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Why Di-Higgs?
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BBSM

Higgs Couplings: LHC Results
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Outline

* Modifications to Higgs self-coupling
* Enhancing di-Higgs production with light colored states
* Impact of top Higgs coupling modification

* Collider phenomenology

Based on arXiv:1512.00068 and arXiv: 1711.05743
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Higgs Self Coupling
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Singlet Extension

Green: Enhancement of self coupling

P Huang, AJ, B Li, C Wagner arXiv: 1512.00068 800
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Higgs Self Coupling

3m? AnsV° 3
Agzﬂ[H(h_;}__)mze]
v my

Singlet Extension

Green: Enhancement of self coupling
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nggs Pair Production o

HH productlon at 14 TeV LHC at (N)LO i |n QCD

My=125 GeV, MSTW2008 (N)LO pdf (68%cl) ] Sma | I pro d u Ct| OoNn Cross
| section at the LHC

About 30 fb in SM

About 60 ab in hh— bb~7Y7Y

MadGraph5 aMC@NLO
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Mgy R.Federix et al arXiv: 1401.7340
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Light Colored Scalars
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Higgs Couplings: Status

e Best fit Run | : top Yukawa ~ 1.4,
bottom Yukawa ~0.6

e About 20 away from the SM values

e BR forh = bbis~0.58

* Change in decay width to b will
drastically modify other branchi

* Signal strength measured is roughly SM */|
therefore need to reduce production

* ggh coupling best fit ~0.8
K
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2HDM modification of Higgs Couplings

i : COS
2HDM are well motivated; Kop= — — sin (8 — a) [1 + cot Bcot (B — a)]
Appear in MSSM, NMSSM sin 3
sin o
Easily accommodate best fits to Rb= _COSB =sin(f —a) |l —tanfcos (5 — a)
top and bottom Yukawa
B Kt o 1 1 Xz - K 4 is modified as gluon fusion has
Kg = Kt T A8 | T T tops in loop
L U t2 t1 12
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Yukawa Modification
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Stop Mass Bounds
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One Loop vs. EFT
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Mixing Ef

fect

[ IlllllllIIIIII]II]HI]]HH[I]IIIITIIIIIITI IIIIIIIIIIIII]_
Red: m; = 300 GeV - ' -
7.0 -
Green: mj;=400GeV X; < 3mQ 6f E
" E
Blue: mj; = 500GeV 5 F -
Seb =
For low mixing Di-Higgs production cross section t? 5 -
becomes smaller than the SM 3.0 r
Starts increasing due to the sign flip for the trilinear 2':_ B
coupling of lighter stops with the Higgs boson, which 1 i_fffffff:' ]
becomes linearly dependent on X; S ]
0_ llllllllllllllllllllllllllllllll|llllIlllllllllllllllll]l‘:
Quartic growth in cross section leads to large change 0 400 800 200 de00 20000 2400

Xi (GeV)

R Aniket Joglekar

14



my (GeV)

Di-Higgs o Enhancement

1000 Fllv:' [\r|r T I T L \ T I | R LT ] I TR i EAl 1000 I‘ T | \' Tl I BT T T I T 17 \ T L \FA i |
- 1 1 \ Y 4
11 Vi T . ] A \ 1 Left: k¢ = 1.0
1§ \“ \i ; . | v \ 1
Lo . \\ = H i . \ o
o VA : 7 - i o 1 Right: kit = 1.1
| JEt \ \ NS \ = = \\ \ ~N S 2
B ‘l ‘\\ ‘\ \\ \\ 7] B ‘I \ \\ \\ \\‘~_
8001 ) s — 00| & W\ o -
- |8 \ \ \ - r \ \ N U SM
F L\ e I S b 1 A3 = A3
T v \ X \ e 1 © \ v\ \ \ i
— ‘\ ‘\ \\ 3 N O —‘r ‘\ \ \‘\ \ —
L \ \ \ L. \ ]
B m X Emn . 1 my, =400GeV
- ¥ N R \ j & R 5 \\ 2.85 \ ]
00— \Y e \ — 600 S e \ -
- \ 2| =RV, - Y . & L i
: \ \\‘\\ ~ ~\=_\-_'; : \\ \\ i ~~..'~~\'"‘: ~
- @ e I o [ 2 Blue: X
| \‘\ ~~_‘\~—i 7 . \ N\"~~ 5T =1 ’ t
[ \\~ ——--_= B 58 A1 R e ?_\_ m
: L ~4 Green:
L TS : I S i reen: o
_l (=1l | S B I [ ST I R | | [ ) o ) I | = P | I (1790 [P e o s R | | | | l‘l‘l‘l‘l-'l"i-—l_l | R R | A | l—
40200 600 800 1000 ‘%o 600 800 100 Enhancement
mq (GeV) mgq (GeV)

R Aniket Joglekar 15



my (GeV)

Di-Higgs o Enhancement

1000 LI 11 s L | T L S AEAEA =1 i) 5 el
VEARE ) ]
| Ny \| \‘ \ -
| iR : \ 2
| Veivgiva X ° ]

1 \| \
BT \\ ] —
N NS \ ]
\ ~ 3
- 1 \ \ ~ \ -
L \ A \ N \\ -
o \ N _

800_ \ \‘\ \ N i
L |\ \\ ‘\ N N Al
i . \ 2000 gt i
L \\ \\\ 7 N ‘-~\_:
T \ \ \ N N —
L \ \\ \ N X -
18 \ 2
K \ A N \ A
\ \ \ s \

Y \ \ \ \\ 1

600—\\ ‘\ > e \ =
oy \ 22 N s 7
- \\ ~ \‘\\\ \\\

\ ~ Ay
== \ \s\ \‘—\-\___ ==
E [ el <niel ]
T | T —]
[ e =)
40 —I ===} | [ JETE ] rTTﬂ~I | [T | ===y =[] I—
ﬁbo 600 800 1000
mq (GeV)

R

my (GeV)

1000

ll“l I \i T T I imml Iy R A I TN T°T
T 1 1 1 1 \ 1
AL } EUNy
_ |\l| \ \ _
| B —
= ! \‘| \\\ \\ -
L ‘l \| ‘\ ~ \ i
\
AERY < i
800_— Y \ \ \\Q‘ =
1
i 5 |\\ % \\\\ I
\\ \ N\ S
B L \ =~ -
= \ \\ X \ ~~~~_\_
a8 \ ;
\\ : \\ \\ \
— \ =
“ \\ AN \\\ b a
600—|‘- it Sl \ =
= ~ -~ ar
L No S ~ ;-.
— N ~ =T ~
£y ~ o 1.0
— [275 ) e -"\“\-.__ =
: \ 11 s_‘~--~ \\;—-—
~ P s Sl
_I L L) | 1| l\l\[‘hl i | [ S W) | I 11 1 Illl_y'
40
200 600 800 1000
meo (GeV)
Aniket Joglekar

Left: k¢ = 1.0
Right: Kt — 1.1
A3 =0

m;gl = 400 GeV

Blue : Xt

Green: o
Enhancement

16



Di-Higgs o Enhancement

1000 EEb it I‘I L Tl int= el {E EE T I Ui BT AT
= P AT \ \ .
| @ 1 ‘ \ \ \ |
pa e \ \ \
SN \ \ \ \ % d
1 iy \ \
[~ 1 \ \ \ 7
— v\ \ \ \ III =
- \ \ % e \ N 4
\ \ \ \ \ \ \ ‘\~
- I \‘ \ \ \ >
L \ \ \ \u\\ o -
\

[ S 1\ \ i
< soo— (NIRRT E
q) B \ % \\ N .\ T
O e =i e i
~ - \ . \\ \~~\ -
=5 s \ \ N AS St i
\ S SN T
- ~ —

S X — S{20000, T~
i \ \ S P ~~\~ dl
= \ \ i ~N - -

\ ~ \N\
i 1.01 2 = 5
= - = \\\~~ \~<
~ Yy ™~
600[— o e M S =
[ S 1500] o, -

~ - —
- TR - s
1 1 1 1 | 1 1 1 1 I 1 1 1 | I 1 1 1 1 1 1 1 1
600 800
mq (GeV)

R

my (GeV)

1000

_l T \T “||‘I I|‘| T T I\\I I T I T T r\l T T l‘
\ \ \ \
i \‘| l\ \ \
= 1 \‘\ \‘ \‘ \ -
i \\ td N \ \ <
— \ e
= \“ \ \ \\ \\ ]
\
L \\ \ \ \ i
L G AN . 2
I \{\ e X 1
800|— \ Y \\\ 7 —
I A S e T
1 \ \\\ \\\ ~:
I \ \ i
I \\\\ \ \\\Q\ —1
L N S i
8 \§ NG B \\ s~~~~~:
I ~ i o ~ g
N = \\
— 3 \\\~~ “‘—‘S
600k III N e s =
iy o et O
3 ~3
i ~
_] | I\PJ | | 1 | | 1 1 1 | 1 | 1 1 [ | 1 | I—
600 800 1000
mq ((3(3\/)
Aniket Joglekar

Left: Ky = 1.0
Right: x¢ = 1.1
Az =AM

mg, = 500 GeV

Blue : )N(t

Green: o
Enhancement

17



my (GeV)

Di-Higgs o Enhancement

1000 T T \l Y | T ‘I | ) | 1 I I I | e, Yo 1 I PR R | 1000 T T YT AT | VL I VT T I T I T I T I Ty I T -
= N L | . _
' \ ) 1‘ v \ i || \ » \ ] Left K+ 10
- e SRl \ o \! \ \
L ‘\ b\ \‘ \\ = = 1 \ \\ S
[ bt \ - R | Right: sy = 1.1
g i SR - — ight: k¢ = 1.
L \ \ ' \\ pal L . \\ \\ =1
|\ \ \ 3 | \
by x D\ \ e t \ \ \\ \ 7
“ \ ‘\ ‘}\ 2\.25 5 — J\ ‘\\ \\ N \\ 7] Ag — 0
800 e R 3 S0 ST R —
i i b 3 oo i
i ‘\\ \{\ > \\\\ d O - ' \\\ . ]
i RN | < [ W N N B 1 mg =500GeV
= B3 R e L = = = \\ P =
NS x\_\ \ o N \ Wy
B 2 N T =1 e e ~ |
P NS N S S I \\ o e N
\ i ~—a 30\\ \ —~
: Sleives e RN N N Blue:
600} R e 600{— N >~ = ue: X
_\\ ~~‘s \\ -: = \;‘-_ = t
T 2.8} T it
[N -_-5—}..3 - \\ \\\_
- - ~ e , ) Green: o
’_I | I\I\ll | | | [ | | | | I 1 1 1 1 1 1 1 I- _I 1 | 1 | 1 1 1 1 I IT‘I-T~_1“1—LJ 1 1 1 l— Enhancement
600 800 1000 600 800 1000

mgq (GeV) mq (GeV)

R Aniket Joglekar 18



my (GeV)

Di-Higgs o Enhancement

1000 -
~:lll“l I‘\I:II‘IIII}‘IIII\‘ AT T T
L1 |\I \\| 1 \ \ e
K 7 R \ \ \ i
[ i ko 8 \1 ) \ \ 4
R y Ay \ A% =i
-1 1 |\ |‘ \\\“ \‘ \ =
L \ 2 -
| ey g \ 0.42 ]
RN I e i
EEERR g > 5
800_| 1 \ \ \ \ . ]
=~ 1 \ |\‘ \ N S
L1\ R ~lo0.45 =
| A i < ]
=il \ \ \\\ \\ \\ \ Pl =
R T A \ \ b=
E1 % NNk
- WS Nt \ -
= \ \ \\ & =)
oy Yoo
- Al 33 = - ‘~\ 3
5 \ X \ \\ \\ \5\_~ A
— \ N > ™ s e A
e S, B :
= \ \\ : NS ~~“~\ =
\ o \\\ \~~~s ‘Q-\---s
L N\ L
u N 0.42 Thal O RN
~ ~ -
L. N - = ]
: e ]
EE.L e R BN N e e e
40
ﬁho 600 800 1000

R

mq (GeV)

my (GeV)

1000

LI | || nrT1i T 1TT17 T LT T I\l T I
- |‘| |‘|\ TR \ \
dERATE 1 \ -
L sy 1A 1 \ \ _
[ P v\ \ 1 \ ]
B 1\ 1 \ AL ]
v N k) \ 0.67
[ 1 1 \\ \ \ ~ N
[ 1 \ \ \ \\\ \ \\\_
L v\ e Y ‘\ ~
i |l ‘\ x ‘\ \\ > s ]
800—| ‘\\ e \\\\ —
— \ \ i) \ N =
L \ \ \ \ \\ \ \\ -
L oy \ ~ =
v \
IRES sk 1
== \ \ N \\ \\ \ ~=
= \ \ ,\\ \ \\ \ -1
: \\\ 1\500 {\ N - SO F \ :
600— % N & < A
i \ \\ \\\ 5 e \\ al
= \ \\ S~ - | -~ ey =
K Mo A | e
i oe7] L078)so T il = e
= ; = Sa ol
L ~ _—~—— =
e, =
A -.~“—s___~ ]
[ ]o.67 e SO
40 1 I‘ﬁ_l | ] N [ | el ] I | EE] ke | I [ Y| [ ] IV l—1
4?00 600 800 1000
mq (GeV)
Aniket Joglekar

Left: k¢ = 1.0
Right: Kt — 1.1
A3 = 2.505M

m;gl = 400 GeV

Blue : )N(t

Green: o
Enhancement

19



Invariant Mass Distribution

Maximal destructive
interference at A3 = 2.505™

Modification of K+can shift
the weight of triangle vs. box
diagrams as seen by the
magenta line
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Invariant Mass Distribution

my,g (GeV) | Xy (GeV) ﬁr}ﬁ Kkt | kg | my (GeV) # 0.3
BMA 575 1495 1 1 | 0.82 320 2.87
BMB 650 1690 0 1 |0.88 400 2.73
BMC 650 1690 1 1.1 | 0.96 400 2.53 025
BMD 795 2385 0 1.1 | 0.97 500 24
0.2
S/v/B | SM | BMA | BMB | BMC | BMD
1.1 3.0 2.9 LA 2.5
Z 0.15
Somewhat sensitive to light stops with
large mixing 0.1

Indirect probe independent of the decay

Heavier stops: sensitivity limited to large
mixing, negative correction to trilinear
coupling
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Summary

e Di-Higgs is an important channel sensitive to BSM

e Higgs pair production in gluon fusion channel is strongly correlated
with single Higgs production in gluon fusion channel

* Measurements of Higgs couplings at the LHC are in good agreement
with the SM

* Yet, varying kg, K¢+ within allowed uncertainties along with variation
in \3 can lead to significant deviation in the di-Higgs cross section
which can be a probe to underlying interesting physics
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