.0)
€5,88.07 || (1.0,—1.8),(0.0,—3.0),180,140,60 | 1.3 | 2.4 | 0.85(2.7) || (1.3,—2.1),(0.1,—5.9),150,140,30 | 4.8 | 340.0 | 0.26(0.82)

[Mass, Cross-section interplay: Optimization enhances the Significances]
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NMSSM: MET channel

my RawEvt | 3j(Pr,n) | Ol(Pt.n) | 2b(en,c) | Mop — Mp, s Er | Mo, | Hr=3|Ptj| | |Hr| N
15,5.5 15,3.0 0.5,0.1 +5,-15 [-5.5:-0.5] | >15 | >210 >100 >50
v-1,65.93 4114.1 1540.7 1475.6 200.6 112.5 111.2 102.0 | 49.8 47.8 26.0 | 3.34(10.6)
vbbj 21385.4 4040.5 3928.5 244.7 43.0 331 321 53 52 4.1
vbjj 4077.8 985.1 971.8 16.4 4.6 3.0 2.8 0.1 0.1 0.0
vtb 84395.2 51227.5 47379.2 3671.2 709.1 661.3 598.4 | 27.7 26.3 125
vjjij 3870920.0 718974.7 717299.2 722.2 173.3 144.4 144.4 | 28.9 289 28.9 B=60.5
ebbj 2688390.0 | 176148.3 40728.9 5302.1 1389.0 1254.6 507.8 | 149.4 104.5 14.9
ebjj 330834.0 31317.5 7935.9 214.2 58.7 347 11.6 0.8 0.8 0.0
ett 1425.5 1313.8 176.9 217 3.0 3.0 2.5 0.1 0.1 0.1
ejjj 37224100.0 | 4943049.0 | 1002951.5 | 3706.3 644.6 644.6 0.0 0.0 0.0 0.0
V27132 | 23235 9172 879.1 1235 614 60.9 558 | 273 261 142 | 1.84(5.8)
138377 | 1830.6 845.3 809.8 116.0 44.0 434 400 | 21.2 207 111 | 1.54(4.9)
v-4,88.07 2018.0 975.7 932.1 133.8 47.0 46.5 428 | 239 235 12.6 | 1.75(5.5)
v-5,100.47 1125.0 613.9 585.0 88.2 235 233 215 12.0 11.9 6.1 1.41(4.5)
Optimization: Zr: [10,40,5] ; my;: [80,180,10] ;HJT: [70,140,10] ;\FIJT |: [30,60,10]
BP.my, || Ex.my HT AT | S B S Er.my Hr AT | S B S
v1,65.93 35,180,70,30 | 44.9 | 90.7 | 4.7(14.9) 10,170,70,60 | 28.6 | 63.9 | 3.57(11.4)
v2,71.32 35,180,70,30 | 25.3 | 83.2 2.8(8.9) 40,170,70,50 | 19.6 | 75.7 2.3(7.2)
v3,83.77 30,180,70,30 | 20.1 | 97.4 | 2.0(6.5) 30,180,90,30 | 19.9 | 96.7 | 2.0(6.5)
v4,88.07 30,180,90,30 | 23.5| 97.6 | 2.4(7.6) | 35,180,120,30 | 19.6 | 92.3 | 2.0(6.5)
v5,100.47 || 30,180,100,30 | 12.3 | 105.8 | 1.2(3.8) || 25,180,100,50 | 7.9 | 45.0 | 1.2(3.7)

ehyq (h1-SM); eA1q; yhiq and adopting: TMVA

Analysis based on CPV Higgs: SPD, A. Datta and M. Drees, AIP Conf. Proc. 1078, 223 (2009) [arXiv:0809.2209] ;

SPD, M. Drees, arXiv:1010.3701, Phys.Rev.D83:035003,2011
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h2: If doublet type with WW and/or ZZ threshold open, then BRs enhancement
[h2: mostly Singlet type (with h1: Doublet) and mp, > mp, = 125 GeV, rate limited at LHeC]
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Event Rates: ehyq (Left), vhyg (Right) at FCC-eh

[FCC-eh: e-=60 GeV with p=50 TeV]

ggssce + tau tau [ ggsscc + tau tau o

Event:Sigma(100/tb)
Event:Sigma(100/)

00 120 w0 10 18 200 220 240 20 20 300
™, (GeV) m, [Gev]

[e-channel is larger than v-channel: High pr Gauge boson from qq > V, g-PDF is low]
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Summary and Outlook

e NMSSM: MSSM + h + A ; Couplings, Brs changes considerably

e LSP: Singlet component, many more Dark Matter annihilation channels
e LHeC: 60 GeV + 7 TeV with 100/fb [FCC-eh: 60 GeV + 50 TeV |

e h2-SM: h1 is non-Std. (singlet) simple cut-based can probe upto 90 GeV
e h1-SM: h2 is non-Std. (singlet) also high mass only at FCC-eh

e Other Higgses (low mass) channels: eA;q, vh*q

e SUSY processes, e.g. o(éfit) only at FCC-eh: O(fb)

[Thank you so much!]
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